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Preface
Renewable energy is the fastest-growing energy source since the beginning of the century and the
demand growth with the fast development in industrial and transportation sectors. According to
the C2ES, renewables made up more than 20 percent of net U.S. energy consumed globally for
heating, power, and transportation. Nearly 60 percent came from modern renewables (i.e.,
biomass, geothermal, solar, hydro, wind, and biofuels). In the industrial sector, biomass makes up
98 percent of the renewable energy use with nearly 60 percent derived from biomass wood, 32
percent from biofuels, and nearly 7 percent from biomass waste. In the transportation sector,
renewable fuels, such as ethanol and biodiesel, have increased significantly during the past
decade. E85 (ethanol transportation fuel) is expected to be the fastest growing renewable energy
type, growing at an average annual rate of 9.7 percent over the next 30 years.
The International Conference on Innovations in Energy Engineering & Cleaner Production
(IEECP’21) aims to investigate innovation applications and last researches in the areas of energy
production, alternative and renewable energy supply, energy savings analysis, cleaner production,
optimization of energy processes and the environmental impacts. The volume contains the
proceedings of the international conference on Innovations in Energy Engineering & Cleaner
Production (IEECP’21). The IEECP’21 conference is a scientific event which gathered leading
researchers and practitioners who will present ideas to more than 100 attendees. Authors have
provided high quality contributions reviewed by a program committee featuring renowned
international experts on a broad range of knowledge management topics. More than 200 papers
were submitted to the IEECP’21 conference from authors of many countries and continents. Two
or three reviewers were assigned to each paper and according to these reviews, 73 papers were
accepted which makes acceptance rate of 36.5%.
We are grateful to the Chairs, Program Committee, External Reviewers, Organizing Committee
and the keynote speakers for their wonderful work and efforts. Finally, we would like to thank all
the participants and sponsors hoping to meet them soon for other collaboration in scientific events.

Sincerely yours,
IEECP’21 Chair

IEECP’21, July 29-30, 2021, Silicon Valley, San Francisco, CA – USA
© 2021 IEECP – SCI-INDEX
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Abstract
The use of exergy methods is described as tools for addressing climate change so the benefits can be appreciated and attained. Exergy
can be used to understand climate change measures and to assess and improve energy systems, and can help better understand the benefits of
utilizing sustainable energy by providing more useful and meaningful information than energy provides. Exergy clearly identifies efficiency
improvements and reductions in wastes and environmental impacts attributable to sustainable energy. Exergy can also identify better than
energy the environmental benefits and economics of energy technologies. Exergy should be applied in addressing climate change.
Keywords: Exergy; climate change; environment; ecology; energy
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Modelling of wake velocity and turbulence
intensity of a wind turbine using machine
learning algorithms
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School of Mechanical and Aerospace Engineering
College of Engineering, Nanyang Technological University
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Abstract
In this talk, three machine learning (ML) algorithms viz. Support Vector Regression (SVR), Artificial Neural Networks (ANN), and
Extreme Gradient Boosting (XGBoost) are implemented to predict wake velocity and turbulence intensity from a wind turbine at different
downstream distances. To this end, a set of high-fidelity numerical simulations are performed for the NREL Phase VI wind turbine to produce
training and test datasets for the three machine learning algorithms. Using the trained model, the wake flow field downstream of the blade
and turbulence intensity are predicted on the test datasets which are hidden from the trained model. The prediction of wake velocity deficit
and turbulence level in the wake from the machine learning algorithms are commensurate to the Computational Fluid Dynamics (CFD)
simulations while running as fast as low-fidelity wake models. The wake velocity and turbulence intensity obtained from the ML models are
also compared with some of the analytical wake models. The results reveal that machine learning-based algorithms can approximate wake
and turbulence intensity characteristics better than the traditional analytical wake models.
Keywords: Wake velocity, turbulence intensity, Support Vector Regression (SVR), Artificial Neural Networks (ANN), eXtreme Gradient
Boosting (XGBoost)

* Conf. presenter and Corresponding author. School of Mechanical and Aerospace Engineering, Nanyang Technological University,
Singapore

Short biography
Eddie is elected as:
Academician for European Academy of Sciences and Arts (EASA, EU);
Fellow of the American Society of Mechanical Engineers (FASME, USA);
Fellow of Institute of Engineering and Technology (FIET, United Kingdom);
Fellow of International Engineering and Technology Institute (FIETI, Hong Kong),
Distinguished Fellow for Institute of Data Science and Artificial Intelligence, (DFIDSAI, China),
and, Academician for Academy of Pedagogy and Learning, (USA).
He has published numerous papers in SCI-IF int. journal (430); int. conf. proceedings (130),
textbook chapters (>105) and others (32) over the 29 years. Co-edited 14 books in STEM areas.
He is the:
Lead Editor-in-Chief for the ISI Journal of Mechanics in Medicine and Biology for dissemination
of original research in all fields of mechanics in medicine and biology since 2000;
Founding Editor-in-Chief for the ISI indexed Journal of Medical Imaging and Health Informatics;
Associate editor or EAB of various referred international journals such as Applied Intelligence,
BioMedical Engineering OnLine, Computers in Biology & Medicine, and, Journal of Advanced
Thermal Science Research.
More details can be found in: Cv: https://dr.ntu.edu.sg/cris/rp/rp00847
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Recent and Future Research on Microgrid
Clusters
Farhad Shahnia
Murdoch University, Australia
F.Shahnia@Murdoch.edu.au

Abstract
Electricity systems around the world are experiencing a radical transition as the consequence of replacing fossil fuels, used for electricity
production, by sustainable and cleaner energies. The growing penetration of renewable energies requires smarter techniques capable of
handling the uncertainties of these intermittent sources. Along with this change, traditionally centralized power systems are also converting
into distributed self-sufficient systems, often referred to as microgrids, that can operate independently. This talk will focus on remote area
microgrids as a hot research topic in Australia and Southeast Asia that have hundreds of remote and off-grid towns and communities, and
islands. It is expected that remote area microgrids will strongly benefit these remote locations in the forthcoming years. This talk will briefly
introduce the progress of research in this field around the world and Australia, and will also discuss some of the technical challenges associated
with interconnection of neighbouring microgrids as a key step to improve their survivability in the course of unexpected imbalances between
the demand and the available generation from intermittent renewable resources.
Keywords: Microgrid Clusters, cleaner energies, renewable energy.

Short biography
A/Professor Farhad Shahnia received his PhD in Electrical Engineering from Queensland University of Technology
(QUT), Brisbane, in 2012. He is currently an A/Professor at Murdoch University. Before that, he was a Lecturer at
Curtin University (2012-15), a research scholar at QUT (2008-11), and an R&D engineer at the Eastern Azarbayjan
Electric Power Distribution Company, Iran (2005-08). He is currently a Fellow member of Engineers Australia,
Senior Member of IEEE, and member of the Australasian Association for Engineering Education.
Farhad’s research falls under Distribution networks, Microgrid and Smart grid concepts. He has authored one book
and 11 book chapters and 100+ peer-reviewed scholarly articles in international conferences and journals, as well
as being an editor of 6 books.
Farhad has won 5 Best Paper Awards in various conferences and has also received the IET Premium Award for the
Best Paper published in the IET Generation, Transmission & Distribution journal in 2015. One of his articles was
listed under the top-25 most cited articles in the Electric Power System Research Journal in 2015 while one of his 2015 journal articles has
been listed under the top-5 most read articles of the Australian Journal of Electrical and Electronics Engineering. He was the recipient of
the Postgraduate Research Supervisor Award from Curtin University in 2015 and the Australia-China Young Scientist Exchange Award from
the Australian Academy of Technology and Engineering in 2016.
Farhad is currently a Subject Editor, Deputy Subject Editor, and Associate Editor of several journals including IEEE Access, IET Generation,
Transmission & Distribution, IET Renewable Power Generation, IET Smart Grid, IET Energy Conversion and Economics, and International
Transaction on Electrical Energy Systems and has served 35+ conferences in various roles such as General, Technical, Publication,
Publicity, Award, Sponsorship, and Special Session Chairs.
Farhad is currently the Chair of the IEEE Western Australia Section and a member of IEEE’s Industrial Electronics Society (IES)’s
Technical Committees of Smart Grid and Energy Storage
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Ceramic Electrolytes and Electrodes for All-Solid-State
Batteries with High Energy and Power Density –
Environmentally Benign, Inexpensive, Safe and Long
Lasting
Werner J.F. Weppner
Institute of Materials Science, Faculty of Engineering
Christian-Albrechts University, Kiel, Germany
ww@tf.uni-kiel.de

Abstract
Solids can have a wide variety of structural and functional properties. In terms of electrical conductivity, they are used as metallic
conductors, semiconductors or insulators. Ceramic materials can even show superconductivity at practically usable temperatures. In addition,
ceramics are also able to transport ions. In many cases this conductivity is low, but in some cases it is very high and of practical importance
due to structural disorder in the crystal lattice. As a result, solids can take on tasks that electrons are unable to perform. These are particularly
important in the area of energy conversion and storage as well as environmental protection. In times of climate change and resource
conservation, they are of outstanding practical importance. Applications include new generations of solid state batteries, fuel cells,
electrochromic windows, and chemical sensors. In addition to ceramics with predominantly ionic conduction, such solids with mixed
electronic-ionic conduction play an important role that has so far been neglected, e.g. for electrodes for rapid charging and discharging.
The possibilities of developing and using such ceramics with predominantly ionic conduction as well as mixed electronic-ionic conduction
are shown in particular using the example of all-solid-state high-performance batteries. Applications in fuel cells and electrochromic systems
are also briefly touched upon.
Keywords: Ceramic Electrolytes and Electrodes, Batteries, Energy

Short biography
Prof. Werner Weppner holds since 1993 the Chair for Sensors and Solid State Ionics at the Faculty of Engineering of Christian Albrechts
University, Kiel, Germany. He has been earlier at the Max-Planck-Institute for Solid State Research, Stuttgart and a Research Professor at
Stanford University, CA, USA, in the Department of Materials Science and Engineering. Prof. Weppner holds a diploma in physics from
Mainz University and a Ph.D. in chemistry from Dortmund University, both Germany. His research interests are based on fast ionic transport
in solids and include both fundamental understanding and practical application aspects
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CO2 photoreduction into fuels using TiO2 based
photocatalyst
Mohd Hasmizam Razali
Faculty of Science and Marine Environment,
Universiti Malaysia Terengganu
Kuala Nerus, Terengganu, Malaysia
mdhasmizam@umt.edu.my

Abstract
Carbon dioxide (CO2) emission from fossil fuel utilization poses a potential thread to global climate. Recent development in CO2 reduction
opens up new possibilities of utilization of CO2 as a carbon feedstock for fuel generation and commodity chemicals. In this research, TiO2based photocatalysts have been extensively investigated for the CO2 photoreduction into hydrocarbons in aqueous solutions under
environmental conditions to understand their reduction activity and selectivity. The physiochemical properties of the photocatalysts were
characterised by X-ray diffraction (XRD), field emission scanning microscopy (FESEM), transmission electron microscopy (TEM), high
resolution transmission electron microscopy (HRTEM) and X-ray photoelectron spectroscopy (XPS). The adsorption, surface area, and
porosity were studied using nitrogen gas adsorption and UV-Vis DRS was used for band gap measurement. The photocatalytic activity of the
synthesised photocatalysts was tested for carbon dioxide (CO2) photoconversion into fuels using home-buil micro reactor system. The results
obtained show that, CuO loaded TiO2 nanotubes demonstrated the highest CO2 conversion (100%) because of their effective separation of
photogenerated electron-hole pairs with the presence of CuO particles.
Keywords: CO2; reduction; TiO2; fuels; photocatalyst.

Short biography
Mohd Hasmizam Razali has a PhD degree in Materials Engineering (Nanomaterials) from Universiti Sains Malaysia (USM), MSc. in
Chemistry (Catalyst) and B.Sc (Hons) in Chemical Industry from Universiti Teknologi Malaysia (UTM). Currently he is an Associate
Professor at Faculty of Sciences and Marine Environment, Universiti Malaysia Terengganu (UMT), Malaysia. He has published more than
60 technical papers in journals and conference proceedings locally and internationally related to the functional nanomaterials research.
Owing to their significant impacts to the science, economy and society, his innovative research and inventions have attracted global and
national interests, enabling him to secure financial support from both private and government agencies. He has been awarded Who’s Who
in the World for 3 years in a row 2013, 2014 and 2015 by The Marquis Who’s Who Publications Board. In 2014, the Cambridge Biographical
Centre listed him as one of 2000 Outstanding Intellectuals of the 21st Century. On top of that, he is also the recipient of the MAWHIBA Award
and GENEVA Gold Medal Award in 1999.
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A Review of Fiber Reinforced Plastic Laminated
Structures for more Efficient and Clean
Transportation
Roselita Fragoudakis Department of
Mechanical Engineering Merrimack
College
North Andover, MA, USA
fragoudakisr@merrimack.edu

Abstract
Laminated composite materials are a lighter and of customizable flexibility material alternative for road vehicles. FRP laminated
structures in the automotive industry may be an ideal solution for lighter and safer vehicles, while the weight reduction is also associated
with lower fuel emissions. In this paper, we investigate the behavior of laminated FRP structures under bending and more specifically how
the number of layers and stacking sequence of the structures affect their performance. A theoretical approach to the design of such
structures, more specifically laminated FRP beams under cyclic bending, is presented in the first part of the review. The design of FRP
laminates is based on Classical Lamination Theory (CLT) and interactive failure theories. The second part of the review examines the
potential of FRP laminated structures to become the host of piezoelectric fibers and be used as energy scavenging devices, while
maintaining their desirable and tailored stiffness and high performance, at a low weight. Two examples where laminated FRP beams are
used as the host of piezoelectric layers to produce energy scavenging structures are presented. These examples examine beam structures
under cyclic loading where the fiber stacking sequence allows for tailoring of the degree of deformation under bending. The deformation
affects the amount of energy produced as the electromechanical behavior of the piezoelectric layer is guided by the mechanical behavior,
more specifically deflection under a bending moment, of the FRP structure. The fiber material in each example addresses a different
possible application area: E-glass fibers for applications where moisture effects may be a concern, and natural fibers in those where
moisture effects are negligible.
Keywords: Fiber Reinforced Plastics (FRP), Classical Lamination Theory (CLT), Interactive Failure Theories, Piezoelectric Fibers,
Energy Scavenging.

Short biography
Roselita Fragoudakis is an Assistant Professor in Mechanical Engineering at Merrimack College in North Andover, Massachusetts,
USA. Her research is on materials. Dr. Fragoudakis has worked on a comparison of steel and Fiber Reinforced Plastic (FRP) applicable in
heavy duty vehicle suspension systems. She has conducted experimental and computational analysis on Lateral Diffused Metal Oxide
Semiconductor (LDMOS) packages and the dielectric properties of polymers. Currently she directs computational analysis of fiber
orientations around geometric discontinuities. Additionally, she investigates ethical dilemmas in the innovative technological advances in
her field and has created a course exploring the ethics of innovation and matters of intellectual property. Dr. Fragoudakis has served as a
reviewer on multiple journals and periodicals, including the International Journal of Fatigue and Mechanics of Advanced Materials and
Structures.

IEECP 21, July 29-30, 2021, Silicon Valley, San Francisco, CA – USA
© 2021 IEECP – SCI-INDEX
DAl : https://sci-index.com/DAl/2021.99101/IEECP/14525259

International Conference on Innovations in Energy Engineering & Cleaner Production IEECP21

A cleaner process for heavy oil extraction from oil
sand using a bio-based solvent
Feng Lin
Natural Resources Canada, CanmetENERGY Research Centre
One Oil Patch Drive, Devon, Alberta, Canada
feng.lin@canada.ca

Abstract
Non-aqueous extraction (NAE) at ambient conditions provides many advantages over the current commercial hot water method for
processing mined oil sand, but several challenges remain largely due to the use of a hazardous conventional organic solvent (COS) such as
toluene or heptane. In this work, a cleaner, more sustainable NAE process using a low-cost, eco-friendly, bio-based solvent, was developed.
Results indicate that the bio-solvent extraction could achieve oil recoveries of close to 100% for different grades of ores, the highest yield
compared to those often obtained using a COS (toluene or heptane). The total water and solids contents in the supernatant of the extract were
very low and as comparable to those extracted using toluene. Importantly, the quantity of residual bio-solvent in the sand after simple
evaporation was limited to a level significantly below the regulation target for a COS. The application of bio-based solvent in NAE could
dramatically reduce the safety, environmental, and health concerns associated with the use of a COS. Equally important, this bio-solvent
extraction inherits all the advantages of NAE, e.g., dry tailings, ready for land reclamation, lower carbon footprint, and ability to efficiently
recover low-grade and oil-wetted ores.
Keywords: Bio-based solvent, Solubility, Oil recovery, Advanced separation, Sustainability

Short biography
Dr. Feng Lin obtained Ph.D. and M.Sc. degrees, both in Chemical Engineering, from the University of Alberta and the University of
Waterloo, Canada, respectively. He is currently a Research Scientist at CanmetENERGY research centre in Devon within the department of
Natural Resources Canada. His research expertise covers interfacial transport phenomena, colloids, wetting and adhesion, heavy petroleum
production, minerals processing, polymers and nanomaterials synthesis, and renewable energy engineering. To date, Dr. Lin has managed
10 projects with more than 2 million dollars funding, supervised 8 technologists and postgraduate students, and authored about 40 referred
journal publications and government-wide scientific reports, in relation to the fundamental research and scale up of cleaner oil recovery and
minerals processing technologies. His passion to research and technology development is to be one of many contributors for searching
cleaner solutions and materials to fuel our homes, societies, and economies.
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Lignocellulose as a fundamental resource for a
sustainable development
Maria Laura Tummino
Intelligent Industrial Technologies and Systems for Advanced Manufacturing (STIIMA)
Italian National Research Council (CNR)
Biella, Italy
marialaura.tummino@stiima.cnr.it

Abstract
Nowadays, the topic of environmental preservation and remediation plays an important role within the activities of the scientific
community. Indeed, the procrastination of effective measures to mitigate the environmental damages caused by human activities is no
longer possible. In particular, the use of non-fossil substances should be promoted for different reasons: to reduce the environmental
disequilibria of the areas involved in the fossil fuel extraction; to decrease the impact of emissions and by-products related to the industrial
transformation of fossil-based products; possibly, to exploit biomasses as sources of organic carbon with net zero carbon emission. As
regards the type of biomass, herein, a focus on the use of lignocellulose biomass (LCB) will be presented, in particular when it is in the
form of waste, often non-correctly disposed or incinerated, representing a biohazard. Waste-LCB are low-cost, easy-available and green
raw material. Despite of the variability among different lignocellulose biomasses, in general, they present convenient chemical-physical
features that make them suitable compounds for several purposes. An overview of the multiple functions of lignocellulose biomass in the
broad field of green chemistry and green catalysis will be explored. Thanks to the versatility of LCB, it has found application as an
adsorbent for aqueous pollutant removal, as a precursor of bio-carbons with multi-purpose applications and reinforcing agent for plastics
and construction materials. Within the catalysis field, LCB can be the substrate of catalytic transformation, when their constituting
biopolymers (cellulose, hemicellulose, lignin) are converted to platform molecules and strategic building blocks, which can substitute some
petroleum derivatives for the production of biochemicals and biofuels, in a perspective of lessening the petroleum dependence. Strong
efforts have to made to make this kind of processes sustainable, i.e. the employment of heterogeneous catalysts able to catalyze one or
multi-step sequences, as well as the choice of solvent that, in most of the cases, plays a significant role for the reaction evolution. LCB can
be considered also as a precursor for humic-like substances, isolated from waste-LCB, which are photocatalytically active compounds, able
to degrade water contaminants under light irradiation, through the production of excited species and whose activity is strictly related by
their origin and chemical structure. Lastly, LCB has been recently considered also as a support for metal/metal oxide catalysts and in other
high-technological applications. Given the wide scenario involving lignocellulose-based compounds, this presentation is aimed to propose
food for thought about a multifunctional approach on the valorization of waste-LCB for an eco-sustainable development.

Keywords: Lignocellulosic biomass, waste valorization, environmental remediation, biorefinery

Short biography
Maria Laura Tummino is a Permanent Researcher at STIIMA Biella of the Italian National Research Council. She received her
Master’s Degree in Industrial Chemistry in 2013 and the PhD in Chemical and Material Sciences in 2017 at Università di Torino (NorthWest of Italy). Maria Laura has devoted her career to green chemistry research, developing different materials for energy and
environmental remediation. Her research was focused on photocatalysts for water depuration, biomass-based adsorbents for organic and
inorganic aqueous pollutant removal and cathodes for electrochemical devices. She has combined the basic research on national and
international levels with job experiences in different companies. She is (co-)author of more than 30 works (papers, congress presentations
and publications in a database) and she is involved in scientific dissemination projects and outreach events.
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Model Predictive Control for Intelligent Building
Energy Management
Man Pun Wan1, Shiyu Yang2
School of Mechanical and Aerospace Engineering
Nanyang Technological University
Singapore
mpwan@ntu.edu.sg1, yangshiyu@ntu.edu.sg2

Abstract
The building sector consumes over 30%, with an annual growth rate of 1.3%, of global final energy and is responsible for nearly 40% of
global carbon emissions. Building energy efficiency harbours enormous potential as a major contributor to global carbon footprint reduction
and urban sustainability. In this context, World Green Building Council announced the Net Zero Carbon Buildings Commitment of achieving
net zero carbon operation for buildings under their control by 2030 and all buildings by 2050. Advances in building energy management
systems (BEMS) offer significant potential to improve building energy efficiency and occupant well-being. Current BEMS are mostly based
on reactive control (e.g., proportional–integral–derivative control), which lacks the level of intelligence needed to handle challenges such as
increasing demand for occupant’s well-being and the proliferous adoption of multiple energy systems (e.g., renewable energy and energy
storage) in buildings. Empowered by the increased connectivity and access to diverse data in buildings brought by emerging digital
technologies (e.g., internet of things (IoT), wireless communication network and cloud/edge computing), adopting more sophisticated
building energy management solutions is expected to be a major path to achieve building energy efficiency and carbon footprint reduction
goals. Model predictive control (MPC) and data-driven approaches (e.g., machine learning (ML)) are widely identified as key technology
enablers e.g., International Energy Agency (IEA) through its global initiatives of IEA-EBC Annex 67 Energy Flexible Buildings and Annex
81 Data-Driven Smart Buildings. This talk presents our research work on the development and application of MPC as well as ML-based MPC
for building energy management. The key feature of MPC is that it exploits a predictive building model for predicting future building states
and, subsequently, performing optimal controls based on the predictions. We proposed a multi-objective MPC scheme for coordinated control
of multiple building services (air-conditioning, dimmable lighting and automated shading). The multi-objective MPC can optimize these
multiple building services simultaneously and achieve the overall optimum of energy efficiency and human comfort in buildings. To further
enhance the adaptability of MPC for building energy management applications, we proposed two novel MPC schemes incorporating ML,
i.e., adaptive ML-based MPC and ML-based approximate MPC. The key feature of adaptive ML-based MPC is that it employs an adaptive
ML-based model as the predictive building model. The ML-based approximate MPC employs a ML model to approximate the control laws
of MPC, then, uses the ML model to replace MPC for building control. The control-oriented building modelling, optimization formulation,
control implementation in real buildings (a lecture theatre, an office and laboratory test facility) as well as experimental results of the three
proposed MPC schemes will be presented and discussed. Finally, open problems and our ongoing/future research efforts are discussed.
Keywords: Model Predictive Control, Building Energy Management, Machine Learning, Energy Efficiency

Short biography
Dr. Wan is currently an Associate Professor in the School of Mechanical & Aerospace Engineering at Nanyang Technological University.
Prior to joining NTU, he was an Assistant Professor of Mechanical Engineering at Kyungpook National University, Korea. His research
interests cover aerosol sciences, building energy, smart buildings, indoor environmental quality, catalytic oxidation systems and numerical
simulations. Dr. Wan led numerous government- and industry-funded research projects ranging from fundamental studies of fundamental
thermos-fluids sciences, aerosol sciences and impacts of indoor environmental quality on occupant cognitive function. He has also been
working on development of novel green building technologies such as high-performance Cool materials for buildings and pavements,
advanced building control and automation systems, integrated dimmable lighting and dynamic shading system, chilled ceiling system and
other technologies for energy efficiency and occupant well-being. Dr. Wan has published over 100 international refereed journal and
conference articles and is inventor of 3 patents. He is a member of American Society of Mechanical Engineers (ASME), American Chemical
Society (ACS) and American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE).
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Energy and environment: important role of
chemistry in meeting the new demand for
sustainable solutions
Francesca Deganello
Istituto per lo Studio dei Materiali Nanostrutturati
Consiglio Nazionale delle Ricerche
Palermo, Italy
francesca.deganello@cnr.it

Abstract
Sustainability has been worldwide recognized as the only possible bridge to the future, and chemistry has to be rethought in this new
perspective. Materials production through chemical methods needs to be designed through sustainable actions, from the choice of primary
resources to the efficiency of the synthesis process, from the functional performance of the materials to their present and future impact in
society, environment, and economy. Apparently, this is an unaffordable goal. This presentation will give a chemistry perspective on
sustainable materials for energy and environment, highlighting some little steps to take in the way toward sustainable development and
discussing how chemistry can help to reach sustainable development goals, such as responsible consumption and production (n°12),
affordable and clean energy (n°7), clean water and sanitation (n°6), sustainable cities and communities (n°11) and quality education (n°4).
Keywords: sustainability, sustainable development goals, materials synthesis, energy and environment, waste precursors, chemistry,
mixed oxides, solution combustion synthesis.

Short biography
Dr. Francesca Deganello is researcher at CNR-ISMN Palermo (Italy) since 2001. In March 1996 she got the Chemistry degree at the
Università degli Studi di Palermo (110/110 cum laude). In February 2002 she obtained her Ph.D certificate in Chemical Sciences at
Università degli Studi di Palermo, Italy. She is involved in several national and international projects on the preparation and characterization
of sustainable nanomaterials, especially mixed oxides with perovskite-type structure for solid oxide fuel cells operating at intermediate
temperatures, for metal-air batteries, and for the degradation of pollutants in the air and in industrial wastewater. Dr. Deganello is the
author of 37 peer reviewed scientific publications, 10 structures in the ICDD database, and about 60 oral, poster communications and invited
presentations. She is also involved in outreach activities for schools and public.
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Decarbonization for the energy transition and green
production
Talieh Rajabloo
IMO-IMOMEC, Energyville II
University of Hasselt
Genk, Belgium
talieh.rajabloo@uhasselt.be, rajabl67@imec.be, talieh_rajabloo@yahoo.com

Abstract
A considerable part of the fossil CO2 emissions comes from the energy sector, in which the main parts are released through energyintensive industries, namely metal production, chemicals, and manufacturing. Hence, decarbonization of industries is considerably important
beside the other sectors such as net zero buildings and transformation. The main concept of this speech will cover renewable energy/resources
solutions after looking into potential classic decarbonization. First objective is about the upgrading of the existing processes, equipment, and
plants besides implementing the heat recovery/integration based on the innovations toward reducing the energy requirements and efficiency
increments. Then, the renewable resources are going to be introduced. Moreover, energy production and conversion methods, feedstocks,
carbon capture and storage, and electrification will be discussed.
Overall, both classic and innovative renewable attempts are required to reach the deep decarbonization targets. At the end, the objectives
are going to be expanded toward chemical industries by introducing the potential technology implementation at different subsectors. For this
purpose, the assessed roadmaps and pathways will be discussed further. The primary research results of my current study reveal that although
all of the inventive suggestions are not available at an industrial scale or are not economically viable yet, they will play a crucial role in the
energy transition at upcoming decades.
Keywords: Industrial decarbonization, energy intensive sector, Renewable energy and resources, CO2 mitigation

Short biography
Experienced senior researcher in the field of industrial decarbonization with broad experience in fulfilling and managing research and
development projects. Specialist in the field of renewable energies with a demonstrated history of working more than 10 years, on process
design, decarbonization research and energy conversion. Skilled in Aspen Plus, Power Plants, Process simulation and design, Heat
Exchangers, petrochemicals processes, Python, and scientific publications. Ambitious research professional with a Doctor of Philosophy
(PhD) focused in Mechanical Engineering for systems of energy from University of Brescia. Background in Chemical engineering and process
design. Able to work effectively with scientists and engineers of multiple disciplines.
Dr. Talieh Rajabloo
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Computational Screening for New Generation
Photovoltaic Materials
Julia Romanova
Sofia University, Faculty of Chemistry and Pharmacy
Sofia 1164, Bulgaria
jromanova@chem.uni-sofia.bg

Abstract
The present study is devoted to singlet fission chromophores – a rare kind of molecules, which, upon excitation, may double the charge
carriers in a solar cell, overcome the Shockley–Queisser limit and boost the development of new generation organic based solar cells. In order
to find new potential singlet fission chromophores, we have developed computational screening procedure implementing quantum-chemical
approaches, machine learning algorithms and chemometrics methods. The singlet fission propensity of the molecules is rated based on their
diradical character. In order to prove our concept for finding new photovoltaics chromophores, we have created an open-access database. The
computational screening procedure allows us fast preselection of potential singlet fission candidates, as well as to explore in detail the
structure-properties relationships and to define new strategies for the design of such materials.
Keywords: singlet fission, excited states, semi-empirical, diradical character

Short biography
Dr. Julia Romanova is an assistant professor at the Department of Inorganic Chemistry of the Faculty of Chemistry and Pharmacy, University
of Sofia. Her research interests are in the field of applied computational chemistry with special focus on organic and organometallic
compounds with attractive optical, magnetic and conducting properties. Assist. Prof. Julia Romanova has co-authored 1 patent, 23 research
papers and 3 book chapters. In 2011, she was received the national ‘Eurika’ Foundation Award for exceptional achievements in science for
her work as an early-stage researcher. In the period 2012-2017 she gained international research experience working as a postdoctoral and
research fellow at the University of Surrey (UK) and the University of Namur (Belgium). Assist. Prof. Julia Romanova was a fellow of the
German Academic Exchange Service at the Max Plank Institute for Polymer research (Germany, 2006) and a fellow of the French
Government at the University of Upper Alsace (France, 2007-2010). In 2019, she won a L’Oréal-UNESCO fellowship for Women in Science,
Bulgaria.
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Utilizing Metal Chelating Flavonols as Metal Ion
Filter and Hydroxyl Detector in Aqueous System
Erum Jabeen
Department of Chemistry
Allama Iqbal Open University
Islamabad, Pakistan
erum.jabeen@aiou.edu.pk

Abstract
Flavonols are the group of compounds with conjugated structure having at least one hydroxyl and one keto group on adjacent C on ring
C of flavone within planner structure. This particular arrangement provides flavonols with excellent radical scavenging potencies metal
chelating properties and DNA intercalating ability at the same time. Apart from determining the pharmaceutical benefits of flavonols, they
can be explored for brilliant environmental applications such as ROS detectors and water purifiers. In the current study, we are exploring
the typical pharmaceutical benefits for engineering selective electrochemical ROS detector and metal trapping filters for water purification.
Three Hydroxy flavones (HF); 2’PHF, 3’PHF and 5HF were subjected to metal complexation M-HF) with Mn and Ni followed by RSA
and DNA binding analysis of bare flavonol (HFs) and their metal complexes (M-HFs). The antioxidant potencies of M-HF, Ni-HF and MnHF were described in terms of RSA (radical scavenging activity) against 1,1-diphenyl-2-picryhydrazyl radicals (DPPH•), hydroxyl radicals
(OH•), tetramethyl-pipyridinyl radicals (TEMPO•) and superoxide radicals (O2•-). The quantity required to scavenge the 50% of radicals
IC50 were estimated form RSa vs concentration plots in physiological conditions. The computed ionization potential (IP) and ΔEHOMO were
complementary with IC50 trend. The comparative investigations indicated M-HF to be stronger scavenger then corresponding HF. So, metal
complex were also used for OH• sensor fabrication. The flavonols (HF) and their metal complexes (M-HF) were deposited over APTESFTO (3-aminopropyl triethoxy saline ̶ fluorine doped TiO2) to fabricate (M-)HF-APTES-FTO electrode leading to stable sensor formation.
This sensor responded to nano-molar concentrations of ROS through decrease in peak current. The anodic wave signal decayed upon
incremental addition of OH• at a concentration as low as 5nM leading to good sensitivity towards OH• detection. The OH• brought
significant curret decay when compared with higher concentrations of other ROS suggesting reasonable sensitivity and selectivity of
HF/M-HF-APTES-FTO for OH•
The DNA binding constant for HF, Mn-HF and Ni-HF were in the range of 102-104 (M-1) with negative ΔG depicting stable and
spontaneous DNA binding. The variation patterns of absorption spectra and voltammograms were explored to assign modes of binding
such as intercalation, groove binding, electrostatic binding or mixed ones. The M-HF were found to be stronger DNA binders than
respective HF which reveals that after metal chelation the DNA bound molecule will remain bound with it which can be utilized for
engineering a DNA binding based filter for chelation of heavy metal ions from aqueous solutions. Three different assemblies were
comparatively studied for their efficiency towards metal ion capture. There patterns of chelation and immobilization were tested for relative
success towards ion capture which included (i) immobilization of DNA intercalated metal-flavonol, (ii) intercalation of M-HF on APTES
pre-immobilized DNA (iii) chelating metal ion over pre-intercalated Flavonol over DNA-APTES matrix. The M-HF-DNA immobilization
over APTES captured around 65% ions from solution. The M-HF have intercalated into DNA-APTES films up to 82%. However, M
chelation over HF-DNA-APTES matrix was effective in ion capture from the solution phase up to 99%. Our results depicted that the DNA
intercalation/interaction can be utilized to successfully remove hazardous ions from the solution up to safer limits.
Keywords: Radical Scavenger, Hydroxyl Radical Detection, Metal ion removal, DNA intercalator
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Abstract
The present study deals with a liquid desiccant air conditioning system using a flat-plate solar collector. Initially, there is an
investigation for the performance of a flat-plate solar collector using Al2O3–water nanofluid and pure water. Using nano fluids as heat
transfer fluid instead of conventional fluid (water) improves heat transfer and thermal properties and also there is a remarkable effect on the
collector efficiency. The experimental setup comprises of a flat plate collector of the aluminium absorber plate, a closed-loop working fluid
system and measurement devices. The effect of various parameters like mass flow rate of fluid, collector inlet and outlet fluid temperature,
solar radiation, and ambient temperature on the collector efficiency is investigated. The experimental results show that, each of these
parameters can affect the collector efficiency differently by changing the value of the other parameters. The mass flow rate was varied from
1 to 5 L/min and the volume fraction is 0.1 vol. % of nano fluid. By suspending Al2O3 nanoparticles (particle size 20 nm) in the base fluid
(water) the maximum collector efficiency attained is 83.2% and to the pure water is 59.7%, whereas exergy efficiency maximum is
achieved 18.7% and 12.3% for the 20nm Al2O3 nanofluid and base water at the mass flow rate of 3 L/min. Hence, efficient solar flat plate
collector is achieved.
Finally, liquid desiccant as air conditioning using solar flat plate collector. The main problem of liquid desiccant as air conditioning is
the utilization energy for regeneration, corrosiveness and carryover. The dehumidifier is made of stainless steel tubes of 316L and these
tubes are stacked in aluminium fins to maintain the desiccant solution temperature using the evaporative cooler. In this experiment, calcium
chloride solution is used. The flat plate collector is used for heating water using closed-loop of thermosiphon as regeneration.
The flow rate for air is fixed at 10CFM and the concentration of calcium chloride is 33% by mass. The inlet air is humidified and
controlled by a constant temperature bath. The inlet parameters are solution volume flow rate, inlet temperature, inlet relative humidity,
regeneration, and solution temperature. The performance parameters are the absolute humidity reduction, outlet temperature and
dehumidifier and enthalpy effectiveness of the dehumidifier. The solution volume flow rates of 14 L/min, 16 L/min, 18 L/min and 20 L/min
are used for the experiments. The experiments show that for a fixed Ta, inlet and RH% as solution volume flow rate increases, there is
increase in absolute humidity reduction. The temperature of the dehumidified air is reduced compared to that of inlet air if this air is passed
over the pad used for the evaporating cooler. It is seen that the increase in relative humidity from 68.88% to 92.8% for the flow rate of 20
L/min and fixed inlet air temperature, increases absolute humidity reduction from 5.56 to 13.3 g/kg. When the solution temperature changes
from 31.5 to 34 0C, there are reductions in the absolute humidity reduction and dehumidifier effectiveness by 34.4% and 13.04%
respectively.

Keywords: Solar flat plate collector, Al2O3-water nanofluid, Efficiency, Heat transfer enhancement, Liquid desiccant, Dehumidifier,
Evaporative cooler, Absolute humidity, Effectiveness.
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Abstract
Solar energy which is cheap and present in abundance in tropical
and subtropical regions has been universally accepted as future
source of energy and photovoltaic cells are considered as potential
candidates to harness this energy. In the recent years, India being
its proximity to equator has increased the installation of PV
systems in a huge way because of the higher irradiation available
in large part of the country. India has seasonal variations from
extreme cold to scorching heat, sand & dust storms, fog and heavy
rain fall during monsoon. All these extreme metrological
conditions causes accumulation of soil on PV modules which
adversely affect the optimized output of modules. Removing of
dust & dirt from the surface of module require cleaning of the
module surfaces at regular interval. For this study 12 PV module
were selected out of which six were based on mono-crystalline
silicon and another six were of poly-crystalline silicon technology
of 6 samples each. All the PV modules were made up of 72 cells
configuration with 6 rows x 12 columns. Initially, after recording
the important parameters such as Voc, Isc, Vmp, Imp, and cell
efficiency etc as per manufacturers information the Visual
Inspection Test was conducted of all the 12 PV modules as IEC
and internal standard protocol. Electroluminescence Test, STC
Performance Test, ultrasonic thickness test, reflectance and soiling
test were conducted and the data recorded as base data.
To simulate the extreme soiling conditions on the solar PV
modules the desert soil which is mostly sandy soil (90-95%) was
used. To study the soiling effect the scale of 100 cycles was taken
which was further divided into 3 stages, first stage was from 0 to
30 cycle, second stage from 31 to 60 cyles and third stage from 61
to 100 cycles.

The parameters like; total reflectance, diffuse reflectance and
spectral reflectance of light from the module surface were
calculated and removal of ARC coating was assessed by
performing Ultrasonic Thickness Measurement Test at eight
different location of the PV modules.
Keywords: soiling, anti reflection coating, PV modules

The desert soil was collected in a cloth bag of fabric with small
pores through which fine sand particles were sprinkled manually
on the solar PV modules. Initially, for first and second stage the 26
grams of fine desert soil taken in a cloth bag and out of which only
35 to 40% (approx 10gm) soil passes through the pores and
accumulated on PV modules. For third stage a bag of 180 gm
desert soil was used to sprinkle 50 gm of soil on the surface of test
modules. Dry Robotic Cleaning Technology is used for cleaning
of the panels. Impact of regular cleaning on panel performance was
evaluated by analyzing the effect of cleaning on the glass surface
and Anti-reflection coating present on the PV modules.
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Abstract
This paper provides an appropriate technological
intervention with a zero-carbon footprint operating model while
converting a dangerous forest bio-residue into a usable
commodity. In our study, the dangerous forest bio-residue
consists of the dry and fallen pine needles of the trees that grow
in the Western Himalayan region. The appropriate
technological intervention is the evolution of a manually
operated biomass briquetting machine, and the usable
commodity is the bio-briquettes, which could be used as an
alternative to fossil fuels. Dry and fallen pine needles induce
devastating forest fires in the Himalayan region, which
facilitates the release of huge amounts of carbon into the
atmosphere without obtaining any productive use from it. The
purpose of this research is to present an easy-to-operate manual
intervention to densify the loose and dry bio-residue into a
useful and salable fuel option while promoting community
involvement. The studies propelling the evolution of the
briquetting machine are based on reflexivity, where
communities themselves have been demanding such types of
basic and indigenous interventions to create reasonable
livelihood options for themselves and to address the socioclimatic issues caused by forest fires in the Himalayan region.
Keywords: Forest bio-residue, Briquetting, Climate Change,
Himalayas, Livelihood, Zero-carbon footprint

I. INTRODUCTION
The Indian Himalayan region comprises of about 12% of India’s
total landmass and approximately 30 % of India’s total faunal
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diversity [30]. This area has a great influence on the ecology of the
entire northIndian region as it hosts around 280 species of mammals,
940 bird species, 316 fish species, 200 species of reptiles, and
around 80 amphibian species [12].The region has numerous lakes,
ponds, rivers, glaciers, forests, and high-altitude grasslands that
support different ecologies and additional flora-fauna species.
Unfortunately, climate change models implemented to estimate the
climate of the Himalayan region predict ever-increasing
temperatures and erratic precipitation [22], where in the tree and
shrub lines moving up the mountains, glaciers will be melting at a
faster rate, alpine meadows will decrease, quality forests will shrink,
and flowering pattern of wild species will also change [12,26,21].
Although indigenous people in the Himalayan region clearly
understand climate change and are well aware of global warming,
melting glaciers, unpredictable rain patterns [4], loss of habitat,
degradation, and deforestation, many of them strongly attribute
these changes to spiritual causes and suggest prayers and ceremonial
practices as solutions [27]. Since time immemorial, the traditional
Himalayan livelihood had been carbon negative as communities
used their natural resources, such as timber, grasses, medicinal
plants, fire wood, flowers, fruits, tubers, and water, for sustained
living. They never overexploited, destroyed, or polluted their natural
resources and believed in sustainable consumerism. However, they
knew well to arrest or mitigate climate change by implementing
strong traditional ecological knowledge (TEK) in their day-to-day
affairs. This knowledge would be shared from one generation to the
other thereby creating a sustainable community-environment cycle.
Climate change has been strongly attributed to deforestation.
Ironically, during the past decades, climate change in the Himalayas
has not accelerated because of deforestation. This is evident from
the aerial satellite data of the region pertaining to forest biomass; the
data show that the opposite phenomenon of reforestation is being
actively carried out in the region [5]. States of Himachal Pradesh
and Uttarakhand (Himalayan states of North India) indicate
degradation (rather than deforestation) to be the key problem. A
majority of the forest area exhibits crown cover below the
ecologically sustainable threshold of 40%; heavily lopped trees and
stunted tree-growth with limited foliage is a common scenario in this
region. Additionally, repeated forest fires in the Himalayan region
are gradually becoming a major cause of degradation of forest areas.
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Among many other reasons, the chir pine(Pinus Roxburghii) forests
in the region contribute substantially to the forest fires. Forest fires
in Indian Himalayan states, such as Uttarakhand, have emerged as
the biggest enemy of the unique megabio-diversity of this region.
Over half a million hectares of forest land is covered with chir pine
trees (Pinus Roxburghii), and they shed millions of tons of leaves
annually during the summer season (March to June). Either
intentionally or accidently , thedry and fallen pine needles catch fire,
causing colossal damage to not just the unique biodiversity of the
region but also the whole environment [28]. It is estimated that 4–5
million tons of dry and highly- inflammable chir pine leaves fall
over the forest floor in the Indian Himalayan state of Uttarakhand
alone [24, 29].
As pine needles are highly combustible because of their turpentine
content, they spread fires with lightning speed. Although the
incendiary nature of these pine needles is a major cause of forest
fires in hot summers that can lead to destruction of life and
ecosystems, they can still have precious use as an alternative fossil
fuel; the fallen dry pine-needles could be conveniently converted
into bio-briquettes. It is also worth mentioning that transporting
these pine needles in loose form, from point of origin to the factory
site, is highly cost-intensive because of its very high volume, which
largely restricts the load capacity of the vehicle. As an example, a
carrier vehicle designed to transport a load of nine tons can hardly
transport two to three tons of loose pine needles, which drastically
increases the transportation cost. Simultaneously, because of the
absence of an appropriate briquetting technology, local communities
find it impossible to create a value-added product from the fallen
pine needles. As a result, this important resource is not only causing
devastating forest fires and irreversible loss to the environment but
is also getting wasted (owing to the fact that it can be a reliable fuel
source if treated properly). Thus, producing briquettes from the
needles will not only minimize the forest fires but also provide an
alternative source of fuel. Additionally, this can be a great way to
offer employment and reliable livelihoods to the local communities.

II. OBJECTIVES OF THE STUDY
In this study, we visualize the strengthening of the capacity and
development of human capital in the Himalayan region by
addressing the socio-economic scenario of the region with the
support of technological interventions; using forest bio-residue as a
source of renewable energy through bio-briquetting of dry and fallen
pine needles, is a promising way to achieve this. This study aims to
innovate and provide related knowledge interventions using
indigenous green technologies to subsequently, curb migration,
mitigate climate change, and capacity building which in turn will
create good livelihood opportunities for the local communities
residing in the nearby pine forests.
We aim to develop a manually operated briquetting machine for
areas that are historically known for rich traditional knowledge
practices to serve the larger goal of natural resource conservation.
The objectives of the study are to address climate change issues
along with providing sustainable livelihood options to the local
communities.

III. LITERATURE REVIEW
The world is diligently searching for an alternative source of energy
for domestic and industrial usage to ensure sustainable development
[13]; corresponding to this need, researchers are working on
unlocking renewable energy sources [14]. In the recent years, bio
fuel has become a globally accepted form of energy owing to its easy
availability [15]. Bio-briquetting, which is reported to be more
effective than the other forms of renewable energy such as bio-diesel
and bio fuel, requires more research and appropriate technology to
use it efficiently and effectively [20].

Solid fuel can be produced through a briquetting technique
involving the binding of pulverized carbonaceous matter with or
without a binder [16]. This may be a manual or mechanical process
involving screw, piston, or hydraulic presses [10]. To produce a biobriquette, solid waste such as agro-residue, dry organic material, or
forest bio-residue can be used [9]. The organic waste is compressed
with or without a binder (a specific ratio is adhered to if a binder is
used). The proper briquetting technique provides a good quality
solid fuel with a low ash content, lower burning rate, better ignition
time, and low moisture content [6]. Saw dust [1], groundnut shell
[2], grass [11], rice husk, jute dust, de-oiled bran, and corncob are
widely used as bio-briquetting materials. The use of forest bioresidue as a briquetting material has not gained much popularity
because of factors such as high transportation cost of raw material,
non-accessible areas, tough and remote forest terrain, lack of
appropriate technology, and various non-cohesive government
regulations that supervise forest production. Forests globally have
the potential to produce considerable amounts of biomass in the
form of forest residue, such as branches, tops, bark, litter, and
stumps. Forest residues have the potential to produce 30–150 exajoules of energy per year [3, 23, 8].
It is further noticed that during a periodic cycle of approximately
240 years, cumulative radioactive forcing is significantly reduced
when forest residues are used for energy instead of fossil fuels,
although it takes 10 to 25 years to obtain positive results after the
fuels are replaced with the forest residue [25,19]. The forestry sector
in India has a bio-residue generation capacity of 27.1 metric tons per
annum [7]. With such a vast forest bio-residue resource, India can
easily address the issue of renewable energy using a low-cost energy
generation solution.
Because of the large quantity of inflammable material lying on the
forest floor, pine forests of the Himalayas are highly prone to forest
fires [17]. Only a small fraction of dry and fallen pine needles is
used by the local communities for manure, packaging, mulching,
and roof shedding, while the rest is burnt accidently or otherwise.
There has been hardly any known and implementable commercial
activity related to such vast forest residues that are easily available
to local communities. In the past, some initiatives were taken by the
Uttarakhand state government to convert pine needles into
briquettes under macro-level entrepreneurship programs [18].
However, the efforts did not yield because of executive, economic,
operational, or policy issues. The transportation of dry and fallen
pine needles from the hillside to the factory site is a great concern
for entrepreneurs because the collection of pine needles from the
forest floor and its transportation to the factory is highly
uneconomical.
Though the communities were involved in this but being a
contractual or hired laborer, no entrepreneurship skills could be
developed among the locals. When the bio-briquetting industries
faced forced closures because of the unacceptable cost-benefit ratio,
these communities lost their livelihoods and the forest fires
continued to destroy the ecology of the region.
Corresponding to this, in another attempt at micro-level
entrepreneurship, electrically-operated machines were introduced
for coal-making in the year 2010 by the Forest Department in some
of the hilly areas of Uttarakhand. This method of coal-making
involved carbonization of the pine needles to later mix it with
additives, such as molasses or cow dung, before feeding the mixture
into the machine for making coal pallets of different sizes. This
attempt also turned out to be unsuccessful because the villagers
faced serious problems in the maintenance of the electricallyoperated machine, they could not achieve perfection in the
carbonization process, and it was very difficult for them to arrange
cow dung or molasses for mixing as a binder.
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This journey began when all the deterrents in the macro scale
entrepreneurship as well as in the micro scale entrepreneurship were
deeply analyzed, and a manually operated bio-briquetting machine
was designed and developed. This machine was conceived and later
manufactured, keeping in mind the basics of social
entrepreneurship.

IV. METHODOLOGY
The perspective that emerged in this study is that thinkers, authors,
researchers, academicians, and policy makers never viewed the
subject of forest bio-residue management to create livelihoods for
forest inhabitants and to mitigate climate change along with
augmenting the associated policies.

•
•

•

•

Force applied by a human hand:
(F1) = 60 N
Area of the input side cylinder (0.25 m diameter):
A1 = πr2 = π(.25/2)2
= .05 sq m
Area of the output side cylinder (0.5 m diameter):
A2= πr2 = π(.5/2)2
= .196 sq m

Force transmitted to the output cylinder:
A2

Two different options were considered in order to design a manually
operated bio-briquetting machine:
Option 1: Application of heat to soften the surface lignin of pine
needles and simultaneously compacting it to make briquettes
Option 2: Application of pure hydraulic pressure of about 1500 to
2000 psi to compact the pine needles without the use of any
additives.
Option 1 had many operational problems, as it was not easy to
handle a heated machine. More than that using fire near a highly
inflammable material, such as dry pine needles, was not really safe
to operate.
Detailed experiments were conducted to validate option 2. Pascal’s
principle was applied for this purpose. Corresponding to this
principle, the force delivered by the fluid at the delivery end is
determined by multiplying the pressure and cross-sectional area.
The pressure being the same in all directions, the smaller piston feels
a small force whereas the larger piston feels a larger force.
Therefore, a smaller force input can generate a large force output at
the delivery end of a hydraulic system.
A line diagram is shown in figure 1 to illustrate the principle of
hydraulics.
Figure 1 Diagram depicting principle of hydraulics

F2 = F1A1 = 240 N
The above calculation shows that through a simple hydraulic piston
cylinder design, the force on the delivery end is four times the input
force. Similarly, if the force is applied by hand and foot
simultaneously on the input side, a force almost equal to 500 to 1000
N could be easily developed on the output side for the same piston–
cylinder dimensions.
•
Force applied by a human hand and leg simultaneously:
F1= 160 N
•
Area of the input side cylinder (0.25 m diameter):
A1 = πr2 = π(.25/2)2
= .05 sq m
•
Area of the output side cylinder (0.5 m diameter):
A2= πr2 = π(.5/2)2
= .196 sq m
•
Force transmitted to the output cylinder:
A2

F2 = F1A1 = 627 N
The force on the delivery side will further multiply if the input side
cylinder diameter is reduced. Variation in the input force and
cylinder diameter will give a number of permutations and
combinations to manufacture the perfect briquette.
The above principle of hydraulics was applied to the development
of a manually operated bio-briquetting machine for compacting dry
chir pine needles into bio-briquettes.

V. EXPERIMENT AND RESULTS
Attempts were made to design and fabricate a machine for making
bio-briquettes from dry chir pine needles of the Himalayan region.
This work was carried out at one of the pioneer institutes of India
named the Indian Institute of Technology, Roorkee, Uttarakhand.
Although it was quite a tough composition to densify loose and dry
pine needles through a manually operated hydraulic machine, under
the concept of grass root -level execution strategy and social
entrepreneurship, it was mandatory to develop a machine keeping in
mind the following points:
•
•
•
•
•

This hydraulic system mainly consists of:
Moving piston connected to the output shaft in an
enclosed cylinder
Storage tank
Filter
Pressure regulator, control valves, and leak-proof closedloop piping
High density incompressible oil.

• The whole concept of chir pine bio-briquetting is strictly based on
grass root-level implication strategy where villagers will work as
entrepreneurs and not as collectors of dry and fallen pine needles.
• The machine must have low cost, low maintenance and easy operation
so that villagers could not only afford it but also operate it sustainably.
• It should be manually driven as the Himalayan rural areas face heavy
electricity cuts and lack consistent electric supply; an electrical
machine would be of very little use to the villagers.
• It should be easily transported to the remote hilly terrain.

Force calculations for a hydraulic system
A hypothetical calculation is shown below in order to calculate the
scope of force multiplication through a hydraulic unit.

• Carbonization of pine needles should not be needed in making the
briquettes as villages may not attain expertise in this.
• There should be no need of additives like cow dung and molasses.
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• Transportation of pine needles in loose form should be ruled out.

Figure 4 Design of briquetting machine

• Multiple types of raw material may be used in this machine.
After a series of trials based on various piston–cylinder assemblies
and hydraulic unit combinations, a pressure of 2000–2500 psi could
be successfully generated at the delivery side of the machine through
pure manual means. A series of initial problems like hose pipe burst,
bench bend, die dislocation, piston misalignment, oil leakage, and
nut and bolt fractures cropped up and were rectified. This finally
resulted in the development of a manually-operated bio-briquetting
machine, which could successfully convert dry and crushed pine
needles into small briquettes of 30 to 40 g (weight) individually.
5.1 Flow Chart: briquetting process
The evolved briquetting machine had the basis of a simple but an
appropriate technology in which the process flow chart consists of
the following main steps:
• Crush the dry pine needles into small sizes of 1–2 centimeters
• Allow open air drying for a day or two
• Place the shredded needles in the die (cavity for imparting a
desired shape)
• Manual application of pressure and compacting the loose
mass in the die
• Ejecting the briquette from the die
• Packaging.

This briquetting machine has the following main components:
•
Oil pump and hydraulic unit with lever 1 and lever 2
•
85 mm diameter output cylinder–piston assembly
•
Mild steel die for making briquettes
•
Valves, pressure gauges
•
Ejection mechanism
•
Compression scale.

Figure 2 Flow chart of briquetting process
5.3 Machine operations
Briquetting machine follows the following procedure to make a biobriquette from chir pine needles:

a.
5.2 Manually operated briquetting machine

b.

Figure 3 shows an actual photograph of the briquetting machine, and
figure 4 shows the design of the briquetting machine with its various
components.

Figure 3 Actual photograph of briquetting machine

c.
d.

Step 1:
•
Crush the dry raw material
•
Pour the raw material into the die
•
Close valve no 2 (lower side valve)
Step 2:
• Close pressure valve to bring the oil inside the
cylinder from oil pump
• Manually pump a desired pressure
• Observe desired compression level on the scale
• Open valve no 1 (upside valve)
• Open pressure-release valve and close valve no 1
Step 3:
•
•
Step 4:
•

Close pressure-release valve
Open value no 2

Use lever no 2, operate the hydraulic pump
until the briquette is ejected from the die
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Figure 5 Pine needle briquettes
Figure 6 Briquetting on manually operated machine

5.4 Briquette density calculation
A laboratory test was conducted for a variety of raw material
mixtures and different input pressure applications. The findings of
the test are given in Table 1.

As mentioned in Section 5.4, the size of the briquette depends
largely on the pressure and compression ratio as exerted by the
machine. It is further observed that a 15–20 mm diameter briquette
is conveniently made from this design; however, if a larger diameter
die is attached to the machine, a much bigger briquette could be
easily manufactured. On an average, a briquette of 20 g to 40 g
weightis most convenient to manufacture with the least wear and
tear of the machine. It was further observed that if the die diameter
is larger in size, with the same effort, a bigger bio-briquette could be
manufactured easily.
5.6 Barriers

Table 1 Pine briquette density analysis

Laboratory tests of various briquettes manufactured by this machine
show the following results:
• Briquetting is possible with a pressure as low as 500 psi if the
raw material is in almost powdered form (leaf size is 1–3 mm)
• As the size of the raw material increases, more pressure is
needed to form a briquette
• For the same amount (weight) of raw material the height of
the briquette varies from 31 mm to 9 mm i.e. varied density
bricks may be manufactured from the same machine
• Average time taken to complete one cycle of briquetting is
about 2 minutes
• There is no appreciable loss of weight while compacting the
raw material and making a briquette
• Briquetting machine may satisfactorily work for a
compression range between 2.1 to 7.4
• For ejecting a briquette, a pressure of 300–400 psi is
sufficient.
5.5 Briquette
An actual photograph of pine needle briquettes made by this
machine is shown in figure 5.

As the machine is manually operated and supposed to work on rough
and remote hilly terrain, it is associated with various technological
limitations:
• There is a chance of corrosion of the storage tank, piping,
cylinder, and piston; hence, the material must be selected
carefully.
• Impurities of hydraulic fluid may have a damaging effect on the
system.
• Proper sealing should be adopted to avoid the leakage of
hydraulic fluid because this is a critical issue.
• The hydraulic fluid must be disposed of properly.
• The structural weight and size of the system is less and therefore,
daily working hours on the machine have to be optimized in
order to avoid unnecessary maintenance work.
• Some bottlenecks such as piston jam, fluid spray, nut and bolt
loosening, briquette sticking to the die, cutter blade
misalignment, and tilting of the machine frame may occur
during operations. All these problems can be easily handled
through minor mechanical interventions.
• Government regulations and policies will always have an impact
on the process of bio-briquetting as the raw material used in this
machine is treated as a forest produce.
5.7 Enablers
The briquetting machine is designed on a very simple fundamental
of hydraulics. The cost of manufacturing a single machine is below
USD 1000. This machine could easily be adopted under a social
entrepreneurship strategy as the communities and the nearby
villagers will obtain good livelihood opportunities from this venture.
This machine is completely eco-friendly, and the carbon footprint
while operating it is almost zero. In totality, if a complete analysis
of this manufacturing process is made, it will certainly lead to a
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negative carbon footprint. Moreover, the biggest enabler in this VIII. REFERENCES
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communities want to reduce the repeated occurrence of forest fires
1. L. O. Adekoya, Investigation into briquetting of sawdust. The
and also wish to have sustainable livelihood options from nearby
Nigerian Engineers. 1989, 24 (3):17-38.
forest resources.

VI. ACKNOWLEDGMENTS
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under a macro-level entrepreneurship program failed. Similarly, a
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Abstract
This paper aims to highlight the drawbacks of the most common
phase locked loop (PLL) circuits to operate as universal PLLs. The
phase locked loop tracks the phase of an input signal. These devices
are necessary in different disciplines for which the input signal
conditions are very different. In fact, they are used in
synchronization to the grid waveforms, in the communications
applications as frequency modulation or amplitude modulation, and
in the measurement of the motors speed, among others. For each
discipline, a different group of PLLs is used. Among all of them, the
most appropriate to be used in several disciplines seems to be the
designed to synchronize the grid. So, they are the chosen to be
studied and test their behavior in different applications to find out
the PLL which is useful in any application and which achieves to
track the phase/frequency signal whose value is initially unknown.
I. e. the universal PLL, useful in all the considered applications.
Thus, the most used PLL circuits to synchronize to the grid
waveforms, able to work with an unknown initial value of the
frequency, have been chosen from the technical literature. I.e. the
Synchronous Reference Frame (SRF-PLL), the Second-Order
Generalized Integrator (SOGI-PLL), and the Enhanced PLL
(EPLL). Their performance has been studied in the monitoring of
input signals with conditions different from those presented by the
grid voltage, in synchronization. These different conditions are
those that occur, for example, in communications applications. The
results obtained, prove that the assessed PLLs present a good
behavior if the filters and controlled involved in them are tunned to
the input signal frequency. In this case, the PLLs provide a signal
which tracks the input signal frequency. It could be thought they are
universal PLL. However, if the value of the frequency is unknown,
the tunning has to be carried out to an estimated frequency, different
from the actual one. The results obtained in this paper prove that, in
these new conditions, the assessed PLLs do not achieve to track the
input signal frequency. Thus, the PLLs analyzed in this paper and
carefully chosen are not able to carry out frequency sweeps.
Therefore, any of them can be considered as the universal PLL.
Keywords: phase locked loop, frequency locked loop, modulated
frequency, distortion
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Abstract
Reducing the consumption of electrical equipment such as air
conditioning and lighting in buildings is a challenge around the
world. Sensor-based control systems supported by intelligent,
adaptive mathematical algorithms can control electrical
equipment optimally to save energy and maintain user satisfaction.
The system combines PIR sensors, low-consumption temperature
and lighting sensors that analyze the characteristics of the
environment and allow efficient control decisions to be made in
electrical equipment such as air conditioning and lighting system
present in the building. This paper presents the design and
implementation of the proposed system in a real room and the
analysis of the system implementation in a simulation for a
building. The simulations of total energy consumption during a
period of one year of an occupied building were carried out to
verify the performance and energy saving in some scenarios of
climatic conditions. The proposed system reduces total energy
consumption by 10%.
Keywords: wireless sensor networks, power management,
energy efficiency.

I. INTRODUCTION
Energy efficiency in Latin American countries is a challenge and a
long-term goal to achieve according to CEPAL, as detailed in [1].
Although there are sectors (such as industry) where energy savings
are more noticeable, it is possible to implement these strategies in a
house, a building, an office, among many other scenarios; the more
environments that can be included, the energy consumption will be
much lower. According to ECLAC reports, certain programs and
policies are carried out in Ecuador to improve energy efficiency, such
as: Renova Refrigeradores Program and the Energy Efficiency Plan
for cooking and water heating. However, there is no policy to
improve energy efficiency in lighting or air conditioning systems,
since it is not considered a high consumption sector, such as
transportation systems and industry, as explained in [2].
Under this premise, this paper presents the design of a space
occupancy measurement system for control of energy consumption
in a workspace. The system is based on the use of occupancy and
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vacancy sensors and environmental variables meters. In this way, it
seeks to monitor the use of devices connected to the system.
The objectives to be achieved in this project respond to the proposal
of a solution for the reduction of energy consumption of electrical
equipment in buildings, through the study of people counting
technologies and the design of a system for this purpose. From this
information, it is possible to define the behavior of electrical
equipment in this space, and provide a solution to optimize the use of
electricity.
Based on the information collected by low-cost sensors that analyze
the temperature and illumination of a room, which are environmental
variables of the area, and the occupancy of the place, it is possible to
obtain certain data that, after going through various mathematical
methods that allow converting these values into useful information,
will be useful for the automatic control of the devices that make up
the air conditioning and lighting systems.
This document is structured as described below: Section II presents
the analysis of technologies for estimating the occupancy of a system,
and shows which one is the optimal technology for the system to be
developed. Section III develops the system (hardware and software)
for people counting to implement and its application in energy
monitoring. Section IV shows the establishment of operating and
control thresholds of the devices that make up the air conditioning
and lighting systems, finally, in section V, present the results of the
system, together with the simulations performed.

II. LITERATURE ANALYSIS
This section shows the four main technologies analyzed for the
development of the electronic people counting and control system
for air conditioning and lighting devices.

A. Open Computer Vision (OpenCV)
OpenCV, as described in [3], is an open source computer vision
library, which allows the counting and tracking of people through an
algorithm based on centroids analysis. In [4] it is shown that, by
delimiting a person, establishing his location on a plane and
analyzing the Euclidean distance of the person when he is moving, it
is possible to identify the direction of the person, and the number of
people that are interacting in that moment in that defined space.

B. Passive Infrared Sensor (PIR)
The PIR sensor is a device that detects and measures infrared
radiation to analyze whether there is movement in the area it is
analyzing. This sensor does not emit any type of radiation (hence its
name of passive), but rather analyzes the radiation already existing in
the environment and detects disturbances, as explained in [5].
Although this technology can be used as a complement to more
robust systems, such as video surveillance systems, as observed in
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[6], the idea of using it as the main detection system for people is not
ruled out.

C. Analysis of WiFi signal disturbances
As discussed in [7], it is possible to develop a people counting
system by using a receiver and a transmitter of Wi-Fi signals at two
defined points, knowing that the passage of people between these
devices generates disturbances between the signals received and
transmitted. By means of the received signal intensity indicator and
an algorithm based on the Kullback-Leibler divergence, it is
possible to know the estimated number of people in the studied area.

does not need external hardware such as the Raspberry for its
operation, but its use is recommended not only for powering the
sensor, but also for storing the counting data of the room, for further
analysis. Figure 2 shows the flowchart of the system's operation with
the two sensors implemented, and figure 3 shows the connection of
the sensors to the Raspberry.

D. Sensors of environmental variables
Certain characteristics of the studied area, such as temperature,
lighting, CO2, among others, provide information not only on the
occupation or vacancy of a room, but also on the environment within
it, data that would allow the air conditioning systems to and lighting
are in operation according to the needs of the room at a given time,
as discussed in [8].

III. ELECTRONIC SYSTEM DESIGN
The system designed for this project can be divided into two main
parts: mathematical design and hardware and programming design.

A. Mathematical design
The mathematical design of the system is based on the work of [9],
which carried out the implementation of two PIR sensors in each door
of each room on a floor of a building. The distribution of sensors is
shown in figure 1, and equation (1) shows the analysis of the entrance
and exit sensors (i and j respectively), where the action of entering or
leaving a room must be carried out in an equal time or less than Δ𝑡
which for this project was defined in 3s.

Figure 2. Flowchart of electronic people counting system
using PIR sensors. Source: Author.

𝑆𝑖,𝑗 = { 𝑥𝑖 (𝑡𝑐 ), 𝑥𝑗 (|𝑡 − 𝑡𝑐 | ≤ Δ𝑡) } (1)
To know the number of people in the room at a given time, it is
necessary to add the content of the matrix shown in equation (2),
which stores the values of the interactions in equation (1), knowing
that when a person enters to the room, a value of +1 is stored, and
when a person leaves, a value of -1 is stored.

.

𝑆 = { 𝑥𝑖 (𝑡𝑖 ), 𝑥𝑖+1 (𝑡𝑖+1 ), 𝑥𝑖+2 (𝑡𝑖+2 ), … , 𝑥𝑛 (𝑡𝑛 )} (2)

Figure 3. PIR sensors connected to Raspberry Pi 4.
Source: Author.

IV. ANALYSIS

OF

ENVIROMENTAL

VARIABLES
. characteristics of the monitored
In order to analyze the environmental
room, sensors were used to analyze the temperature and lighting of
the place. This, combined with the presence or vacancy status of
people in the area, allow obtaining information that the air
conditioning and lighting systems use to improve their energy
consumption.

A. Performance standards

Figure 1. Initial state of the people counting experiment
using PIR sensors. Adapted from Wahl et al., 2012.

In order for the air conditioning and lighting systems to operate under
the same parameters and to provide thermal and lighting comfort to
people, several documents have been analyzed which describe the
optimum temperature and lighting for office work, which are
described in table 1 and 2.

B. Hardware and Programming design
The hardware used for the development of the system is composed
of the HC-SR501 PIR sensor and a Raspberry Pi 4 Model B. Two
.
sensors were used, one outside the room and the other inside, both
connected to the Raspberry that analyzes the signals sent by them. It
is possible to use the HC-SR501 sensor autonomously, that is, it
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Table 1. Recommended temperature levels in offices. Adapted
from NTP 501, Calleja, 1998.
TYPE OF
WORK

OPTIMAL
TEMPERATU
RE (in °C)

HUMIDITY
LEVEL

AIR
SPEED
(in m/s)

Intellectual
work in seated
position

18º to 24º

40% to 70%

0.1

40% to 70%

0.1 to 0.2

Work in
standing
position

17º to 22º

Hard work

15º a 21º

30% to 65%

0.4
to 0.5

Very hard
work

12º to 18º

20% to 60%

1.0
to 1.5

The values obtained for temperature and lighting in the room were
stored in a csv file for mathematical processing, which will be
discussed later.

C. Lighting monitoring system
The system that monitored the lighting in the room is composed of
a BH1750 sensor and the Raspberry Pi 4. The program was designed
in Python 3 using the smbus library. The sensor operates using the
I2C protocol, which requires two physical pins for communication.
The temperature and lighting sensors receive a 3.3V power supply
from the Raspberry and the analysis of the variables is carried out
every 2 minutes continuously, thanks to the crontab tool. In this way,
by not continuously analyzing the room, the sensors can be kept in
a low power consumption state when the information is not required.
Figure 5 shows the flowchart of the process for obtaining lighting
information, and Figure 6, the physical connection of sensors to the
Raspberry Pi 4.

Table 2. Recommended lighting levels in offices. Adapted from
ISO 8995 - 2002 standard.
TYPE OF ACTIVITY

LIGHTING MAINTAINED

PERFORMED

(Em) in lx

Archiving, copying,
circulation.
Writing, typing, reading, data
processing.

300

500

Technical Drawing

750

CAD workstation

500

Conference and meeting
room

500

Reception bureau

300

Archives

200

Figure 5. Flowchart of the electronic lighting monitoring
system using the BH1750 sensor. Source: Author.

.

B. Temperature monitoring system
The room's thermal measurement system used a DS18B20 sensor and
the Raspberry Pi 4 mentioned in the previous section. The program
was designed in Python 3, using the w1thermsensor library, thanks
to the 1-Wire protocol used by the sensor, which allows data to be
sent to the Raspberry using a single physical communication pin.
Figure 4 shows the flowchart of the data receiving and sending
process.

Figure 6. DB18B20 and BH1750 sensors connected to the
Raspberry Pi 4. Source: Author.

D. Sensors of environmental variables
The experimental data obtained through
the sensors were processed
.
using mathematical modeling techniques (least squares) and
grouping algorithms (K Means), in order to know the behavior of
these variables and improve the accuracy of the data that will serve
to control the air conditioning and lighting systems.
The least squares technique allows obtaining a polynomial equation
based on experimental data, looking for the best possible fit (defined
by the user) to the information to be modeled. In [10] the procedure
to follow when using this method is detailed, whose main objective,
after having defined the degree of the equation, is to find the
coefficients corresponding to the independent variable. The equation
obtained will have a level of error depending on the degree chosen;
the lower the degree, the greater the error in the equation.

Figure 4. Flowchart of the electronic temperature
monitoring system using the DS18B20 sensor. Source:
Author.

The K Means clustering algorithm differentiates elements of a group
of data according to their characteristics, and define an average value
to represent. This is done by measuring Euclidean distances and
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defining a number of clusters, which will be the number of sets into
which the data will be divided. The work of [11] shows that, in order
to correctly define the number of clusters that the data require,
techniques such as the “Jambú elbow” can be applied, in order to find
the point where there are no noticeable changes between the sets
already defined.
Thanks to the numpy and sklearn.cluster Python libraries, it is
possible to process the sensor data stored in csv format directly from
the Raspberry Pi. Through these techniques it will be possible to
define the temperature and lighting level in the room with greater
accuracy, in addition to contributing to the establishment of operating
thresholds for air conditioning and lighting devices.

V. RESULTS OBTAINED
To corroborate the operation of the system, experimental tests and
energy consumption simulations were carried out.

A. Results of the people counting system

results are displayed in lux, a measure of lighting with respect to the
area in m2 of the room.

−2.211𝑥 3 + 82.43𝑥 2 − 1027𝑥 + 4467

(3)

0.6903𝑥 3 − 31.12𝑥 2 + 445.6𝑥 − 1962

(4)

3

2

9.903𝑥 − 471.8𝑥 + 6926𝑥 − 28997.67
3

2

−9.757𝑥 − 366.9𝑥 + 4552𝑥 − 19677.02

(5)
(6)

For the analysis of the lighting data using the K Means clustering
technique, it was expected to obtain a differentiation of lighting
information with respect to the time of day, as will be observed later
in the clustering of temperature data. However, since there is a great
dispersion between the data obtained (because the information
obtained was from natural light), the information of the clusters
generated as seen in figure 8 is not useful for the purposes of this
analysis.

The two PIR sensors were installed in a room in a residential
building. Two hundred experiments were carried out, half oriented
to the entrance to the room and the others, to the exit. Table 3 shows
the results obtained, where the use of the HC-SR501 sensor obtains
an average accuracy level of about 80%. Considering that the sensor
used is one of the cheapest on the market and that high precision is
not required to meet the objectives of this project, the use of this
sensor is ideal.

Table 3. Results obtained from the people counting system
using PIR sensors. Source: Author.
ACTION

PERCENTAGE

Entry to the room

84%

Exit from room

74%

False positives

10%

Average level of accuracy

79%

B. Results of the lighting monitoring system
The lighting values in the room were obtained experimentally in
four days, placing the BH1750 sensor in different places each day;
the same procedure was carried out for temperature measurement.
The behavior of the lighting in the room is reflected in figure 7, in
addition to the cubic equation generated by the least squares
technique, which models the behavior of this variable to send more
precise data to the lighting device control system.

Figure 8. Clustering analysis of room lighting using K
Means. Source: Author.

C. Results

of the temperature monitoring

system

.
The temperature values in the room were obtained experimentally
in four days, following the same process explained for lighting
monitoring, in this case using the DS18B20 sensor. Figure 9 shows
the results obtained in the room, together with the graph of the cubic
equation generated by least squares.

Figure 9. Graph of room temperature behavior with
respect to mathematically calculated values. Source:
Author.

Figure 7. Graph of lighting behavior in the room with
respect to the mathematically calculated values. Source:
Author.
Equations (3), (4), (5) and (6) show the behavior of the room lighting
in the working area, the most illuminated area, the least illuminated
area and the center of the room, respectively. The graph shown in
figure 7 corresponds to the values .in the work zone. The units of the

Equations (7), (8), (9) and (10) show the behavior of the temperature
in the room, in the same areas described for the previous lighting
equations. Figure 9 shows the temperature
values in the working
.
area. Results units are displayed in Celsius.

−0.02967𝑥 3 + 1.092𝑥 2 − 12.25𝑥 + 65.31
3

2

−0.01268𝑥 + 0.4995𝑥 − 6.018𝑥 + 44.13
3

2

−0.004903𝑥 + 0.1637𝑥 − 1.3𝑥 + 23.5

(7)
(8)
(9)
4
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−0.008017𝑥 3 + 0.285𝑥 2 − 2.825𝑥 + 28.65

(10)

In addition to the least squares analysis, the use of the K Means
algorithm is proposed, in order to know the average temperature
values that will be sent to the temperature device control system in
a period of time. It is observed in figure 10 that the variation between
experimental values and those calculated mathematically is reduced
for this variable, contrary to what happens with the lighting data, for
which the clustering analysis is effective only for the temperature
values of the room.

The improvements were applied in the "Hours" tab, where you can
modify the times and operating values of lighting and air
conditioning in the rooms of a building. Thanks to the information
obtained by the environmental sensors, it is possible to know the
state of the room in a period of time and define the moments in
which these devices must operate. The operating levels are defined
by the mathematical values discussed in the previous section, so that
each device knows how to operate in response to the state of the
current environment.
Table 5 shows the level of energy consumption of a building without
the application of any improvement in energy consumption, and in
contrast, the values of energy consumption with improvements
implemented are shown in table 6. The level of savings is 9.95%
compared to the building without improvements, which
demonstrates the effectiveness of the designed system, even though
OpenStudio cannot model the people counting system. If the
occupancy level of the room was considered, the energy savings
would be even greater.

Figure 10. Clustering analysis of room temperature using
K Means. Source: Author.
Once the clusters per working hour of the temperature data have
been obtained, it is possible to perform the same procedure for the
data mathematically calculated by means of least squares, as shown
. value can be obtained between
in table 4. Through this, an average
the two sources of information, which will be the data sent to the air
conditioning control system to make decisions for its operation.

Table 4. Comparison between experimental and
mathematically calculated clusters. Source: Author.
Clusters

# Clúster

Experimental

(time of day)

Clusters

1 (9–10 am)

22.00

22.05

22.03

2 (10–11 am)

22.79

22.81

22.80

23.74

23.87

23.81

4 (12–13 pm)

25.02

25.01

25.02

5 (13–14 pm)

26.29

26.11

26.20

6 (14–15 pm)

27.02

26.97

27.00

7 (15–16 pm )

27.27

27.27

27.27

3 (11 am–12
pm)

from

Table 5. Results obtained from the simulation of energy
consumption of a building without implementation of
improvements. Source: Author.
Parameters

Value

Total net building area

132 m2

Total annual energy consumption
Energy consumption per

m2

5247 kWh
39.66 kWh/m2

Heating energy consumption

611 kWh

Cooling energy consumption

1783 kWh

Lightning energy consumption

1081 kWh

Energy consumption for electronic devices

1772 kWh

Average

equation

Table 6. Results obtained from the simulation of energy
consumption of a building with implementation of
improvements. Source: Author.
Parameters

Value

Total net building area

132 m2

Total annual energy consumption
Energy consumption per

m2

4725 kWh
35.71 kWh/m2

Heating energy consumption

742 kWh

Cooling energy consumption

1450 kWh

Lightning energy consumption

761 kWh

Energy consumption for electronic devices

1772 kWh

D. Sensors of environmental variables
In order to verify the effectiveness of energy saving through the
implementation of this system, a simulation was developed using the
OpenStudio program, software based on EnergyPlus, to analyze the
consumption patterns of a building and observe the percentage of
reduction in energy consumption implemented improvements in air
conditioning and lighting systems.
Three simulations were carried out, the first with typical electrical
energy consumption values, given by the ANSI/ASHRAE 189.12009 standard, as detailed in [12]. The second applies improvements
to lighting systems, and the third applies improvements to air
conditioning and lighting systems.

VI. CONCLUSIONS
Thanks to the results of the mathematical processing of the
environmental variables data and the simulation performed in
OpenStudio, it can be determined that the main objective of this
work, defined as the reduction of energy consumption in an office,
which was the case study used in the simulation, by 10%, was
achieved. This model can be replicated in various scenarios, such as
homes, hotels, restaurants, among others.
The development of the people counting system explained in this
paper allows to know the occupation or vacancy of a room, in order
to determine whether the air conditioning and lighting systems

5
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should operate or not. If required, the devices will operate based on
operating standards, to maintain thermal and lighting comfort, and
based on information from the environment captured by
environmental variables sensors, to reduce unnecessary energy
consumption.
The mathematical processing used in the experimental data makes it
possible to provide a certain degree of intelligence to the control
system of air conditioning and lighting devices. Although the values
provided by the sensors are already useful for decision-making,
mathematical analysis allows studying the behavior of these
variables in the room and defining the correct operating values and
in the correct time periods. In addition, this information can be
recorded for future review by users, as information about the state
of the place in terms of temperature and lighting.
The use of mathematical methods of clustering and equation
modeling are some of the many techniques that can be used to treat
the data obtained from the sensors. Procedures such as data mining
would allow an in-depth information analysis, which combined with
more advanced hardware accuracy would make the percentage of
savings and the operating thresholds of the devices more accurate
and efficient.

VII. RECOMMENDATIONS
Based on the conclusions obtained from this work, several
recommendations are made that, in the long term, could improve
energy efficiency in a building. The proposed lighting
improvements could be implemented when a room works with
luminaires that operate independently of each other. Currently, these
types of systems are not regularly found in buildings in Ecuador, so
migration to autonomous lighting systems is recommended.
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In this project we work with obtaining information about lighting
and room temperature, for a subsequent mathematical analysis of the
data. To improve the accuracy of the data obtained, it is
recommended to carry out the mathematical processing at the same
time as the data collection, a process that the Raspberry Pi used can
carry out without any problem.
The data obtained by the sensors in this project does not reach 100%
accuracy due to the hardware used, low cost devices and for
experimental purposes. In order to achieve high performance in the
system, it is recommended to use industrial-type devices, such as the
Panasonic PIR sensor EKMB1101112, a sensor used in [9] that
provides results with high accuracy.
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Abstract
In this work we present a study on the methane oxidation
reaction on Cr2O3 in the presence of sulfur dioxide using
both infrared spectroscopy and simulations based on the
density functional theory. The purpose of the work is to
know the reasons why sulfur dioxide decreases the activation
energy of the methane oxidation reaction. We found that
sulfur dioxide promotes oxygen dissociation through the
formation of sulfite species. Dissociated oxygen favors the
dehydrogenation of methane, the formation of methoxy
species, formaldehyde, dioxymethylene, and methanol.
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I. INTRODUCTION
Methane reforming is a method for producing syngas (hydrogen
and carbon monoxide) by the reaction of hydrocarbons with
water. The main purpose of this technology is hydrogen
production. The reaction is represented by
CH4 + H2O ⇌ CO + 3 H2

(Eq. 1)

Autothermal reforming (ATR) uses oxygen and carbon dioxide
or steam in a reaction with methane to form syngas.
The reactions can be described by the following equations, using
CO2:

Keywords: methane reforming, methanol, formaldehyde.
2 CH4 + O2 + CO2 → 3 H2 + 3 CO + H2O

(Eq. 2)

and using steam:
4 CH4 + O2 + 2 H2O → 10 H2 + 4 CO
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(Eq. 3)

CH4 is also one of the main greenhouse gases. To reduce its
emission to the atmosphere, it can be retained by adsorption
before it is released by industrial chimneys. O2 is present in flue
gases, but in the absence of a suitable catalyst, it does not react
with CH4.
CH4 oxidation was previously studied on PdO(101), RuO2(110)
and IrO2(110), Ni(111) and MgO(001) on Ni4 catalysts.
A major difficulty associated with the production of syngas is
that the sulfur compounds in the fuel poison certain catalysts,
making it difficult to operate this type of system with regular
gasoline. We have carried out studies on various oxides, with
emphasis on the oxidation of CH4 and the reduction reactions of
SO2 [1, 6]. It has been concluded that the alumina-supported
chromium oxide catalyst (Cr2O3 / Al2O3) is the most efficient for
the adsorption of these greenhouse gases, because it is not
deactivated by the presence of acid gases. In [4] we studied the
oxidation of CH4 on Cr2O3/-Al2O3 and experimentally
determined an activation energy of the reaction (Ea = 0.57 eV).
The SO2 reduces the activation energy to Ea = 0.31 eV, the
lowest value found so far to our knowledge. For example, the
catalytic oxidation of methane in the presence and absence of
SO2 was investigated on palladium catalysts supported on Al2O3
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and CeO2/Al2O3 washcoats. The activation energies in the
absence of SO2 were 0.4 +/- 0.1 eV and 0:6+/- 0.15 eV for the 3
wt% Pd/Al2O3 and the 3 wt% Pd/12 wt% CeO2/Al2O3 catalysts
respectively.
In this work we carried out a combined FTIR + DFT study of the
reaction
CH4+SO2+O2  S0+CO2+2H2O on Cr2O3 /-Al2O3

(Eq. 4)

in order to unveil its kinetic mechanism.
This work continues previous research on the oxidation of CH4
with oxygen on Cr2O3 /-Al2O3 [6]. The main purpose is to
reveal the causes for the reduction of the activation energy
mentioned above.
Additionally, we found the formation of intermediate species of
industrial interest, such as methanol and formaldehyde.

II. EXPERIMENTAL WORK
A. Materials and Setup
Methane oxidation on Cr2O3 /-Al2O3 and in the presence of SO2
(Eq. 4) was studied on a fixed-bed reactor consisting of a quartz
column of 0.6 cm diameter and 110 cm length placed in an
adjustable temperature oven (Fig. 1). Reaction gases were
provided by LINDE: SO2 composition > 99:98%, CH4
composition > 93%, O2 composition > 99:5%. They were
introduced in the reactor at a constant flow rate and a
concentration of 10 ppm in N2. In one experiment, a catalyst
sample was exposed to the reaction gases at an initial
temperature of 293 K, until the concentration of the produced
CO2 reached constant values. Then, the temperature was
increased in steps until reaching 573 K. Each catalyst sample
was subjected to three of these experiments. Finally, a Fourier
transform infrared (FTIR) spectroscopic study was performed on
each sample with Vertex 70 equipment from 2008.

Stretching frequencies of adsorbed O-S-O bond were at 561-567
cm-1.
Finally, we found bands at 1126 cm-1 and 1655 cm-1. According
to our DFT calculations we related them to formaldehyde
adsorbed on the surface.

III. THEORETICAL WORK
A. Computational Calculations
First-principles calculations were performed using DFT+U as
implemented in the Vienna Ab initio Simulation Package
(VASP) code. The Kohn-Sham equations were solved using the
projector augmented wave (PAW) method and a plane-wave
base set that includes plane waves up to 400 eV. The DFT+ U
method was used with values J = 1 and U = 5. The calculations
were performed using pseudopotentials based on the generalized
gradient approximation (GGA+U). The convergence of each
calculation was achieved when the forces on the ions were less
than 0.03 eV / Å. The periodic boundary conditions applied in
all three perpendicular directions. The Hessian matrix of second
derivatives was determined for basal structures within the
harmonic approximation

by finite two-sided differences, using a displacement step of
0.01 Å. The adsorbed atoms were displaced in the calculations,
and the diagonalization of the dynamic matrix produced the
harmonic frequencies.
The Cr2O3(0001) surface was modeled as a rhomboid supercell
with an edge size of 4.954 Å and 20 Å high. Each substrate
layer was composed of one chromium atom, three oxygen atoms
and one chromium atom, and was 2.263 Å thick (Fig. 3).
The face (0001) was selected because in its natural state, Cr2O3
has this type of structure in 97.20% of its volume, which is
maintained up to temperatures of approximately 973 K (see Fig.
4).

Results
Figure 2 shows an FTIR spectrum obtained in this work. We
identified bands at 2960 cm-1 and 2854 cm-1, corresponding to
the stretching modes of CH3 and CH2 groups respectively. There
was also an O-H bond stretching band at 3446-3465 cm-1.
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The first Brillouin zone was sampled with a (331) gamma point
centered mesh, and only the gamma point was used for the cubic
supercell used for the optimization of isolated molecules.
The second structure, in which the sulfur atom is not bound to
the surface, is an intermediate configuration, in a local minimum
of energy, but it participates in the dissociation of adsorbed
oxygen and in the dehydrogenation of methane, as explained
below.
Oxygen is adsorbed on the clean surface of Cr2O3 (0001) both in
molecular state and in dissociated form, the latter being the most
stable. In the molecular state it has two stable configurations,
with only one oxygen atom attached to a surface chromium
atom, or with both oxygen atoms attached to a single chromium
atom. In the dissociated state the two oxygen atoms are attached
to the same chromium atom.
The presence of adsorbed SO2 promotes the dissociation of
oxygen and the formation of sulfite species (Fig. 5).

The adsorption energy of each adsorbate molecule was
calculated as
Ea = E(Adsorbate/Cr2O3)-E(Adsorbate)-E(Cr2O3)
The first term is the energy of the optimized configuration for
the relaxed adsorbate molecule bonded to the clean surface. The
second term is the energy of the optimized gas-phase adsorbate
molecule (isolated), and the third term is the energy of the
optimized surface. Based on this definition, negative values of
Ea correspond to stable configurations.

B. Results
SO2 is adsorbed onto Cr2O3 (0001) by bonding its two oxygen
atoms to two different chromium atoms on the surface. The
sulfur atom may or may not be attached to a surface oxygen
atom. The first sulfite-like structure is the most stable and can be
formed at various sites on the surface. The vibrational
frequencies of the O-S-O bond are similar in all of these sites
and for the asymmetric stretching they take values between 1000
and 940 cm-1, for the symmetric stretching, about 600 cm-1, and
for the bending, around 490 cm-1.

Methane does not adsorb on the clean Cr2O3(0001) surface or in
the presence of molecular oxygen. However, it interacts with
oxygen in a dissociated state, leading to the formation of both
hydroxyl and methoxy species, the latter through the binding of
the methyl group and a surface oxygen atom. The characteristic
frequency of the CH3 d-stretching mode is in the range 29603000 cm-1.
The interaction between methane and adsorbed sulfur dioxide
facilitates the dehydrogenation of methane. In this case, the
methyl groups are attached to the sulfur atom not bound to the
surface, but this configuration, although stable, is intermediate
and should lead to the formation of methoxy and sulfite-type
species.
Methoxy species can form at various sites on the surface, and
their interaction with oxygen in the dissociated state promotes
their dehydrogenation. The oxymethylene species then have a
characteristic frequency of symmetric stretching around 2860
cm-1 (Fig.6).

The subsequent oxidation of these species leads to the formation
of dioxymethylene and formaldehyde.
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According to [7,8] the adsorption of formaldehyde on
Cr2O3(0001) would give rise to spectroscopic bands at 1650 cm-1
and 1126 cm-1.
Interestingly, the methoxy species can interact with hydroxyl,
leading to the formation of methanol, which in turn can react
with the adsorbed species (Fig. 7).

[2]

[3]

[4]

[5]
[6]

[7]

[8]

IV. CONCLUSIONS
In this work we presented a theoretical-experimental study of the
methane oxidation reaction in the presence of sulfur dioxide on
Cr2O3 / -Al2O3
CH4+SO2+O2  S0+CO2+2H2O on Cr2O3

(Eq. 5)

The global activation energy of this reaction is lower than that of
the oxidation reaction
CH4+2O2  CO2+2H2O on Cr2O3

(Eq. 6)

and to our knowledge, it is the lowest found so far in different
catalysts. Our objective was to try to unveil the role of sulfur
dioxide as well as to detect intermediate species of possible
industrial interest.
Sulfur dioxide is adsorbed on Cr2O3 (0001) in two different
configurations, in both the oxygen atoms are attached to
chromium atoms, but the sulfur atom may or may not attach to a
surface oxygen atom. The sulfite configuration is the most
stable, but it is the other one that acts as an intermediate to
promote the dissociation of molecularly adsorbed oxygen or the
dehydrogenation of methane. This effect facilitates the formation
and subsequent oxidation of methoxy species up to the
formation of dioxymethylene, formaldehyde, and methanol.
Our results suggest that the possibility of oxidizing methane on
chromium oxide in the presence of sulfur dioxide deserves to be
considered in the development of syngas production
technologies.
Our research also points to an additional alternative to the green
formation of methanol that deserves to be explored.
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Abstract
In this work we present an optical analysis for three
different hydraulic diameter honeycomb receivers used to
elevate working fluid temperature using concentrated solar
radiation provided by a point-focus solar concentrating system.
The analysis was carried out in order to determine the amount
of concentrated solar radiation received in the volumetric
receiver as well as the radiation distribution inside of it, also to
determine the length of it. The study which determines the
location of the receiver in the optical axis of the concentrating
system is also presented, as well as the ray independence study
to secure the reproducibility and repeatability of the results. The
simulation was done in Tonatiuh software considering the
physical characteristics of the point-focus concentrating system
and the volumetric receivers. As results, it was revealed that
around 96% of the concentrated solar radiation arrives to the
receiver – inside and in the front side-, the rest of it is attributed
to the losses due to different factors.
Keywords: Honeycomb solar receiver, Optical analysis, PointFocus concentrator.

I.

INTRODUCTION

Obtaining heat through the excessive use of fossil fuels to facilitate
the production processes of fuels and materials is a serious problem
today; however, a feasible alternative is the use of renewable
resources and materials. Solar Thermal Energy is the most important
in the type of solar energy and represents one of the most important
sources of technology and electricity production used in various
applications such as buildings, mobility and manufacturing [1]. The
heat necessary for medium-high temperature processes can be
obtained through the production of Concentrated Solar Radiation,
this heat is obtained through systems with optical arrangements that
involve the use of lenses and / or mirrors, which have the function
of re-directing the sun's rays to an area smaller than the catchment
area, thus increasing its energy density several times. There are
different types of solar concentration technologies that achieve this
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process through different operating bases such as the parabolic disc,
parabolic channel, linear fresnel reflector, central tower and solar
oven[1]. Solar concentration technologies are still under
development and are not accessible like conventional photovoltaic
modules compared to the ease of operation of the latter[2]. However,
its development provides significant advantages over conventional
devices such as greater efficiency, high temperatures for energy
production and to be used as process heat.
The transformation of RSC into thermal power is carried out using
receivers, whose geometries and construction materials vary
depending on their application. Volumetric receptors (Figure 1 (a))
are porous structures of different materials such as metal or
ceramics. This type of receptor is very promising due to the
volumetric effect; this effect causes the temperature of the irradiated
part to be lower than the temperature in the final part of the receiver,
causing less heat losses by radiation and making the process more
thermodynamically efficient [3], it also reduces the local points high
temperature that could damage the material and harm the process in
general[4]. Despite this, there are significant difficulties in RV
design due to the complexity of the volumetric effect. The heat
transfer phenomena that occur within the structure - radiation,
convection and conduction - are affected by each other, so the
radiative and thermal study of RVs requires a large computational
load[4].
The distribution of radiative flux has a significant impact on the
temperature field of the receiver [5], that is why their study provides
necessary information on its operating limits. Said study is carried
out by applying the ray tracing method, which considers that light
moves from a light source describing a path in the form of a line
until it hits a surface that, depending on its assigned physical
properties, can modify its direction by reflection or refraction. Ray
tracing can be performed using three different techniques: Simple
Ray Tracing Method, Convolution Ray Tracing Method and MonteCarlo Method.
The simple ray tracing method refers to a systematic ray distribution
of rays by mesh and ray projection of the solar cone individually;
While convolution ray tracing is a mesh ray distribution and
calculation of the degraded solar cone by the mathematical
convolution technique, only the central ray is projected, and the cone
is reconstructed in the receiver. On the other hand, the Monte Carlo
Method, which is a numerical method that allows solving physical
and mathematical problems by simulating random variables, is a
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statistical simulation of the radiative transfer phenomenon based on
the behavior of the emission, the reflection and the absorption of the
surfaces of the optical system [6].
Studies have been reported in the literature that reveal the
distribution of radiative flux in RV, through the application of the
MCRT Method, where the source of CSR considered is a point focus
concentrator [7–9], some reported works combine the X-ray
computed tomography technique to reconstruct a realistic porous
absorber with the MCRT to obtain the RSC distribution[10], while
in other works theoretical assumptions are made to simulate the
operating conditions of the receiver[11].

A.

Study of ray independence

The study of ray independence is mandatory in TR simulations to
ensure the repeatability and reproducibility of the results obtained,
which is why it must be carried out before the development of the
aforementioned methodology. For this, the mesh size parameter was
set at 25x25 while the number of rays was considered as the variable
and an uncertainty was established as a function of this and in
relation to the maximum value of flux less than 4% for the three
cases a study. As results, we found that for case 1, 10 million rays
were used and for cases 2 and 3 5 million were used.

In this work, the methodology and results obtained by ray tracing
simulation carried out in three volumetric receivers of different
hydraulic diameters are presented to determine the amount of
concentrated solar radiation received in it, as well as the way in
which it is received. and it is distributed within the structure in
addition to establishing the length of the same receiver; and which
are the three diameters it presents favors the radiative phenomenon
to a greater extent. The CSR source considered is a point focus
concentrator (Figure 1 (b)), developed and built by researchers from
the University of Arizona in collaboration with Rehnu[12], whose
characteristics are described in Table 1.

Figure 2. (a) case 1, (b) case 2, (c) case 3.

(a)
(b)
Figure 1. (a) Ceramic volumetric receiver with dimensions of
10x10x10, dh = 0.0078 m. (b) Point focus concentrator system
located in the Hermosillo Solar Platform.

II. METHODOLOGY
The simulations were carried out in the free license software
Tonatiuh v.2.2.4 with three volumetric receivers of different
porosities with hexagonal cylinders (Figure 2); For an orderly
application of the methodology, the cases described in sections a),
b) and c) were established, in addition the specifications described
in Table 1 were considered and the receiver input was located 1.47
m from the vertex on the optical axis of the parable - as determined
in the next section - considering it as a black body.

Figure 3. Physical system drawn in Tonatiuh software.
Table 1. Definition of parameters for TR simulation in Tonatiuh
software
Definition of irradiance parameter
Direct Normal Irradiance 1000 W/m2
Sun Shape Standard
CSR 0.02

The simulation strategy used consisted of approximating the
hexagonal cylinders to circular cylinders through the use of the
hydraulic diameter, in addition to considering all the cylinders that
are within a flat area of 0.05x0.05 m2 at the entrance of the receiver;
This is because the system to be simulated must be as similar as
possible to the physical system (Figure 3), which is why it is
important to include in the simulation, the structure of the
concentrator system to determine if it has an effect on the
distribution of radiation in the receptor.
To consider the results obtained from the simulation acceptable, a
radiative balance was carried out considering that the sum of the
radiation received in the RV, as well as that which passes through it
and which is overflowed, must be equal to what is received in a area
of 0.01 m2 (which is the total receiving area 1.47 m from the vertex).
a) Case 1: DH = 0.004 m, L = 0.10 m, No. of cylinders = 99,
fraction of holes = 0.498
b) Case 2: DH = 0.0057 m, L = 0.10 m, No. of cylinders = 42,
fraction of holes = 0.428
c) Case 3: DH = 0.0078 m, L = 0.10 m, No. of cylinders = 25,
fraction of holes = 0.802

Azimut 0°
Elevation 90°
Primary optical element Parabolic mirror
Dimensions 1.65x1.65 m2
Focal point 1.5 m
Reflectivity 0.9
Global optical error of the system 2.8 mrad

Determination of the location of the RV on
the optic axis
B.

It was established that the area of the receiver is 0.05 x 0.05 m2, so
through the simulations it was determined that at a distance of 1.47
m from the vertex and on the optical axis of the parabola, the RSC
with the highest concentration illuminates an area of 0.0025 m2
while the total reception area is 0.01 m2. According to the results of
the TR simulations, the support structure does not have a significant
effect on the distribution of the RSC as shown in Figure 4; where it
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is also established that the CSR presents a maximum peak of 2.5
MW/m2
and
an
average
of
236
kW/m2.
Figure 5 shows the profiles of the distribution of concentrated solar
radiation obtained from Figure 4, in the central part of the x and y
axes, respectively. In the distribution profiles presented, it is
observed that the shadowing effect of the structure on these is
negligible, and that the flux value remains between 1.5-2.5 x106
W/m2 in x, y = [- 2.5,2.5].

Figure 4. Spot of concentrated solar radiation obtained by
simulation on the PPLR at 1.47 m from the vertex of the parabola.
(The units of the color scale are W/m2).

(a)
(b)
Figure 5. Profiles in (a) x = 0; y = [- 5.5] y (b) y = 0, x = [- 5.5] of
the distribution of concentrated solar radiation on the PPLR
obtained by simulation.

III. RESULTS
A. Interpretation

of results

For a proper interpretation of the energy balance, the following is
established. "Received in the volumetric receiver" is understood as
the radiation that is received in the frontal structure of the walls that
are between the cylinders and that that is received in the interior
walls. On the other hand, the radiation that overflows when reducing
the area from 0.01 m2 to 0.0025 m2 and that which leaves the
receiver, whether a part of it has interacted with the interior walls,
are considered as losses.
Before performing the energy balance within the volumetric
receiver for the three cases, it is necessary to clarify what happens
to the concentrated solar radiation when the receiver arrives. The
solar rays can be intercepted by the frontal structure of the walls that
is between the cylinders of the receiver as well as they can impact
against the interior walls - reflect some percentage to hit another
wall again depending on its direction - or pass through the cylinders
without having directly interacted with the walls of the receiver;
Another percentage of the rays may not even have reached the
receiver and another percentage may overflow from the reception
area. The radiation distribution that is observed in the following
figures corresponding to this section are the result of the radiation
phenomenon, because the physical properties of the receiver are
considered, as well as the concentration system and the final scene
of the phenomenon including optical system errors.

B.

Results

Considering the total area of capture of solar radiation (2.7225 m2)
and a normal direct irradiance of 1,000 W / m2, the radiation that
would be received if a perfect concentrator were had would be
2,722.5 W; However, considering the global optical error of the

system that has been determined previously, only 2.365 W are
received, that is, 96% - in radiative terms - in a flat plate of 0.01 m2
at 1.47 m and on the optical axis. From this, the balances presented
above are determined.
The general and detailed energy balances presented in the previous
tables are considered correct because, as expected, the sum of the
energy received inside the cylinders is less than that received in a
flat receiver. As can be seen in Tables 2, 3 and 4, there is no
significant difference between one diameter size and another in
terms of radiation received within the receiver or losses.
Regarding the distribution profiles of concentrated solar radiation
formed on the interior walls of the volumetric receiver, only those
corresponding to the central section are presented and analyzed in
this section, while the rest of the graphs are found in the section of
annexes. The foregoing is justified by corroborating that the
radiation intensity was highest in the center of the receiver and
decreases when moving away from the center, so reviewing the
profiles at this location will provide sufficient information for the
analysis.
To begin the analysis of the results of the ray tracing simulation, a
general description of Figures 6, 7 and 8 is made. The x-axis
corresponds to the hydraulic diameter of each case described above,
while the y-axis describes the length of the cylinder. The input of
the concentrated solar radiation to the cylinder is at y = 0 and the
output at y = 0.10. The origin of the coordinates is on the lower left
side.
In Figure 7, the results for case 1 are shown and in a general
appreciation, it is observed that the radiation does not reach beyond
y = 0.02, which means that the highest concentration is in the first
fifth of the volumetric receptor. The maximum estimated flux value
is 6 MW / m2. Figure 8 corresponds to the results of case 2 and the
radiation slightly exceeds the length of y = 0.02 in the positions that
correspond to items 1 to 4, which means that the radiation has a
penetration greater than 1/5 of the length of the receiver; the
maximum estimated flux value is 7 MW / m2. Regarding Figure 9,
the distribution profiles of the concentrated solar radiation
corresponding to case 3 are described. The radiation penetrates up
to a maximum length of y = 0.04 m, that is, it reaches 2/5 of the total
length of the receiver and the maximum estimated flux value is 7
MW / m2.
In all three cases it is possible to appreciate the volumetric effect
from the perspective of the radiation distribution inside the walls.
From this, it is established that a length of 0.10 m is not necessary
for the receiver - in any of the cases-, but it is recommended that it
have a maximum length of 0.05 m.
Table 2. Energy balance for case 1
Balance in General Terms
2365 W
2273.7 W
91.3 W

Plane (0.01

m2)

Received in VR (0.0025 m2)
Losses
Detailed Balance

Percentage
100.00

%

96.14

%

3.86
%
Percentage

2365 W

Plane (0.01 m2)

100.00

%

2279 W

Plane (0.0025 m2)

96.36

%

Overflow

3.64

%

Received within 99 cylinders

54.96

%

5.3 W

Come out of the receiver

0.22

%

973.9 W

Received in the structure

41.18

%

86 W
1299.8 W

Table 3. Energy balance for case 2

3

International Conference on Innovations in Energy Engineering & Cleaner Production IEE CP21
Balance in General Terms
2365 W
2276.4 W
88.53 W

Percentage

Plane (0.01 m2)

100.00

%

Received in VR (0.0025 m2)

96.26

%

Losses
Detailed Balance

3.74 %
Percentage

2365 W

Plane (0.01 m2)

100.00

%

2279 W

Plane (0.0025 m2)

96.36

%

Overflow

3.64

%

Received within 99 cylinders

50.07

%

86 W
1184 W

Figure 6. Distribution profiles of concentrated solar radiation on
the interior walls of case 1.

2.53 W

Come out of the receiver

0.11

%

1092.3 W

Received in the structure

46.19

%

(1)

(2)

(3)

(4)

(5)

(6)

Table 4. Energy balance for case 3
Balance in General Terms
2365 W
2278.3 W
86.64 W

Percentage

Plane (0.01 m2)

100.00

%

Received in VR (0.0025 m2)

96.34

%

Losses
Detailed Balance

3.66 %
Percentage

2365 W

Plane (0.01 m2)

100.00

%

2279 W

Plane (0.0025 m2)

96.34

%

86 W

Overflow

3.64

%

Received within 99 cylinders

54.53

%

0.64 W

Come out of the receiver

0.03

%

988.84 W

Received in the structure

41.81

%

1289.5 W

(1)

Figure 7. Distribution profiles of concentrated solar radiation on
the interior walls of case 2.

(1)

(2)

(3)

(4)

(2)

(3)

(4)

(5)

(5)

(6)

Figure 8. Distribution profiles of concentrated solar radiation on
the interior walls of case 3.
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Abstract
The construction industry is one of the major contributors to the
CO2 emission which cause environmental impacts on the earth’s
climate. Malaysian government is committed in reducing the CO2
by 40% in 2020 and 45% by 2030 as compared to the levels in 2005.
Hence, there is a need to reduce the impact on the environment.
Currently, Malaysia had developed several assessment tools such
MyGHI, pHJKR and Infrastar. However, the implementation was
still in not too much. Therefore, the main objective of this paper is
to identify the sustainable construction activities element that had
been implement and to determine the most main criteria had been
implemented in current highway construction project. The pilot
study was based on sustainable design and construction activities
scorecard in MyGHI. The case studies were chosen based on the
stages of the project such as the designing and planning stage,
constructing stage, and operating and maintaining stage. The results
of the pilot test for case studies had been discussed in focus group
discussion. The focus group had been chosen among the expertise
in highway development. The experts agreed with all the results that
had been gathered during the pilot test. The scorecard of sustainable
design and construction activities would be used in the future
assessment of highway. The experts had also agreed that highway
development in Malaysia is ready for green highway development.
All the case studies had gathered 47% until 80% of points. However,
the total point scores obtained by different highway projects were
considered comparatively and moderately and indicated that the
current highway construction practices need to be improved with the
sustainable element during highway development. Based on these
results, it was clearly discovered that green practices in terms of
design and construction were already applied by all three highway
projects in Malaysia.
Keywords: Sustainable
assessment tools, pilot study

development,

green

highway,
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Abstract
Nowadays, the Web-Of-Cells (WOC) represents an alternative
strategy for solving communication, generation and distribution
problems in smart grids that integrate Hybrid Renewable Energy
Sources (HRES). In this paper a simulation method of WOC
architecture with a new voltage control model have been proposed.
The proposed method is summarized in three main points: First
modeling of the WOC taking into account the voltage control
model has been developed. Then, simulation of the WOC in
Matlab/Simulink software is realized. During the simulation of the
WOC architecture, profiles of data are considered. Finally,
simulation results and explanations are discussed.
The study proved that the integration of voltage control
technique in WOC architecture allows optimizing the reverse
power flows, local congestions and voltage problems.
Keywords: Web-Of-Cells Modeling, Smart grids, Hybrid
Renewable Energy Sources,
voltage control strategy,
Matlab/Simulink.
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Abstract
This paper for the first time proposes methodological
frameworks built by generalizing empirical data on the
mechanochemical
characteristics
of
materials
using
interdisciplinary methods. This methodology optimizes research
for any composite materials while maintaining targeted
research methods and eliminating impractical and related
experimental studies with reduced work costs and as a result of
environmental impact.
Keywords: Fire safety; the performance of the designs; The
physical and chemical properties of the materials; fire retardant;
planning of experiment; interdisciplinary research methods

I. INTRODUCTION
The problem of predicting the behavior of building materials in the
conditions of their exploitation is one of the significant and
promising issues in the development of the construction complex.
The behavior of building materials and structures is described by a
number of characteristics. Exploitation characteristics include
mechanical characteristics - strength (depending on the type of
design), shock resistance, wearability, etc., characteristics
describing the features of the use of building materials and structures
- adhesive ability, reflectivity, thermal insulation, characteristics
describing the stability of water by external factors - laity,
hydrophobic, etc. There is also a criterion such as durability,
describing the minimum possible time of normal operation of
materials and structures in certain climatic conditions. In
addition, the operation of materials and structures can occur
emergencies that create abnormal conditions, such as vibrational
impact, elevated temperatures and fire, low temperatures, hurricane
wind impact
The above features of building materials and structures suggest the
existence of special regulatory methods of research. For example, in
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the Russian Federation there is a regulatory document GOST 304032012 "Building constructions. Fire hazard testing method." This
method allows to assess the behavior of the construction structure in
natural conditions - part of the sample is in the fire chamber, which
simulates the fire, and part of the sample is separated by a partition
with an ale, which allows to assess the behavior of unheated
structures in the event of a fire. Based on the results of such tests,
the structure is assigned a fire hazard class [1-3].
For most characteristics that describe the behavior of building
materials and structures in emergency situations, there are a large
number of appropriate assessment methods that create conditions for
tests close to the real. However, a significant problem with such tests
in research work aimed at the development of new building
materials and structures is the high cost, labor costs, and negative
impact on the environment (e.g., in fire tests of construction
structures).

II. METHODOLOGICAL BASICS OF

RESEARCH
As you know, in addition to operational and other characteristics
described above, building materials also have all the known
properties of physical and chemical systems. Accordingly, it is
possible to conduct a comprehensive analysis of building materials
and structures using physical and chemical research methods.
Physics and chemical analysis methods allow to study in detail the
specifics of the behavior of building materials and structures in
different conditions. Such methods include: methods of
thermogravimetric analysis of the structure, X-ray spectroscopy,
chromato-mass spectrograms, elemental analysis, IR spectroscopy,
pH-metric [4-13].
Despite the significant results of the use of such methods in practice
in the development of new building materials and structures, such
methods are used as additional after-site tests.
In order to create a more efficient and optimal development
environment for new building materials and structures, a
methodological framework for the selection of experimental
research needs to be developed.
Based on the large number of research carried out by the authors,
the following approach is proposed, based on the separation of
experimental methods on the application of them depending on the
level (scale) of the objects under study (materials):
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- Micro level;
- supramolecular level;
- Research on the material;
- Design research.
The choice of this approach is related to the specifics of data
processing, as well as the preparation of the samples under study. At
the micro level, the results are based on the study and analysis of the
quantitative patterns of intermolecular connections and their energy.
A minimum sample canopy is used as samples for testing. The
supramolecular level allows us to consider the structure of dispersal
systems with the possibility of their detailed quantitative analysis. A
fragment of the material is considered. In the study of the material,
it is possible to prepare small reference samples reflecting the basic
physical, chemical, mechanical and operational characteristics. In
the study of structures, fragments of theoretical or actual functioning
objects are selected as objects that allow to reproduce real conditions
of operation, as well as emergencies.
Table 1. Interdisciplinary methods of microlevel research
Micro-level research methods
Physical and chemical characteristics:
Heat conductivity assessment
Temperature assessment
Heat-intensity assessment
Thermo-gravimetric analysis
Isothermic calorimetry
Determining Gibbs Energy
High-quality elemental analysis:
X-ray spectroscopy
Chromato-mass-spectrogram
Elemental analysis
IR-spectroscopy
pH-metro
Table 2. Interdisciplinary methods of supramolecular research
Methods of research at the supramolecular level
Assessment of the porous structure:
Specific surface
Porosity
Distribution of pores by size
Assessment of surface structure:
Electronic microscopy
The edge of wetting
Table 3. Interdisciplinary methods of research at the level of
materials
Material-level research methods
Performance:
Assessment of water absorption
Assessment of water resistance
Assessment of hydrophobic
Assessment of permeability
Definition of adhesion
Assessment of heat resistance
Assessment of thermal aging
Fire retardant characteristics:
Assessment of fire hazards
Assessment of fire retardant efficiency

Stretching score
Evaluation of the shift
Bend assessment
Methods to control the quality of the material structure
Obtain data on the characteristics of the surface of
compositions (electron microscopy)
Assess the edge angle of wetting
Ir-spectroscopy
Study of fire retardants by pH-marker (complex study of the
chemical composition of water solutions (rigidity, anion
chromatography, pH-metro))
Table 4. Interdisciplinary methods of research at the level of
designs
Design-level research
Performance:
Assessment toorrosional durability
Evaluation erosie
Assessment of bio resilience
Assessment of UV sustainability
Assessment of heat resistance
Fire hazards:
Assessment of the fire resistance limit
Mechanical test:
Large-scale trials
The methods described above allow for a comprehensive assessment
of building materials and structures of any type and are the
methodological basis for a large-scale study.

III. STUDY COMPATIBILITY CHART
Despite the theoretical importance of the research methods
described above, it is necessary to address the issue of optimization
of research in order to predict the properties of construction
structures and materials.
The authors' developments in the design of composite and fire
retardant materials using interdisciplinary research methods suggest
that the lowest-scale (micro and supramolecular level) studies are
correlated with a larger level and can be extended to a number of
assumptions that characterize the chosen scale. This is how an
approach has been developed, which is described as a compatibility
diagram
This diagram describes the relationship between interdisciplinary
research methods at different levels and shows the possibility of
using smaller test results to predict the behavior of the subject at a
larger level.
The use of such a diagram is associated with extensive research on
the results of interdisciplinary research methods on a limited number
of sites. This selects a functional criterion, the indicators derived
from studies that can allow the prediction of the properties of similar
building materials and structures to obtain the necessary conclusions
(see Figure 1).

Mechanical characteristics:
Strength assessment
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Figure 1. Study compatibility chart
An example is the study of wood fire danger. A number of papers
provide examples of research into the various factors that influence
these characteristics. In most cases, a wide range of methods are
used, which fits into the proposed compatibility chart. At the same
time, several types of elemental analysis, thermal research methods
and methods for determining fire hazard characteristics can be used,
as well as detailed structural analysis for a large list of similar
properties of samples. It should be taken into account that such
groups of samples may have a similar functional criterion (e.g.,
functional chemical link), the change of which in different samples
can lead to a change in performance. Therefore, in such cases, one
micro-level method of research, such as X-ray analysis, can be
selected to predict performance characteristics that relate to the level
of the structure.

IV. CONCLUSIONS
For the first time, an algorithm for generalizing empirical data on
the mechanochemical characteristics of materials using
interdisciplinary methods in the form of a compatibility diagram has
been proposed;
A practical example of how to use a compatibility chart is shown.
This methodology optimizes research for any composite materials,
preserving targeted research methods and eliminating impractical
and related experimental studies with reduced labor costs and, as a
result, environmental impact
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Abstract
The present paper proposes an analysis of EU policies
related to the enabling of the Distributed Energy Resources
(DERs) participation into the Ancillary Service Market (ASM).
Indeed, the rising of renewables and DERs penetration in the
power system recently called for the enlargement of the pool of
actors that can actively participate in the grid balancing.
Therefore, Europe, through directives and guidelines, is
gradually fostering the involvement of DERs into the ASM.
This paper firstly provides an overview of the regulations
actually in place in the EU Member States concerning the
participation of DERs into the energy markets. Then, a
detailed analysis of the Italian framework is proposed. In the
last years, Italy has undertaken a process aimed to increase the
observability of DERs, through the installation of suitable
monitoring and communication devices, and to enable the
provision of ancillary services by dispersed units. The main
features and the preliminary results of this process are
analyzed and commented, highlighting the benefits and
opportunities related to it.
Keywords: electricity markets, aggregation, ancillary services,
distributed resources, energy policies

I. INTRODUCTION
In the last years, the ambitious environmental policies defined by
the Paris Agreement [1] and promulgated by the European
Community through the “Climate and Energy Package” [2] and
“2050 Long Term Strategy” [3] have imposed ambitious
environmental targets in Europe, such as 32% share of gross final
energy consumption from Renewable Energy Sources (RESs) by
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2030 and the net-zero greenhouse gasses by 2050. These
environmental targets are clearly modifying many sectors, among
which the energy one. Indeed, the sustainability targets set by these
agreements have promoted the increasing share of Distributed
Energy Resources (DERs) connected to medium and low voltage
distribution grids and the exploitation of Non- Programmable
Renewable Energy Sources (NP-RESs), introducing higher
requests of flexibility from the power system to manage the
intermittent and scarcely predictable nature of these new energy
sources. Additionally, conventional power plants, historically in
charge to provide Ancillary Service (ASs) to the power system, are
undergoing a gradual phase-out, due to the above-mentioned need
for greater sustainability and a reduction in their
competitiveness. This process has firstly caused a progressive
decrease of the electric system inertia. As a consequence, in many
countries worldwide, more challenging performance requirements
have been introduced for the AS provision. Moreover, more
recently, some national authorities have foreseen the opening of the
relevant Ancillary Service Market (ASM) to new actors, as for
example DER and NP-RES units, in order to enlarge the number of
actors enabled to provide services to the grid [4][5].
Even if the involvement of DER and RESs in ASMs in perspective
will have clear benefits for the grid’s operation, the participation of
these small units in the market as disaggregated entities is infeasible,
both for technical (i.e. market resolution issues, low controllability,
etc.) and practical reasons (in Italy, for example, there are almost
800,000 power plants connected to MV/LV grids) [6]. A promising
way to address these issues, enabling the provision of ASs from
DERs, is to aggregate and manage as a single entity several
flexibility resources [7].
In the EU, this concept was first introduced by the European
Parliament’s directive 2012/27/UE [8], which defined the
Aggregator as the subject that, controlling several energy resources,
is enabled to offer the resulting flexibility in the electricity markets.
Therefore, according to this definition, the Aggregator can be
considered as an intermediary between the System Operator, which
manages the electricity market as a central counterpart to collect
ASs, and the owners of DERs units. To this purpose, the Aggregator
should group, on a voluntary basis, the resources connected on the
distribution network and, by implementing adequate controls tools,
it has to manage the units in its portfolio making them act as a single
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controllable power plant (concept also known in the literature as
Virtual Power Plant [9]). Usually, the Aggregator’s portfolio (i.e.
the resources through which it can offer flexibility to the system)
can be extremely diversified, including: i) distributed production
units, typically from RESs and characterized by a small power
capacity; ii) energy storage systems, such as stationary
Electrochemical Storage System (ESS) and Electric Vehicles (EVs);
iii) flexible consumption units, capable to change their absorbed
power.
In this framework, the European Community is promoting the
opening of the electricity markets to aggregates of DERs, through
directives envisaging the activation of demonstration projects and
the setting up of a framework of rules enabling in the future new
opportunities for network operators. In this process, Italy is playing
a pivotal role, since the national Energy Authority (ARERA),
together with Terna (the Italian Transmission System Operator), and
other stakeholders of electricity sector, has recently started a
procedure to reform the existing dispatching discipline. As a first
result, a pilot project that unlocks, for the first time in Italy, the
participation in the ASM of aggregated DERs managed by an
Aggregator has recently started.
The remainder of the paper is structured as follows: in Section II it
is proposed a detailed literature review of works proposing an
optimized management of aggregates of DERs. Section III
analyzes the regulations actually in place in some EU countries
regarding the participation of DERs in the electricity markets.
Section IV focuses on the path adopted in Italy for a better DER
integration. Finally, some conclusions are drawn.

II. AGGREGATION

METHODOLOGIES IN
THE SCIENTIFIC LITERATURE
In the present energy scenario, characterized by high penetration of
distributed and renewable generation and by increasing
electrification of consumptions [10], it is universally recognized that
the figure of the Aggregator could bring many advantages for the
power system. In particular:
the target fixed by the EU to achieve the climate neutrality
by 2050, with an expected percentage of energy production
from RES of 54%, requires the exploitation of all the
flexibility resources, including DERs, to guarantee an efficient
and reliable operation of the electric grid;
a greater number of units enabled to participate in the ASM is
expected to boost the competition on the market and,
consequently, the economic efficiency of the latter is also
supposed to enhance;
thanks to the technological diversification and the
redundancy of units in the Aggregator’s portfolio, the ASs
provided by a coordinated aggregate of DERs can be
characterized by a degree of programmability and reliability
higher than the same units operating with a disaggregated
approach;
the involvement of domestic and industrial users in the
portfolio can promote the spreading of demand
response techniques among passive users, which has been
recognized as one of the fundamental steps to achieve the
emission targets [8].

However, the management of a heterogeneous aggregate of units,
highly dispersed on the network and characterized by hardly
predictable power profiles, is particularly challenging for an
Aggregator. Therefore, researchers have dedicated many works on
the development of suitable tools aiming to allow the participation
of DERs in the electricity market.
An example of these works can be found in [11], where an approach
is described to optimize the participation into the Day Ahead Market
(DAM) and in the ASM of an aggregate composed of wind turbines

and a natural gas microturbine. Starting from the power forecasted
for NP-RESs and the corresponding level of uncertainty, the
quantity and price offered on the DAM by the Aggregator are first
optimized. In order to properly take into account the uncertainty of
the NP-RESs production and the DAM prices, the authors propose
a multi-stage stochastic algorithm. Subsequently, the AS provision
is analyzed. The Aggregator, taking advantage of the forecast update
of the wind turbine power production and considering the gas
turbine regulating margins and technical limits (i.e., ramp rates,
maximum power, etc.), offers the remaining power capacity as
flexibility on the market. More recently, the constant reduction in
the prices of ESS and the significant growth in the electrification of
final uses have fostered the exploitation of innovative flexibility
resources, such as residential storage systems and domestic loads
[12][13]. However, as analyzed in [14], the stringent privacy issues
that emerge when residential loads are managed by an Aggregator
and the need of avoiding detrimental impacts on the user caused by
participation in the market, are slowing down the exploitation of
these resources. To face these concerns, the scientific community
has designed some decentralized approaches to coordinate and
manage the residential loads and ESSs, limiting the amount of
information needed to share [15]. In the decentralized approach, the
Aggregator does not directly manage the resources in its portfolio,
but it informs each user about the price at which it is willing to pay
their flexibility. Then, each unit, considering the price signal and
anticipating the user’s needs, decides whether to perform or not the
service requested. Adopting this approach, data exchanged between
the Aggregator and the users only refer to price signals, with clear
benefits on privacy issues; moreover, the user’s freedom to use his
own devices as/when he wants is also respected.
An example of decentralized approach can be found in [16], where
an aggregate of NP-RESs, residential ESSs, and loads is considered.
In particular, the Aggregator during the real-time directly manages
the dispersed production and the ESSs, and exploits the loads’
flexibility by sending adequate price signals in order to optimize the
energy exchanges with the grid. To consider the uncertainties of
power production and flexibility delivered by loads, a stochastic
optimization algorithm is implemented. Finally, the results obtained
by the optimization process are evaluated by means of Value-at-Risk
(VaR) and Conditional Value-at-Risk (CVaR) methodologies.
As analyzed in the following, EU countries are increasingly opening
their electricity markets to DERs managed by Aggregators.
However, due to the intrinsic uncertainties of these markets (e.g.
prices and quantity cleared), the development of bidding strategies
is particularly complex. In this regard, in [17] a comprehensive
methodology is proposed to optimize the markets participation of
an aggregate of ESS and dispersed NP-RES. During the market
sessions, the Aggregator is considered as a price-maker (i.e. its
offers are assumed to modify the clearing process results), therefore
the authors modeled the bidding strategy of all market actors.
Moreover, to consider the errors committed in the forecasting of the
power production by NP-RESs, the authors implemented a robust
optimization algorithm aiming to define the quantities and prices
offered by the Aggregator in both DAM and ASM. To simulate the
ASM participation, the power grid structure is modeled to ensure
acceptable levels of reserve capacity and the real-time balancing.
Finally, the real-time energy exchanges between users in the
aggregate and the power grid are managed by using two distinct
approaches: ESSs are directly controlled by the Aggregator by a
centralized approach, while the power absorbed by flexible loads is
regulated indirectly through the price signals sent to users. This
(decentralized) approach allows guaranteeing the respect of the
privacy issues that could arise in some circumstances.
As emerged from the literature review, different approaches can be
adopted to model the behavior of the Aggregator’s portfolio.
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However, despite the methods proposed can be different, it is
usually possible to identify some common steps:

i.

ii.

Forecasting phase, in which the Aggregator predicts the energy
exchanges for the following days (up to 1-2 days ahead).
Usually, the forecasted quantities are the power produced by
NP-RES, the availability of storage systems (also including the
presence of EVs under charge) and the power absorbed by
consumption units. The forecasted profile, and the related
uncertainty, will be used to optimize the bidding strategy on the
market.
Electricity market participation, during this phase, the
Aggregator, according to the predicted power profiles and the
availability of the units in its portfolio, optimizes the quantity
and the price offered on the market. In most of the countries
worldwide, each unit or aggregate of units must participate first
in the DAM, in which each actor sells/buys the power
produced/absorbed for the next day, and then in the ASM,
where margins of flexibility with respect to the bidding
schedules agreed on the DAM are offered. These margins are
then exploited by the Transmission System Operator (TSO) to
balance the grid during the real-time operation and to solve
other operational issues (e.g. congestions).

iii. Real-time operation, in which the Aggregator adjusts the energy
exchanges between the units in its portfolio, according to the
results of the market and considering the actual energy
production/consumption, the ESSs’ state of charge and the
units’ availability. In this phase, the Aggregator is also
requested to exchange data with the relevant plants, to monitor
them, and to deliver control signals according to TSO’s
requests.

Starting from the encouraging results obtained by researchers, and
considering the tecno-economic advantages that a better
involvement of distributed resources would bring to the energy
scenario, national regulating authorities are progressively enabling
the participation of DERs into the electricity markets. To have a
clearer picture of the situation in place in the EU, in the following
Section an overview of the regulatory frameworks and initiatives
devoted to achieving a more effective DERs integration is provided.

Actually, the EU guideline on electricity transmission system
operation 2017/1485 [20] identified a set of products to manage
congestions in the transmission lines, to regulate system frequency
and control voltage profiles. This work will focus on the products
devoted to the frequency regulation and power balance, because
they are strictly related to system operation security. Moreover,
given that the provision of these “global” services is marginally
influenced by the position of the resources within the network, they
can be theoretically offered by a greater number of actors, including
the distributed resources.
In particular, the EU’s guidelines define the following services
related to the provision of frequency regulation and balancing:
• Frequency Containment Reserve (FCR), aimed to contain the
system frequency deviation after the occurrence of an imbalance.
The FCR has an activation time up to 30 s and it is usually provided
automatically by enabled units.
• Frequency Restoration Reserve (FRR), activated automatically
(aFRR) or manually (mFRR), and which shall be supplied in a
continuous manner. This product has an activation time typically
between 30 s and 15 minutes and it is used to restore the system
frequency.
• The Replacement Reserves (RR), an active power reserve that
is used to restore the required level of FRR. The activation time for
this product is usually 15 minutes.

In Figure 1 the standardized products for frequency and reserves
restoration in place in EU are shown. More recently, a new ancillary
service has been established: the Enhanced Frequency Control
(EFC) [21]. This product has been introduced to cope with the
progressive reduction of the power system inertia. Indeed, it is
designed to rapidly limit the variation of the system frequency
deviation and therefore it is characterized by a very small activation
time, i.e. 1 s.
Despite the ongoing harmonization process, the regulations about
the participation of aggregated DERs in the ASM are however still
different in EU Member States, slowing down the spread of the
Aggregator figure in the electricity sector. Therefore, in the
following, a brief review of the regulatory frameworks in place in
EU countries is provided, analyzing the abovementioned products
negotiable by Aggregators in the national ASMs, the corresponding
bid size and the possible regulatory barriers in place.

III. AGGREGATION IN EUROPE
To achieve the environmental targets described in Section I, the EU
is seeking to reform the electricity market regulations of Member
Countries. In particular, about 20 years ago, Europe started a gradual
harmonization process of national electrical grid codes, with the
purpose to evolve toward a unique and fully integrated European
ASM [18]. Indeed, as stated by Regulation
2016/631 [19], the completion of a fully functioning and
interconnected European energy market is crucial to ensure a
suitable security of energy supply also in case of high RES
integration. Moreover, the Regulation promotes a closer cooperation
between national authorities to favor investments and to support the
spreading in the energy sector of new actors (as the Aggregator) and
technologies.
Although this harmonization process started several years ago, given
the complexity of the matter and the need to align national
regulatory and technical frameworks very far each other, it is still in
an early stage, defining standardized flexibility products
exchangeable in national and European ASMs.

Figure 1. Products for frequency restoration in Europe [22].

A. Germany
Over the past years, the German electricity scenario has undergone
a major change due to the large deployment of DERs, especially
based on renewables [23]. The main driver for the spreading
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exploitation of RESs in Germany is the Renewable Energy Act, first
adopted in 2000 and subsequently revisited several times. This Act
introduced different aspects promoting the use of RESs, such as the
obligation for the DSOs to allow the connection of new RESs to the
distribution grid and a remuneration scheme for these resources,
with fixed price, usually guaranteed for 20 years [24]. In addition to
that, the ongoing decline in prices for rooftop photovoltaic plants
has increased the use of NP-RESs, reaching 90% of renewable
capacity connected to the distribution grid [25].
This transformation has introduced a range of technical challenges,
since in the past distribution grids were not designed to
accommodate high penetration of DERs. To overcome these
technical issues, German national authorities have introduced the
possibility for the DSO to curtail NP-RES production in critical
situations [26]. However, it is clear that this curtailment highlights
inefficiencies in the system, causing, for example, a significant
increase of relevant costs (it is estimated that during
2016 this procedure costed 375 M€) [27]. Therefore, to enhance the
network’s hosting capacity for DERs and to improve their
coordination, the figure of the Aggregator has been introduced in
Germany, initially with the purpose of better coordinating the
resources to limit congestions and so the NP-RSE curtailment.
Subsequently, starting from 2018, the Aggregator has been enabled
to provide ASs to the power system. To date, all the abovementioned services (FCR, aFRR and mFRR) are open to DERs, as
long as they fulfill the technical requirements prescribed by the
national grid code. The minimum bid size to participate in the
market is 1 MW for FCR and 5 MW for aFRR and mFRR.

B. France The French energy framework has been characterized,
during the last years, by the creation of different Energy
communities through the decrees “Self-consumption Ordinance”
and the “Self-consumption Decree” [28][29]. Following the
French regulation, an Energy community is an entity in which
geographically close consumers and produces, connected to the low
voltage distribution grid, are brought together to obtain a single selfconsumption unit. Actually, the nominal capacity of each Energy
community is fixed to 3 MW and the maximum geographical
distance between community’s members is limited to 20 km [30].
These decrees led to a great deployment of small-scale photovoltaic
power plants, almost 500,000 at the end of 2019, some of which
(15% of the total) devoted to the self-consumption communities.
More recently, the high penetration of DERs has also pushed
national agencies to enable the qualification to the ASM of DERs
suitably aggregated. Therefore, today, aggregates of distributed
resources are allowed to provide all the three services previously
described. The minimum bid size is equal to 1 MW for the FCR and
aFRR services, and equal to 10 MW for the mFRR one. The
participation of DERs in the FCR balancing market is still limited,
since 70 MW of DERs are enabled. Instead, for the mFRR product,
a total capacity of 500 MW from distributed resources is enabled
[24].

C. United Kingdom Even if, after Brexit, United Kingdom is no
more an EU Member State, it has been included in this analysis
because its current regulation has been also influenced by the
abovementioned EU directives. UK was one of the first European
countries that allowed the participation of DERs in electricity
markets to support the stability of the grid [24].

diversified and technology specific. However, this complex
technical framework represented a potential barrier to the
integration of DERs in balancing markets.
Currently, only the primary control service (FCR) and the
downward Replacement Reserve have a minimum bid size
compatible with the typical aggregation size (i.e. 1 MW) [31].
Concerning the EFC and the mFRR, the former is characterized by
a minimum bid size too elevate to allow the participation of DERs’
aggregates (i.e. 25 MW). While, the latter is procured through a
different mechanism, based on a pay-as-bid tender with a minimum
bid size of 3 MW [24].

D. Finland
Finland is one of the most virtuous EU countries in terms of
accessibility to electricity markets by DERs. These resources are
enabled to procure all the three products defined by the European
guidelines [20]. Moreover, thanks to the low minimum bidding size,
equal to 0.1 MW for the FCR in normal condition and 5 MW for
aFRR and mFRR services, the aggregated resources participate
actively in the ASM. Indeed, during 2018, the DERs have provided
approximately one third of the energy required in the mFRR market
[24].

E. Italy
Currently, in Italy, only conventional power plants with a power
capacity higher than 10 MVA can access to the ASM, providing ASs
to the grid. However, during the last years, the Italian Regulatory
Authority for Energy, Networks and Environment (ARERA) has
moved to enable also the participation of DERs. In this regard, in
2017, Resolution 300/2017/R/eel [32] started a pilot project
allowing the provision of RR service from dispersed generation,
properly aggregated and coordinated [33]. A further extension to the
aFRR service (secondary frequency reserve) is also foreseen [34].
Actually, the minimum bid size is set at 1 MW; however, a reduction
of this threshold to 0.2 MW is under discussion [35].
Despite the harmonization process ongoing in Europe, there are still
many differences in terms of participation of DERs into the ASM
between the EU countries. However, in spite of national
peculiarities, the survey underlined a common path of Member
States toward the opening of their ASMs. In this framework, Italy is
playing a pivotal role to progressively enable the participation of the
distributed resources into the ASM. In the next section, the path
undertaken in Italy in this regard and the preliminary results of the
Italian pilot project are depicted.
Table 1. Minimum bidding size required to the participation of
aggregate of units in ASM.

Country
Germany
France
United
Kingdom
Finland
Italy

Minimum bidding size [MW]
FCR
aFRR
mFRR
or RR
1
1

5
1

5
10

1

/

3

0.1

5
(Under
discussion)

5

/

1

Indeed, as result of the poor transmission capacity with Continental
Europe, the electrical balancing of UK has always been
characterized by severe criticalities. These issues required the
introduction of balancing products on the ASM particularly
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projects, to provide ASs to the power grid. It is also foreseen a
further extension to plants and ESSs already installed and clusters
of units having a nominal power between 11.08 kW and 1 MW [39].

IV. THE

ITALIAN PATH TOWARD THE
OPENING OF THE ASM TO DERS
Similarly to the evolution of many EU countries, also Italy has been
characterized by a large deployment of DERs driven by
environmental targets and economic incentives. For example, during
the decade 2008-2018, the yearly energy production from DERs
increased by 3 times, reaching 20% of the national annual
consumption. This rapid evolution has required a process of
standardization of the technical requirements to enable the
connection of power plants to the grid. This process started in 2008
with the introduction of the technical standard CEI 0-16 of the
Italian Electrotechnical Committee, defining the technical
prerequisites to apply for the connection of loads and generators to
the medium voltage distribution grid [36]. With a similar approach,
the standard CEI 0-21 defined the prescriptions to follow for the
connection of power plants to the low voltage grid. These rules were
updated in 2012 and 2014, introducing further requirements for
DER power plants, such as the obligation to control the reactive
power to adjust the voltage profile over the grid and to limit the
active power
injected
in
critical circumstances (e.g.
overfrequency transients). However, the exploitation of distributed
resources to provide grid services cannot be limited to critical
conditions. Indeed, as expressed by the EU Regulation 2019/943
[37], there is the need to completely integrate all the resources,
connected at any voltage level, to achieve a safe and reliable system
operation. Therefore, to this purpose, ARERA has recently initiated
two paths to improve this integration:
i) increasing the observability of DERs by the system operator
through
the
installation
of
suitable monitoring and
communication devices (also enabling the sending of control signals
to dispersed units, when needed);
ii) opening the national ASM to aggregate of DERs.

i) Increase of DERs osservability
One of the main problems introduced by large penetration of DERs
is related to the limited data available on their real-time production
and predictability of their energy exchanges. To overcome these
issues, ARERA, following the directions of EU guideline
2017/1485 [38], has opened to the possibility of collecting
measurements on DER power plants to be delivered to the TSO. This
process, started by the Resolution 628/2018/R/eel [39], provided the
installation of an innovative device specified by the last release of
technical standard CEI 0-16, which is aimed to monitor and, in
perspective, to enable the remote control of dispersed units: the
Centralized Plant Controller (following the Italian nomenclature
“Controllore Centrale di Impianto”: CCI). The CCI is an
integrated device capable to supervise the performances, in terms
of active and reactive power exchanges, of a single power plant or
aggregate of DERs. It is equipped with a modem capable to
provide a bidirectional communication between the local generator,
the system operators (i.e. TSO, DSO) and the Aggregator. Hence,
the implementation of this device allows achieving not only a higher
observability of DERs, but also promotes a greater spreading of the
Aggregator concept, since it facilitates and standardizes the
exchange of data and signals between the Aggregator and the units
in its portfolio. According to the Italian regulation (still under
definition), probably the CCI will be mandatorily installed on all the
new generators or group of generators with a total power greater
than 1 MW and aggregates of units that are enabled, through pilot

As already anticipated, Italy is also playing an important role in
experimenting the supply of ASs from DERs. In this regard, in the
next subsection, the preliminary results of the Italian pilot project
enabling the provision of ASs from aggregates of dispersed
resources are presented.

ii)

Opening of the ASM to DERs

Recently, the Italian Regulatory Authority (ARERA) started a pilot
project to test the provision of ASs from aggregates of distributed
resources. This pilot project started in 2017 and defined, for the first
time in Italy, the concept of Virtually Aggregated Unit (in Italian
“Unità Virtuale Abilitata”: UVA) [32]. Based on the latest
resolution, published in 2018, an UVA is defined as an aggregate of
many small-scale generation plants, consumption units and energy
storage systems (e.g. also including electric vehicles). These
resources are grouped and coordinated by an Aggregator, which, by
using suitable control tools, can participate to the ASM offering the
units’ flexibility.

Figure 2. Capacity allocation and average price of the
capacity auctions

To favor a larger involvement of stakeholders, ARERA has
introduced a dual remuneration scheme for Aggregators. In
particular, it was introduced a remuneration based on long term
capacity contracts, in addition to the standard mechanism based on
the energy supplied during the regulation. In these contracts, the
TSO acquires a certain amount of capacity from the Aggregators
(i.e. 1 GW in total for 2020) through annual and intra-annual
auctions, with a strike price of 30,000 €/MWh. The Aggregators
receive the capacity remuneration monthly upon the commitment to
submit offers in the ASM during the peak hours (i.e. from 2 p.m. to
8 p.m. of the weekdays). The introduction of a capacity
remuneration has produced two main advantages: i) it has favored
the Aggregators’ involvement, covering part of the investment costs
required to equip the coordinated DERs; ii) it has also facilitated the
creation, during the peak hours, of the high margin of reserve
required by the TSO [40].
Secondly, to further facilitate the aggregation of DERs, the
aggregation perimeter, i.e., the geometrical area within which the
Aggregator can group DERs, has been opportunely defined.
Following the actual regulations, this perimeter can group a few
provinces. However, it is expected that in the next future this aspect
will be revised, because to avoid congestions in the transmission
lines due to energy exchanges between the units in the aggregate,
the aggregation perimeters should consider the transmission
network topology and not the geographical area. The results of 2020
auctions for the capacity contracts showed a large involvement of
the stakeholders in the pilot project. Indeed, all the capacity issued
available by the Italian TSO (1 GW) has been assigned to the

5

International Conference on Innovations in Energy Engineering & Cleaner Production IEECP21
Aggregators. Analyzing the auctions from an economic perspective,
it is possible to highlight a constant decrease of the weighted average
price paid by the TSO for the capacity remuneration. Indeed, the
mean weighted price accepted in the annual auction decreased by
13% between 2019 and 2020 (i.e. from 29,980 €/MWh to 26,500
€/MWh). Therefore, as presented in Figure 2, the growing
involvement of Aggregators in the project (the blue bars in the plot
indicate the capacity awarded) led to a more competitive market,
pushing for a reduction of the average capacity remuneration
price (the magenta dotted lines).
During the project, 231 aggregates, with an overall capacity of
1,348.9 MW, have participated. Most of them, almost 75% of the
total, are currently located in the North of Italy. Concerning the
technical composition, a positive aspect that should be underlined is
related to the large participation of consumption units: almost 80%
of the Aggregators have at least one flexible load in their portfolio.
However, the participation of aggregates of dispersed RES is still
limited. This is caused by the fact that, on the one hand, many of
these resources in Italy benefits of incentive schemes, which push
users to maximize their energy production.

Figure 3. Quantity
and mean price accepted
Aggregators’ bids

from the

On the other hand, usually the regulation performed by RES is
carried out by curtailing their power. Therefore, the participation to
the ASM of these resources is not convenient without the adoption
of proper expedients (e.g. ESS) able to avoid the loss of production.
Another critical aspect emerged in the Italian pilot project is related
to the small number of units currently involved in the Aggregator’s
portfolio. Indeed only 8 aggregates operate with a portfolio with at
least 10 units, and in 25% of the cases, the portfolio is composed by
a single unit. This result can be justified considering the greater ease
to control and manage, in this first phase, a small aggregate of plants.
However, even though the management of a larger and diversified
portfolio could be more complex, it is expected to bring in the future
greater technical and economic advantages: a wide and
heterogeneous portfolio, as described in Section II, implies a higher
possibility to provide services to the market, but also allows to
increase the reliability of the AS provision, reducing for example
possible penalties for the non-fulfilment of the requested service.
Despite the advantages related to the procurement of capacity
margins, so far, UVAs have been only partially exploited for the
provision of ASs. In particular, during the period 2019-2020, only
1,045.23 MWh of upward regulation (i.e. request to increase the
power produced) has been acquired from Aggregators. In relative
terms, the awarded bids represent only 0.02% of the total quantity
offered. This limited exploitation of the flexibility made available
can be justified considering the prices at which the upward service
has been offered: the average price of the Aggregators’ bids was
about 351 €/MWh, which is close to the strike price (i.e. 400
€/MWh), and it is 2.5 times the average price offered by
conventional power units (see Figure 3). Clearly, since the offers
selection process in the ASM aims at minimizing the overall system

costs, the offers of the Aggregators have less probability of being
selected. Considering the bids submitted for the RR downward
service, only 234.83 MWh submitted by the Aggregators have been
accepted (i.e. 0.5% of the total bids). However, in this case the
average price submitted was 30 €/MWh, value in line with the
average value offered by traditional power units, which is 25
€/MWh.
In spite of the fact the UVA pilot project is still at a preliminary
stage, where the actors involved are still shaping their dynamics of
participation into the market and there is a scarce competition among
offers, the Italian TSO has frequently declared the importance of this
project to prove the feasibility of the proposed approach and to
support the creation of the reserve margins requested by the TSO.

V. CONCLUSIONS
In this paper, a comprehensive analysis of the EU path toward the
opening of the ASM to DERs has been proposed. The survey has
shown that, despite differences are still present, EU countries are
moving toward a higher integration of DERs in their ASMs. In this
rapidly changing scenario, Italy is playing a key role. To face the
issues introduced by the massive penetration of RES, the Italian
Regulatory Authority (ARERA) has moved to allow a better
integration of DERs into the power system and electricity market.
The preliminary results of the UVA pilot project, which opened the
Italian ASM to aggregates of distributed resources, have shown the
potential of DERs to contribute to the ASs provision. The
opportunities related to the involvement of DERs in the market are
expected to further increase in the next future, with the adoption of
the communication and monitoring devices prescribed by Italian
technical standard CEI 0-16, aimed to allow a better observability of
dispersed resources and to enable their remote control and
coordination by Aggregators
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Abstract
In this paper, we describe the most innovative
environmental projects and modular green technology as a key
element of our urban spaces and the lungs of the cities. The
decision to completely eliminate carbon fuels and reduce
environmental pollution, make urban style more sustainable
and friendly to the environment is reflected in the use of
modular design and technological solutions for the building
facades and roofs. A comprehensive analysis of the presented
green systems allows to identify their shortcomings and show the
advantages of modern modular greening technology using
devices that integrate and convert solar and wind energy such
as solar panels, micro wind turbines and modern automatic
irrigation system. Ergonomic design is provided with the
installation in various roof configurations and types such as
green and blue roofs and using the system as a vertical
gardening by construction of multilevel modular pot system.
Another motivating factor will be the deeper appreciation of
Green Environmental Protection and the relentless efforts of
many governments to this end.
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Messenger of Peace for Climate, said it on the United Nations
Climate Summit in 2014, and we have to influence it as soon as
possible [1].

II. GREEN ROOFS AND PV TECHNOLOGY
The combination of green roof and PV technology can be beneficial
and provide several advantages. It is well known that an increase in
PV cells’ temperature adversely affects the conversion efficiency,
limiting the ability of a PV module (figure 1) to produce energy in
favorable conditions, such as with high level of solar irradiation [2],
[3].

Keywords: Green building, green roof technology,
manufacturability, sustainable development, urban health

I. INTRODUCTION
The relevance in this work is determined by the fact that at present
new construction technologies are being formed with integrated
greening systems on the roofs and facades of buildings in order to
create a comfortable and healthy urban environment for future
generations. Nowadays in many countries, environmental policy is
aimed at getting rid of excess carbon footprint and making the urban
spaces environmentally friendly for a favorable living environment
for its citizens. The greening of roofs and walls of buildings is a
necessary element of sustainable ecological development of modern
cities. «Clean air and a livable climate are inalienable human rights
and solving this crisis is not a question of politics, it is a question of
our own survival. This is the most urgent of times, and the most
urgent of messages», Leonardo DiCaprio, United Nations
IEECP’21, July 29-30, 2021, Silicon Valley, San Francisco, CA – USA
© 2021 IEECP – SCI-INDEX
DAl : https://sci-index.com/DAl/2021.99101/IEECP/14526939

Figure 1. Integration of PV panels on the green roof.
Vegetation and substrate on a green roof are responsible for the
evapotranspiration effect, that .is believed to reduce the air and
system temperature converting solar radiation into latent heat
released in the atmosphere, producing consequently savings in terms
of cooling energy need [4]. Furthermore, the green roof reduces the
surface temperature, with consequent cooler near-surface air
temperature, thus providing enhanced conditions for PV operation
and production.
The recent research has analyzed the combination of these two
technologies in order to assess the cost-effectiveness as well as the
environmental benefits [5]. The experimental evaluation of
Photovoltaic (PV) – green roofs under Mediterranean climate
summer conditions was performed in [6] selecting two
autochthonous plants, (Gazania rigens and Sedum clavatum) and a
PV-gravel configuration as the reference roof. The results revealed
that the green roof caused a positive effect leading to the
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improvement of PV electrical performance, with maximum power
output increase for PV-gazania and PV-sedum of 1.29% and 3.33%,
respectively, when compared to a PV-gravel roof. A study [7]
evaluated the overall profit considering the energy generated and
saved thanks to the installation of PV and green roofs considering
also climate uncertainties with a two-stage stochastic programming
mode. With a 20-year time span, more consistent with PV and green
roof lifespan, the results showed the importance of the integration of
PV-GR for efficiency increase as it can significantly change the
optimal solutions and that the model is highly sensitive to GR
parameters that must be properly calibrated. The effect of different
roofing technologies was explored in [8], where it was found that a
white-PV roof can reduce the total flux by 55%, whereas a greenPV roof reach a total flux reduction of about 42%, both compared to
a traditional black roof. The relationship between ambient
temperature and PV output by comparing the performance of green
roof–PV and black roof–PV systems considering a one-year field
experiments was investigated in [9]. The results revealed that the
green roof was expected to increase the PV power generation by
0.9% under high temperature scenario, for the climate conditions of
Pittsburgh.

several challenges for combining the two technologies together
which obstacle its application. Challenges relating to green roofs
include high investment costs, a lack of sustainable materials, and
the difficulty of real-life applications in larger projects [5]. Most
importantly the biggest challenge for the PV-green roof application
is the limited availability of case studies and experimental data
making it difficult to draw robust conclusion on the feasibility of
such integration.

III. GREEN ROOF INSTALLATION PROCESS
When installing green roofs, we took into account:
- the load that the structure of this roof can withstand; taking it into
account, the type of green spaces is selected;
- the volume of the soil layer required to accommodate plant roots;
- the required amount of moisture to provide plants with water; the
need for drainage to remove excess moisture, gets operational
coverage during precipitation or watering plants;
- the need to protect structural elements from root penetration;

It is important evaluate the performance of the various plant layers
which enhance the PV-green roof integration in order to maximize
the power output [10] and therefore there is a need to select the best
vegetation according to climate conditions of the specific locality. It
was highlighted that the integration of a PV on a green roof can
affect the plant development and community [11]. The main effect
of the PV is the shade provided by the modules. Shade can be useful
to developing plants in dry environments because of the increased
moisture while it appears unnecessary in moist environments.

- the possibility of arranging energy converting systems such as PV
modules, wind turbines and others.

Since extensive green roofs in Mediterranean climates generally
lose moisture quickly following the end of seasonal precipitation,
PV would be expected to contribute to higher moisture levels on the
green roof, and thus benefit plants. Several studies that have
examined the effects of shade on multiple species found that only
some of them responded positively [12], [13]. Shade heterogeneity
can allow competing species to coexist [14]. Since shade and its
effects benefit some species, but are detrimental to other species, a
green roof with PV, where there is a heterogeneous environment
with different levels of shade, would be expected to produce a
diverse plant community [11].

- modular green roof system, designed by authors - variant 3
(Figure 4).

A more interesting and appealing solution that allows to exploit even
better the characteristic of the green roof is the use of Bi-facial PV
modules. The use of conventional photovoltaic system often
installed with low-tilt angles, prominently in South, South-East or
South-west directions, and the close placements of modules to each
other, in order to optimize the available space, can results in an
almost coverage of the roof surface, completely shading the
vegetation. Or, if PV panels are installed at a low height from the
roof plane, the plants growing in between the modules can generate
undesirable shading of the collector surface with the risk to reduce
the annual energy yield. So, in such cases, it becomes important a
frequent maintenance procedure, that can be however, complicated
by dense PV system layouts.
In order to overcome these limitation vertically mounted bifacial
modules were proposed [15]. They tested a standard green roof
substrate with a standard mixture of green-leaved plants and a
recycled green roof substrate with silver-leaved plants to achieve a
higher albedo. Despite the East-West orientation, the bifacial
modules were able to achieved a specific yield close to typical
values of south-facing systems in the same region. It was also shown
that plants with silvery leaves improve the system yield compared
higher resilience of the plants that provides a more stable albedo.
The PV-green roof is believed to be a promising technology to
enhance the PV output on a building scale. However, there are

At the same time, we were analyzed the continuous and modular
device of greening systems:
- continuous green roof with devices for independent irrigation variant 1(Figure 2);
- modular green roof system with the cells - variant 2 (Figure 3);

Figure 2. Continuous green roof with devices for
independent irrigation: 1 - Concrete vault; 2 - Sealing
(sealing) gasket; 3 - a layer of fiberglass; 4 - Flexible tube;
5 - Root checkmate; 6 - Vegetation layer.

.

Figure 3. Modular green roof system with the cells: 1 –
support; 2 – cell; 3 – upper part; 4 – bottom; 5 –
cruciform connection element; 6 – organic base; 7 – base
coating; 8 – water isolation layer; 9 – openings in water
isolation layer; 10 – edge on water isolation layer; 11 –
narrow opening; 12, 13 – layers of textile material; 14 – 2
grating; 15 – soil layer; 16 – plants; 17 – roots.

.
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Based on these considerations, we carried out an analysis of various
constructive and technological solutions for green roofs, consisting
of the following elements: type of the fastening system and
convenience of installation and use (Table 1).
Table 1. The comparative analysis of the green roof systems.
No

Description of the
green roof
systems

Type of the
fastening
system

Convenience
of
installation
and use

1

The system
provides for a
device for
independent
irrigation, which is
located between
the waterproofing
and the vegetation
layer and consists
of a canvas and
irrigation channels
carried out in the
canvas or under it.
The modular green
roof system,
consists of the
cells, which are
preferably
identical and
symmetrical. Each
cell is open in its
upper part and
closed in the lower
part by the bottom,
which has narrow
openings for
removing excess
water supplied to
the panel. The
cells are filled with
an organic base for
feeding the roots
of plants planted in
a soil layer. The
upper part of the
panel is insulated
from the ground
with a layer of
textile material.
The modular green
roof system,

The fastening
system is
complex
enough to
maintain during
operation.

The system
uses a
lightweight
independent
irrigation
system,
which allows
for ease of
installation.

The system
contains a
support made of
plastic with a
low specific
weight. This
support is a
structure that
forms a large
number of
separate cells
located side by
side.

Installation
takes place in
several
stages, the
duration of
installation
process is
longer.

2

designed by
authors consists
3

of the modules
with the ability to
integrate devices
that convert solar
and wind energy.

Figure 4. Modular green roof system with the cells: 1 –
base coating; 2 – water isolation layer; 3 - grating; 4 –
water flow; 5 – drainage layer; 6 - soil layer; 7 – plants; 8
– module; 9 – fastener; 10 – rim; 11 – interlocking
apparatus; 12 – hose; 13 – water delivery tubes; 14 –
perforated cup; 15 – drip watering tube; 16 – PV module;
17 – sprinkler.
We had evaluated manufacturability of these structural and
technological solutions (STS) [16]. Calculation of the coefficient of
. continuous green roof with
manufacturability of the device of
devices for independent irrigation Kt gr1 showed that this STS is
acceptable:

К1t gr =

Q𝑔𝑟 k
Q𝑚𝑙 i+Q𝑔𝑟 k

= 0,16 − (0,1…0,2).

Calculation of the coefficient of manufacturability of the device
modular green roof systems Kt gr2 and Kt gr3 showed that these STS
are rational:

К2t gr =
К3t gr =

Q𝑔𝑟 k
Q𝑚𝑙 i+Q𝑔𝑟 k
Q𝑔𝑟 k
Q𝑚𝑙 i+Q𝑔𝑟 k

= 0,04 < 0,1.
= 0,03 < 0,1.

The most expedient is the solution of the green roof device using
modular structures, since with an increase in the complexity of the
roof, the total labor intensity of work on the installation of such
coatings will be minimal when comparing various options for the
device of roofing.

IV. APPLICATION OF INNOVATION GREEN

WALL SYSTEM

Simple
fastening
system,
consisting of
reinforcing
elements with a
double-headed
arrow, can be
easy applied to
the building
structure.

Installed
modules are
adapted to be
gripped by a
person's
hand, which
allows a
person to fast
move the
module by
himself.

The great interest is the innovative projects of urban green schools
that are being built in San-Francisco and educate children according
to a special ecological Curriculum based on the Waldorf
pedagogical system. The mission of such green schools is to

develop a person who independently chooses paths through
life and have imagination, a sense of justice and a sense of
responsibility on which the essence of education is based.
Green building with a vegetation cover to place of classrooms and
the farm where students teach both traditional subjects and acquire
behavioral skills, take care of environment, growing zucchini,
cabbage, onions and other herbs and vegetables. The unique design
is being developed by SWA Landscape, who designed an effective
green roof for the building of the California Academy of Sciences
in the Golden Gate Park. This building is a tool for teaching in
complete harmony with nature. The construction of green rooftops
of the building cladding absorbs water, provides thermal insulation
and provides a natural habitat for pollinating insects (Figure 5).

3
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green wall modules, which may be transported to the building,
where modules may be arranged in a grid-like fashion to cover one
or more walls of the dwelling house or business center. In this
manner, the pre-vegetated green wall may be installed in a relatively
short period of time.
Many researchers are developing new solutions and researching
existing technologies for greening urban areas, the attitudes
regarding their application and assessments of manufacturability
remains open [17-21].

V. RESULTS

Figure 5. Design project of green school in San-Francisco.

New urbanstyle technology – modular green roof and wall system is
developed for use in residential and public buildings. The diversity
and multiplicity of modular green system, designed by authors
with different configurations and sizes of modules allows to use
greening structures in buildings of various functional purposes,
including school and preschool education, considering geographic
zone and climate characteristics. And it shows interest in installation
of this biggest variants of green roofs and walls, their ergonomic
design and industrial applicability. It is also important to note that
this system, developed by the authors, allows you to integrate
devices such as solar panels, micro wind turbines and modern
automatic irrigation system, the system also provides trays for filling
with water (see Figure 8).

Innovative technology for covering of the school buildings and
facilities with modular green wall systems is proposed by authors
(Figures 6, 7).
.

Figure 8. The modular green and blue roof system, designed
by authors.

VI. CONCLUSIONS

Figure 6. The modular green wall system in school
buildings and facilities.

In this study, we compared the continuous and modular structural
and technological solutions of the device green covering systems
and concluded that the modular green system is the most applicable
since their manufacturability is higher than their counterparts.
Assessment was carried out with the method calculation of the
coefficient of manufacturability of the device green roof systems.
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Abstract
This paper presents a statistical analysis of the fire hazard
of cable lines. Basic properties of cable lines of different types
in a fire are specified. Factors affecting the sustainability of
cable lines in the event of a fire are identified. An assessment of
the sustainability of cable lines in fire conditions in accordance
with GOST IEC 60331-21-2011 and GOST IEC 60332-3-222011 was made. The results are used for provision of fire safety
in buildings and facilities during their operation.
Keywords: fire danger of cable lines; fire resistance; limit
state of the cable; fire spread; fire influence.

I. INTRODUCTION
The sustainability of cable lines in a fire depends upon various
factors. Cables utilize combustible materials (electrical insulation,
cable sheaths, etc.) and intrinsic heat sources (thermal emission of
conductor cores, provoking de-stabilization with subsequent flames
proliferation) [1-3]. For example, cables with rubber sheath, with
PVC sheaths, with PE sheath demonstrate different resistance
under fire conditions. The multitude of insulation types of cable
lines stipulates the demand for comparative studies of their
behavior in a fire.
Based on statistical data for the past 10 years, it is apparent that 2025% of fires annually occurring in Russia cause de-stabilization of
electric installations, whereas 50-60% of fires occurring in electric
installation proper are caused by the insulation of the cable lines.
Cabling utilities of complex topology are distinguished not only by
high combustible loads (insulation of the cables), but also by fire
proliferation hazards and emissions of gaseous combustion
products into the air of the buildings and facilities.
It is well-known that cable sheaths are made of polymer insulation
compounds which emit chlorine, bromine, fluorine, sulfur dioxide,
etc. which build in combination with water vapor acids and alkalies
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causing corrosion of metal structures and equipment.
As a consequence of that, studies of sustainability of cable lines in
a fire obtain one of the highest priorities in the sphere of fire
safety.

II. METHODOLOGICAL BASIS FOR THE

RESEARCH
Due to the high intensity of the technical progress, the scale of
cable lines is increasing along with the growth of industrial
facilities requiring enhanced sustainability under fire conditions.
Traditionally, different types of fire-resistant cables are utilized [47].
In accordance with Russian codes [8], the following utilities shall
retain their functionality in a fire within the time required for their
intended performance and escape of people to a safe area: cable
lines and wiring of fire-protection systems, of facilities for firemen
support, of fire detection systems, of fire annunciation and escape
management, of emergency lighting in escape routes, of
emergency ventilation and smoke protection, of automatic firerighting systems, of the internal fire-fighting water pipeline, of
emergency lifts for firemen in building and facilities; the power
supply lines of the premises of buildings and facilities shall feature
emergency trip devices preventing fire occurrence; the installation
rules and the specifications of the emergency trip devices shall be
selected under consideration of fire safety requirements.

It is well-known that the proliferation of the fire is dependent not
only on the cable quantity, but also on the arrangement of the
cables in the conduit space.
As an example, Fig. 1 demonstrates that five cables of VVG and
NRG type, in most cases, contribute to fire proliferation at vertical
samples arrangements. Thereby, stable flame proliferation will be
observed when these cables are arranged in a bundle with a gap
(Fig. 1). In this connection, all contemporary cable types being
fire-retardant in a bundle (non-flammable) shall be tested in
bundles of combustible materials with or without a gap, dependent
upon the type and the arrangement method thereof in conduit
facilities.
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The number of the cable sections in the section shall be selected in
a manner that the rated volume of non-metallic materials is finally
equal to 7 liters per 1 running meter of the sample length.
The cable section constituting the sample shall be tempered prior
to the test commencement at (20±10) °С for at least 16 hours. The
cable sections under test shall be dry.

Such experimental studies were conducted with the following
samples:

Figure 1. Flame proliferation dependent on cables
arrangement.
It is known, that if, during the operation, electrical or
optical wires or cables are subject to joint conduit installation,
then, the combustion proliferation test results must be obtained
exactly for bundles. A bundle is a group of parallel cables clamped
together in a single conduit.
During bundle operation, the following distinctive features shall be
considered:
•
The biggest quantity of combustibles (cable insulation),
experiencing the impact of an external fire source, as well as of the
fire occurring when cables are burning;
•

Joint arrangement of cables during the installation;

•
The temperature of the gaseous combustion products
emitted by a cabling bundle is considerably higher than that of a
single cable;
•
Increased emission of gaseous combustion products by a
cable bundle at a certain increased temperature;
•
Cable design, e.g. armored or armor-free, multi-core or
single-core.

III. EXPERIMENT
The fire resistance of the cable is evaluated in accordance with
Standard [9] "Fire-exposure testing of electrical and optical cables.
Retaining of functionality". The sustainability assessment of a
vertically arranged cable bundle is performed in accordance with
[10] "Cable lines. Retaining of functionality under fire conditions.
Test method".

Based on the applicable testing method, a sample is bundled in the
lab imitating a joint installation. The number of the cable sections
in the sample is dependent on the quantity and the density of nonmetallic cable material. Cables and wires labeled as "НГ" (Russian
for "fire-retardant") are subject to mandatory fire-safety tests. The
essence of the method is that cable sections are bundled on a test
rack and put vertically into a combustion chamber and exposed to
flames. Upon finishing the test, the smoldering cable shall get
extinguished by itself. The length of the charred cable section shall
not extend beyond 2.5 meters. Such cable is deemed to have passed
the test.

1)

KG 3х50+16-0.66 cable with rubber sheath;

2)

AAShv 3х120-10 cable with PVC sheath;

3)

Cable with PE sheath. TPPeP 50х2х0.4.

These samples consisted of three bundles of cable sections, each
one of at least 3.5 m each.
The proliferation of the flames is determined on the length of the
damaged cable section. The present test can be a proof of limited
flame proliferation along the cable.
The experimental procedure is as follows:
- three bundles of three types of cables are fastened to the rack;
- the bundles are exposed to flames within 40 minutes;
- the air flow velocity through the test chamber is maintained till
the flames go totally out;
- after the exposure to the flames is finished, the sample is
carefully wiped. Soot on the sample is admissible if its surface is
undamaged; softening or deformation of non-metallic material of
the sample is admissible, too. As flames proliferation value, the
length of the damaged section is taken (in meters, from the bottom
of the burner to the end of the charred section), and it is determined
as follows: pressure is exerted on the cable with a sharp tool like a
knife blade; the elastic-to-brittle transition place on the sample
surface is considered to be the end of the charred section;
- the exposure to the flame in the test chamber is stopped in 28
min 54 seconds due to the fact that the fire has reached the middle
of the bundle of cable sections;

Experimental results:
- the charred section of the cable bundles of KG 3х50+116-0.66
rubber-coated cable was 2.5 m;
- the charred section of the bundle of AAShv 3х120-10 cable with
PVC sheath was 2.3 m;
- the charred section of the cable section bundles of TPPeP
50х2х0.4 Polyethylene-coated cable was 2.2 m.

The length of the charred cable section measured from the bottom
of the burner shall not exceed 2.5 m.
The recommended requirement to the assessment of the results
corresponds to the obtained experimental value recorded in the
technical report [12].
The results demonstrate that these cables have passed the tests.

Based on the requirements to such tests [11], the sample shall
contain several cable sections of at least 3.5 m each sampled from
one reel.

IV. CONCLUSION
Studies of the specifics of the sustainability of cable lines under
fire conditions demonstrate dependence on the insulation of the
cable lines, on the cable types and on the installation method.

2

International Conference on Innovations in Energy Engineering & Cleaner Production IEECP21

The safety of cable lines is indispensable for integrated safety of
buildings and facilities, as well as for their further operation.
The results of the study described herein can be taken for the
design of cable lines and electrical installations, compilation of
technical document packages and specifications.

VERTICALLY ARRANGED BUNDLES OF WIRES
AND CABLES.

[12] IEC/TR2

60332-3(1992)
Electrical
cables.
Inflammability testing. Part 3: Testing of bundled wires or
cables.
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Abstract
Bio-hydrogenated diesel (BHD) or green diesel is a second
generation liquid fuel that can be synthesized through
hydrodeoxygenation reaction of fat and its derivatives. It has been
expected to replace petroleum diesel and biodiesel due to structure
stability and low sulphur. Nevertheless, BHD production still has
limitation on the ground of high price for hydrogen feed. Thus, this
study report feasibility study of an integrated process of hydrogen
production and hydro-processing. The integrated process used
refined bleached deodorized palm oil (RBDPO) as a feed. RDBPO
was hydrolyzed to produce palm fatty acid (PFA) and glycerol.
Glycerol was then fed to sorption-enhanced steam reforming to
generate hydrogen gas. After that, bio-hydrogenated diesel was
synthesized through hydro-processing between palm fatty acid and
hydrogen. The simulation model using ASPEN Plus predicted 57.8
wt.% of overall yield of BHD generated and the integrated process
can be self-reliable in hydrogen production without using hydrogen
from external sources. Subsequently, production cost and economic
profitability of the integrated process were estimated to determine
the attractiveness on investment. It was found that total capital
investment (TCI) of the production plant was M$25.87 and cost of
production $0.52 per litre of BHD. Sensitivity analysis of net present
value was conducted after that using three variables, namely
RBDPO price, BHD price, and gasoline price. This process was
compared with BHD synthesized from fatty acid methyl ester,
FAME. At an equivalent capacity, BHD produced from PFA was
inferior in term of overall yield, energy consumption and
environmental impact.
Keywords:
Bio-hydrogenated
sorption-enhanced steam reforming

diesel,

hydro-processing,
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Abstract
Successful strategies for the modelling of singlet fission
chromophores – highly efficient organic materials in solar cells, will
be demonstrated on a series of theoretically designed NHC-carbene
dimers. All compounds are synthetically feasible and thus suitable
for practical application. They differ in topology, conformation, and
type of substituents, which allows us, using quantum-chemical
methods, to reveal the intimate correlation between structure and
excited state properties. Several potential candidates for singlet
fission chromophores were discovered in the series. The relationship
between molecular conformation and singlet fission propensity is
demonstrated for the first time.
Keywords: singlet fission, excited states, photovoltaics,
quantum-chemistry
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Abstract
It was recently demonstrated that molecules with low to
intermediate diradical character are good candidates for singlet
fission chromophores and are therefore promising for photovoltaics
application. On the other hand, the diradical character can also be
associated with low stability and high reactivity – undesired
molecular features for practical utilization. Therefore, in order to
reveal the relationship between diradical character – stability –
singlet fission propensity, we have performed quantum-mechanical
calculations on a series of o- and p-quinone methides. Most of the
investigated compounds are reported in the literature and data on
their stability and reactivity are available. The study allows us to
conclude on the impact of molecular stability on the excited state
properties and to explore the compromise between diradical
character and singlet fission propensity from stability perspective.
Keywords:
photovoltaics

computational

modelling,

excited

states,
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Abstract
Singlet fission (SF) is a photophysical process, occurring in
organic materials and having the potential to boost the solar cells’
efficiency. Our study aims at guiding the way for molecular design
of compounds, capable of SF. Doping of quinoid structures with Se
or/and N-atoms turns out to be a productive strategy for that.
Through functionalization and pH modulation, we succeeded to
establish rules that link the molecular characteristics to the SF
proclivity. Quantum chemical calculations at an appropriate level of
theory show that all modelled structures satisfy the conditions,
required for a successful fission of singlet excitons.
Keywords: singlet fission, organic photovoltaics, quantum
chemistry, materials
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Abstract
Li-ion batteries are nowadays widely used in electric
vehicles, portable devices and smart grids. They are
commercialized in different geometries, capacities and serval
technologies depending on users’ requirements. During
operating time, heat is generated inside Li-ion batteries due to
chemical reactions which causes temperature rise. Noncontrollable thermal behavior of these batteries may lead to the
deterioration of their performance and may also cause a thermal
runaway. In this study, A comparison of the thermal behavior
of five li-ion batteries is performed. Used batteries are: LFP
(lithium iron phosphate) prismatic (72Ah,60Ah,20Ah), NMC
(Nickel Manganese Cobalt) prismatic (53Ah) and NMC
cylindrical (3Ah). All batteries are tested under different climate
conditions
(0°C,10°C,20°C,30°C)
and
consecutive
charge/discharge cycles were applied. The application of
consecutive charge/discharge cycles aims to describe the
temperature profiles and difference with the ambient in quasistationary regime. Constant current was used during each
charge/discharge cycle, maximum and minimum voltage
recommended by manufactures were chosen as cut-off voltage.
T-type thermocouples are used to measure the temperature. The
results show a ‘V’ shape during a cycle in quasi-stationary
regime for all tested batteries. Moreover, the temperature
difference increases for decreasing ambient temperature. The
batteries specific heat capacity and thermal conductivities were
experimentally measured. The results show a linear increase of
the specific heat capacity for increasing ambient temperature
while no dependency of thermal conductivity to ambient
temperature was observed.
Keywords: Li-ion batteries, Battery surface temperature,
Charge/Discharge cycle.

I. INTRODUCTION
Recently, many studies have been focusing on enhancing the
efficiency of the use of electric energy storage systems and electric
engines used in transport sector [1,2]. these studies aim to introduce
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novel solutions based on clean energies sources to ensure reducing
the world global emissions of CO2 of which 24% is caused by
transport sector [3] and to limit the dependency of this sector to
fossil fuels [4]. One of the markets which is strongly progressing in
last decades is the Li-ion batteries industries. Many electric vehicles
and hybrid electric vehicles are using Li-ion batteries as energy
source systems such as Nissan Leaf and Mitsubishi iMiev [5].
Nevertheless, many technical issues may damage the Li-ion
batteries and lead to their ignition [6]. The thermal behavior of Liion batteries depends on many factors such as applied current,
climate conditions and the used chemistries. Arsri et al. [7] proved
in their study the obtention of higher battery temperature for higher
discharge current. Furthermore, Schuster et al. [8] experimentally
studied the effect of increasing charge and discharge from 5A to 40A
on a 40Ah battery. The measured battery temperature rise was from
3°C to 11°K for a half cycle. Moreover, Panchal et al. [9] tested a
20Ah battery under different discharge current (1C and 3C) for
different external ambient conditions (5°C,15°C,25°C,35°C). Their
results show when increasing ambient temperature from 5°C to
35°C the battery average surface temperature rise from 10.1°C to
35.9°C for an applied current of 1C. While, for an applied current of
3C, the average surface temperature rises from 15.7°C to 40.3°C. In
another side, the effect of battery internal chemistry on its thermal
behavior was also studied by several researchers, Goutam et al. [10]
studied the temperature profile for three different commercialized
pouch batteries (20Ah NMC type, 14Ah LFP, 5Ah LTO). Same
current rates were applied. The result show higher obtained
temperature during charge compared to discharge. Moreover, NMC
battery type temperature was the highest compared to the two other
tested batteries.
The studies performed on batteries thermal behavior are supplied by
the characterization batteries thermal parameters as they explain the
thermal behavior. Madani et al. [11] reviewed experimental and
analytical methods to determine internal resistance and entropic heat
coefficient reacting inside the battery and affecting internal heat
generation amounts and also battery specific heat and thermal
conductivity. Murashko et al. [12] proposed a novel method to
determine the specific heat of a pouch LTO battery cell. Results
show no dependency of the specific heat to the battery SOC. Loges
et al. [13] experimentally studied 7 commercialized cells
manufactured with different chemistries. The results show a linear
increase of specific heat capacity with ambient temperature.
Moreover, a slight dependence to SOC lower than 2.5%. Al-zareer
et al. [14] proposed a novel method to characterize the specific heat
and thermal conductivities of three cylindrical batteries of different
chemistries (NCA, NMC, LCO). Experimental measurements of
voltage and temperature was used to determine battery internal heat
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generation and the inverse method was applied to determine the
thermal properties. The obtained results show a specific heat of
(1046 J. Kg-1. K-1, 1002J.Kg-1. K-1, 958.2J. Kg-1. K-1) for
respectively the (NMC, LCO, NCA) batteries.
In the present paper, both a thermal behavior study and thermal
parameters characterization were performed for different applied
ambient temperature. Consecutive charge discharge cycles were
applied on five li-ion batteries tested on a climate chamber to ensure
same climate conditions. The effect of ambient temperature on
batteries thermal behavior was investigated then measurements of
battery thermal parameters were carried out to explain the thermal
behavior.

The measurement of batteries specific heat capacity and thermal
conductivities were performed using a heat flow meter (Net -zsch
HFM446) illustrated in Figure 2 this test bench gives the possibility
to test samples with a maximum size of (203 mm, 203mm, 51mm).
and applied temperature range varies from -20°C to 90°C. A high
accuracy of measurement is ensured by the used heat flow meter
lower than 2% as given by its manufacture.

II. Experimental setup
The charge and discharge experimental cycles were conducted using
Chroma 17020 test bench. It is equipped with 8 charge/discharge
chains with a maximum power and current of (1200W,60A) in each
chain. Figure 1 illustrates the used test bench and the five Li-ion
batteries tested in this research. Moreover, Table 1 summarize the
tested batteries. Two different batteries chemistries were chosen
LFP and NMC, this choice is justified by their wide use as energy
storage systems in electric vehicles. All batteries were tested under
their 1C-rate and consecutive charge discharge cycles were applied.
The voltage cut-off of each battery is determined by the
recommendation of its manufacture. T-type thermocouples were
inserted in each battery and an average battery surface temperature
is then determined to enable the comparison with other batteries.
The chroma 17020 was connected to Battery pro graphical interface
permitting the system control and data acquisition. To ensure same
climate condition all batteries were tested inside a climatic chamber
Weiss Technik. 4 different temperature (0°C,10°C,20°C,30°C) were
tested to enable performing a comparative study of the effect of
climate conditions on tested batteries thermal behavior.

Figure 1. Experimental setup and tested batteries inside the
climate chamber
Table 1. Tested batteries.
Cathode
material
LFP

Prismatic

Capacity
(Ah)
72

Voltage
range (V)
(2.6-3.6)

LFP

Prismatic

60

(2.6-3.6)

LFP

Prismatic

20

(2.7-3.7)

NMC

Prismatic

53

(2.9-4.3)

NMC

Cylindrical

3

(2.6-4.1)

Geometry .

Figure 2. Heat Flow Mete test bench

III. Results analysis

.

A. Consecutive charge/discharge cycles
Figure 3 illustrates the results of the average temperature measured
on battery surface for four batteries (LFP 72 Ah, LFP20 Ah, NMC
53 Ah, NMC 3Ah) and each battery was tested for different ambient
temperatures (30°C,20°C,20°C,0°C). 1C-rate was applied on each
battery and consecutive charge/discharge cycles were performed.
the purpose is to characterize thermal regimes existing for all tested
batteries. During the first charge cycle, the temperature of the 20Ah
LFP battery rise strongly until attending a temperature of 5°C then
the measured temperature is quietly constant during the rest of the
test. Moreover, the temperature of the 72Ah battery rise strongly
during all first charge cycle time and reaches a temperature of 19°C.
Furthermore, the temperature of the 3Ah battery rise slightly first
during the first charge cycle, then it decreases slightly. The
temperature of the 53 Ah NMC battery rises strongly during the first
half of the first charge cycle then slightly decreases until reaching
34°C in the end of the cycle. The batteries temperature rises during
operating time because heat is generated inside them. Two main heat
types could be defined. Reversible heat which depends to battery
entropy and irreversible heat which is related to the battery internal
resistance and proportional to the square of current [15]. The
obtained experimental results show for the tested batteries the
existence of a transient thermal regime in the first charge cycle
followed by a quasi-stationary regime. This regime is characterized
by a non-constant temperature during either charge or discharge
cycle in a side and in another side the temperature profile is
repetitive in each cycle. This phenomenon is due to the amount of
internal heat generated in each cycle which could be considered
approximately equals as same charge and discharge current are
applied. Furthermore, this variation of temperature profile in the
quasi-stationary regime is caused by the variation of battery entropy
for each state of charge.
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SOC of charge lower than 40% followed by an exothermic
stage [17]. The slight difference between temperature profile
in charge and discharge cycles is due mainly to the difference
between the entropic coefficient during charge and discharge
studied for three different batteries’ chemistries (NCA, LCO,
LFP) in [18]. their results prove a hysteresis of the entropy
coefficient and higher entropy during charge compared to
discharge which explain our experimental results showing the
difference in temperature profile. Moreover, even though all
the three batteries were tested under 1C-rates different
temperature rise were obtained. This is justified by the
difference of applied current on each battery. The NMC 53Ah
battery’s temperature is the highest as the applied current for
this battery is the highest.
Figure 3. consecutive charge/discharge cycles applied for
different ambient temperature and different battery
B. Effect of ambientchemistries.
temperature on battery

20

Charge

thermal behavior

8

Charge

Discharge

ΔT(°C)

6

4

2
Tamb=0°C

Tamb=10°C

Tamb=20°C

Tamb=30°C

0

SOC(%)

Figure 4. Effect of temperature on 60Ah battery temperature
rise.

16
T(°C)

The effect of ambient temperature on battery temperature
during quasi-stationary regime for 60Ah battery is presented
in Figure 4 Same temperature. profile was obtained for all
tested ambient temperatures. The results show lower battery
surface temperature rise for higher ambient temperature. In
the beginning of charge cycle temperature decreases slightly
then increases until the end of the cycle. Temperatures in the
starting instant of the charge cycle obtained for ambient
temperature of (0°C, 10°C, 20°C and 30°C) are respectively
(6.87°C ,6.08°C, 4.36°C and 3.43°C) while in the end of the
cycle are (6.40°C,5.36°C, 4.32°C and 3.31°C). The
temperature profile in discharge cycle has same “V” shape
profile as charge cycle. Nevertheless, the minimal
temperature rise obtained in discharge cycle is slightly lower
than the obtained in charge cycle. This is caused mainly by
the difference of entropy coefficient during charge and
discharge cycle [16].

Discharge

18

14
12
NMC 53Ah

LFP 20Ah

NMC 3Ah

10

SOC(%)
Figure 5. Comparison of temperature profile of different
batteries in quasi-stationary regime Tamb=10°C.

Figure 6 illustrates the maximum temperature rise obtained
for the five tested batteries and for 4 different applied ambient
temperature (0°C,10°C,20°C,30C). For all tested batteries the
.
temperature shows strong dependency to ambient
temperature. The temperature of batteries rises basically due
to internal heat generation, as the applied current is same in
all ambient temperature for each battery. The dependency of
battery temperature to environmental temperature could be
explained by a change in the battery thermal properties. The
internal resistance of battery tested by Wu et al. [19] was
found to be dependent to ambient temperature. It decreases
for increasing ambient temperature, this decrease is about
25% for an applied temperature ranging from 0°C to 25°C.
The effect of ambient temperature was investigated on the
battery entropy. The experimental study conducted by
Bazinski et al. [20] show no dependency of the battery
entropy to the ambient temperature. Additionally, the
temperature obtained for the three LFP batteries was higher
for higher battery capacities. Besides, the temperature of the
NMC 53Ah battery was found to be higher than tested LFP
batteries even if the ones who have higher capacity. This is

A comparison of temperature profile for three different
batteries (NMC 53Ah, LFP 20Ah, NMC 3Ah) tested under a
temperature of 10°C is shown if Figure 5. the decrease of
temperature in the beginning charge
cycle is related directly
.
to the endothermic part of the entropic heat coefficient for a
3
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Tamb=0°C

Maximum temperature rise (°C)
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Tamb=20°C
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is dissipated via battery surface which explains the lower
temperature rise.
Specific heat capacity (J/kg.K)

due mainly to the strong thermal stability of LFP batteries
comparing to NMC batteries [21].
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Figure 8. Measured specific heat capacity versus temperature.

C. Measurement of specific heat capacity
In the previous section, five li-ion batteries thermal behavior
was investigated for different climate
conditions. A strong
.
dependency of battery temperature to climate conditions was
proven. This dependency is justified by the dependency of
battery thermal parameters to environmental conditions. In
this section the specific heat is measured for three batteries
(LFP 60Ah, LFP 72Ah, NMC 53Ah). Figure 7 presents the
applied cycles of temperature on each battery using the HFM
446 heat flow meter. Same applied battery thermal behavior
ambient temperatures were applied to measure the battery
specific heat capacity.
50

Calibration
LFP 72Ah

Temperature (°C)

40

LFP 60Ah
NMC 53Ah

D. Measurement of thermal conductivity
In this section, the thermal conductivity of tested batteries is
discussed. The effect of temperature on battery thermal
conductivity is illustrated in
. Figure 9 Three ambient
temperatures were applied (10°C, 20°C, 30°C). Obtained
experimental result show no dependency of thermal
conductivity to ambient temperature.

Thermal conductivty (W/m.°C)

Figure 6. Different batteries maximum temperature rise for
different ambient temperatures.

0.4
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Figure 9. Measured thermal conductivity of the 60Ah LFP
battery.
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Figure 10 shows the results of the thermal conductivity
measurement for three batteries under a temperature of 20°C.
The LFP 60Ah has a low thermal conductivity comparing to
the LFP 72Ah and NMC 53Ah. This is due basically to the
.
effect of external shell which is
made from plastic material.

Figure 7. applied cycles to measure batteries specific heat
capacity.

The results shown in Figure 8 present the specific heat
capacity of three batteries versus temperature. A linear
increase of the specific heat is obtained for increasing
.
temperature. This result may give
an appropriate explanation
to the thermal behavior. For higher applied environmental
temperature, the battery heat store capacity rise. Lower heat
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Thermal conductivity (W/m.°C)
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IV. Conclusion
The thermal behavior of five li-ion batteries is investigated
for different ambient temperatures. The chemistries of the
used batteries are LFP/graphite and NMC/graphite, two
geometries were chosen prismatic and cylindrical. Each
battery was tested under 1C rate and consecutive charge and
discharge cycles were applied in similar climate conditions in
each test to enable an accurate comparison of the results.
During operating time, the temperature of all batteries rises
due to internal heat generation. It reaches after cycling a
quasi-stationary state in which the temperature is not
constant, but it presents a repetitive profile in each one of the
charge and discharge cycles. The profile of temperature in
quasi-stationary regime has a “V” shape due to the strong
dependency of the battery entropy to the SOC. The battery
temperature depends strongly to applied climate conditions,
Lower battery temperature rise is measured for higher
ambient temperature. This phenomenon is due mainly to the
influence of ambient temperature on the internal chemical
compositions of batteries which causes a change of battery
thermal parameters. Finally, the battery specific heat capacity
and thermal conductivity were experimentally measured.
Obtained results show a linear increase of battery specific
heat capacity for increasing applied temperature while no
dependency of thermal conductivity to the ambient
conditions was noticed.
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several parameters on device performance (Voc, Jsc, FF, and PCE)
was investigated, including thickness, electron affinity, various
buffer layers, and temperature.

Third-generation thin-film solar cells based on CZTSSe are
II. Methodology
highly promising because of their excellent optoelectrical
The schematic cross-section of the TFSC structure used in this study
properties, earth-abundant, and non-toxicity of its constituent
is shown in Fig. 1. The device under investigation consists of a Mo
elements. In this work, the performance of CZTSSe based solar
back contact that serves as the positive terminal, the p-CZTSSe
cells with TiO2, CdS, and ZnSe as electron transporting
active layer in which electron-hole pairs are generated after
materials (ETMs) was numerically investigated using the Solar
absorption of incident photons. Following that, CdS, TiO2, or ZnSe
Cell capacitance Simulator (SCAPS). The effect of the active
ETM was used to align the absorber and the window layer. The
layer's thickness and electron affinity, different buffer layers and
buffer layer is then stacked with i-ZnO, which is capped by a ZnO:
the contour plot of the operating temperature versus thickness
Al window layer that acts as a transparent conductive oxide (TCO)
of the CdS buffer layer were studied. The results show that the
to collect charges.
optimum power conversion efficiency for CdS, TiO2 and ZnSe,
as the ETMs, is 23.16%, 23.13%, and 22.42%, respectively.
SCAPS is a program developed at the University of Gents in
Belgium [6]. It is widely used for the simulation of various types of
Keywords: CZTSSe, Third-generation thin-film, SCAPS,
TFSCs. The SCAPS simulation results have been reported to agree
efficiency, ETMs.
well with the corresponding experimental results, which provides a
convincing reason to use them in this study [4]. The software is based
on solving the fundamental semiconductor equations ((1), (2), and
(3)), namely the Poisson equation and the hole and electron
continuity equations. It computes the band diagram in a steady-state,
I. INTRODUCTION
the recombination profile, and carrier transport in one dimension.
Photovoltaic cells are used to convert large amounts of sunlight to
The equations are shown below [4,7,8].
electricity directly. Many studies have recently been conducted to
improve the efficiency of thin-film solar cells (TFSCs). Because of
their extraordinary properties, TFSCs based on CZTSSe and related
∂2 Ψ
q
+ ε [p(x) − n(x) + ND − NA + ρp − ρn ] = 0
(1)
∂x2
materials have attracted increased interest as an absorber layer in
third-generation photovoltaic devices. CZTSSe is a p-type
1 dJp
= Gop (x) − R(x)
(2)
conductivity semiconductor with a tunable direct bandgap of 0.95q dx
4
-1
1.5 eV, a large absorption coefficient of over 10 cm , a low cost
1 dJn
(3)
= −Gop (x) + R(x)
(earth-abundant), and non-toxic element composition [1]. The
q dx
certified power conversion efficiency (PCE) of CZTSSe was
Here q is the electron's charge, ε is the dielectric constant, Ψ is the
reported to be up to 12.62%, which is lower than that of CIGS and
electrostatic potential and, NA (ND) is the density of acceptor-like
CdTe (23.4% and 22.1%, respectively). It should be improved for
(donor-like). p (n), ρp (ρn), and Jp (Jn) are hole (electron)
large-scale photovoltaic applications to overcome the scarcity of In,
concentration, hole (electron) density, electron distribution, and hole
Ge, and Te, as well as the toxicity of Cd [2-5].
(electron) current density, respectively. R is the net recombination
There has been lots of research into replacing toxic ETM (CdS) with
from direct and indirect recombination, and Gop is the optical
alternative materials in CZTSSe-based TFSCs. As a result, we
generation rate.
propose and simulated three device structures with buffer layers of
The values of the device and material parameters used in this study
CdS, TiO2, and ZnSe using SCAPS-1D software. The effect of
are taken from the literature, experimental, theory, and reasonable
estimation [7,8,10] and are summarized in Table 1.
IEECP’21, July 29-30, 2021, Silicon Valley, San Francisco, CA – USA
© 2021 IEECP – SCI-INDEX
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The device was illuminated with an AM 1.5 spectrum with a light
power of 1000 W/m2. This study's shunt and series resistances were
600 Ω/cm2 and 1.5 Ω/cm2, respectively [4].
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photons are absorbed, resulting in more electron-hole pairs [10].
Fig.2. depicts the variation of photovoltaic parameters (Voc, Jsc, FF,
PCE) as a function of CZTSSe absorber layer thickness, in which the
result is in good agreement with Beer-Lamberts law. Table 2
summarizes the changes in all device parameters caused by various
ETMs for absorber thicknesses of 500 nm and 3000 nm.
Table. 2 The effect of the ETM layer on the photovoltaic parameters
for absorber thicknesses of 500 nm and 3000 nm.

Fig.1. Structure of CZTSSe cell

Buffer
layer

CZTSSe
thickness
(nm)

Voc (V)

Jsc(mA/cm2)

FF
(%)

PCE
(%)

CdS

500

0,6708

29,55026

74,78

14,82

3000

0,7245

42,6436

74,96

23,16

500

0,6706

29,37618

74,7

14,72

3000

0,7245

42,6101

74,93

23,13

500

0,6703

29,45534

70,24

13,87

3000

0,7243

42,58405

72,68

22,42

TiO2

Table.1 Parameters used in the simulation [7,8,10]
Paramete
rs

ZnO:A
l

i-Zno

d (nm)

200

50

Eg(eV)

3.3

χ (eV)

nZnSe

n-CdS

50

50

Variab
le

Variabl
e

3.3

3.26

2.90

2.4

Variabl
e

4.4

4.4

4.2

4.02

4.2

Variabl
e

9

9

10

10

10

13.6

2.2x10

2.2x10

2.2x10

2.2x10

2.2x10

2.2x10

18

18

18

18

18

18

1.8x10

1.8x10

1.8x10

1.8x10

1.8x10

1.8X10

19

19

19

19

19

19

Vth
e(cm/s)

107

107

107

107

107

107

Vth
p
(cm/s)

107

107

107

107

107

107

μn(cm2/V
s)

102

102

102

25

102

102

μh
(cm2/Vs)

25

25

25

100

25

25

ND (cm3
)

1020

1019

1018

1018

1017

0

NA (cm-3)

0

1019

0

0

0

1018

α (cm-1)

[4]

[4]

[10]

[10]

[4]

[4]

ε (eV)
-3

Nc (cm )
Nv (cm-3)

n-TiO2

pCZTSS
e

ZnSe

B. Effect of the electron affinity of the absorber

layer
Figure 3 depicts the effect of absorber layer CZTSSe electron affinity
on photovoltaic cell performance. The electron affinity of the
absorber layer varied from 4,35 eV (CZTSe) to 4,5eV (CZTS) as
extracted from the reference [4]. We can see that VOC, FF, and PCE
values increase until a maximum value of χ=4,41eV is reached, then
decrease with further increase of χ. On the other hand, Jsc decreases
linearly with the electron affinity. Because increasing the absorber
layer's electron affinity reduces the number of photons reaching the
absorbing layer, the amount of current generated, and the short
circuit current decreases.

d: Thickness, Eg: Bandgap, χ: Electron Affinity, ε: Dielectric
permittivity, Nc: Density of states in CB, Nv: Density of states in
VB, Vth e-: Thermal velocity of electron, Vth p: Thermal velocity
of hole, μn: Electron mobility, μh: Hole mobility, ND: Donor
density, NA: Acceptor density, α: Absorption coefficient

III. Results and discussion
A. Effect of the CZTSSe absorber layer’s

Fig.2. Effect of various thickness of CZTSSe absorber layer with the
different buffer layers

thickness
The absorber layer is crucial in enhancing device efficiency. In this
context, simulations with CdS, TiO2, and Znse buffer layers were
used to examine the solar cell's performance in terms of the CZTSSe
absorber layer. The thickness of the CZTSSe the absorber layer
varied from 500 nm to 3000 nm, with a fixed ETM thickness of 50
nm. As the thickness of the CZTSSe absorber layer increases, more
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be 23.16%, 23.13%, and 22.42% at ambient temperature and 3000
nm active layer, respectively. As a result, TiO2 may be a viable
choice for producing and manufacturing low-cost, high-efficiency
Cd-free CZTSSe heterojunction solar cells.
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Temperature contour plot
The buffer layer and operating temperature are well known to affect
the performance of solar cells. As a consequence, the CdS buffer
layer thickness and operating temperature have been increased to
improve performance, from 30 nm to 70 nm and from 240 °C to
320°C, respectively. As shown in Fig. 4, the all-output parameters
are not affected by the thickness of CdS. On the other hand, the
increase in temperature induces a decrease in PCE, FF, and Voc; this
decrease was significant from the ambient temperature of 300°C.
However, Jsc rises as the temperature rises.

Fig.4: Contour plot of solar cell output as a function of the CdS buffer
layer thickness and operating temperature.

IV. Conclusion
In this paper, numerical simulations of CZTSSe-based TFSCs were
performed using the SCAPS-1D software. Three different solar cells
with buffer layers of CdS, TiO2, and ZnSe were investigated in order
to find a safe alternative to the toxic CdS. Maximum PCE of CZTSSe
solar cells with CdS, TiO2, and ZnSe buffer layers was predicted to
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Abstract
The article presents the results of the thermodynamic
analysis of the electrochemical process of hydrogen and oxygen
high-pressure generation. This process can improve the energy
efficiency of the membraneless electrolysis method.
The method is based on the use of a gas-absorbing electrode
with a highly developed contact surface of the electrode
material with the electrolyte. The electrochemical activity of
the gas-absorbing electrode material (Fe(g)) is higher in its
characteristics than that of platinum-coated electrodes and
exceeds them in the efficiency of the electrolysis process. The
electricity consumption required for the production of
hydrogen and oxygen is in the range of 3.95 kWh/m3 to
4.16 kWh/m.3 It should also be noted that this process is cyclic,
consisting of a half-cycle of hydrogen evolution and a half-cycle
of oxygen evolution. The distribution of the energy
consumption by half-cycles is 0.88 kWh/m3 per H2 ↑;
3.28 kWh/m3 on O2 ↑ respectively. The material of the gasabsorbing electrode (Fe (g)) chemically binds the oxygen when
it acts as the anode, while the hydrogen is evolved at the
cathode (Ni). The reverse of the polarity allows the hydrogen to
be chemically bound by the cathode material (Fe (g)) and the
oxygen gas to be evolved at the anode (Ni). The cyclic operation
of the electrochemical cell makes it possible to stop the usage of
proton-exchange membranes, which results in a significant
increase in the operating pressure of the generated gases (up to
P = 20.0 MPa). This pressure is achieved not because of the use
of compressor equipment, but due to the isochoric process of
electrochemical production of high-pressure hydrogen and
oxygen. The above advantages contribute to the successful
implementation of an innovative electrolyzer as an element of a
buffer storage system for a secondary energy carrier
(hydrogen) in energy technology complexes using alternative
energy sources.
Keywords: electrolyzer, anode, cathode, hydrogen, oxygen,
high-pressure, alternative energy sources.

I. INTRODUCTION
Hydrogen (H2) is a gas with a very low density of 0.0813 g/l under
normal conditions (at 248 K and 0.1 MPa) [1] and therefore there
are many difficulties in the development of efficient and compact
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storage of H2. The low efficiency of mechanical compressors for
hydrogen (15-45%) and oxygen (13-17%) leads to an additional
increase (by 10-15%) in the unit cost of electricity for the
production and storage of gases [2]. When the hydrogen is
compressed to P = 70.0 MPa, its bulk density of the stored energy
is ρV(H2) = 5.6 MJ/L (40 g H2/L) [3]. Therefore, the development
of electrochemical technologies for generating hydrogen under
high operating pressure and minimal power consumption is
promising and relevant for hydrogen power engineering [4].
Distinctive features of water electrolysis from the other methods of
hydrogen production are: simplicity of the technological scheme,
availability of water as a feedstock, easiness of maintenance of the
electrolysis installations, high reliability of the operation. All these
make it possible to successfully combine the given method with
the usage of other renewable energy sources (sun, wind, etc.) [5,
6]. The main disadvantage of the electrochemical method for
producing hydrogen is its high energy consumption.
The authors of the article have developed and successfully tested
the technology for the production of high-pressure hydrogen both
in laboratory and field conditions [7, 8]. The main difference of the
technology compared to the traditional electrolysis technologies is
the usage of variable valence metals as materials of electrodes [9].
The technological and design features of this electrolysis
technology make it possible to successfully use it as a buffer
energy storage in an energy-technological complex using
alternative energy sources [10].

II. PURPOSE AND OBJECTIVES OF THE
STUDY
The main goal of the study is to determine the regularities of the
redox reactions of the cyclic process of the gas-absorbing
electrode. The process understanding makes it possible to secure
the membraneless production of high-pressure hydrogen and
oxygen. The determination of the electric potential of chemical
reactions and the overvoltage of gas evolution at the cathode and
anode allows composing the energy balance of a membrane-less
electrolysis process. Thermodynamic analysis reveals the main
distinguishing features of the standard and the proposed
electrolysis system. Based on the results of the analysis, it is
possible to develop a set of methods for reducing irreversible
losses and increasing the energy efficiency of the cyclic method for
IEECP’21, July 29-30, 2021, Silicon Valley, San Francisco, CA – USA
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the electrochemical production of high-pressure hydrogen and
oxygen.
Optimization of the electrochemical system operation modes, the
development of design and technological solutions aimed to reduce
the energy consumption of the hydrogen and oxygen production
process without the use of compression devices can be
implemented as follows:
- selection and optimization of the structure of electrode materials;
- selection of electrode material with low gas evolution potential;
- optimization of the algorithm of operation and temperature
conditions;
- optimization of the design of the main elements of the electrolysis
system.

The authors of the article have developed an innovative
membraneless electrochemical method for the decomposition of a
liquid alkaline electrolyte. The method is based on the use of a gasabsorbing substance with a highly developed contact surface of the
electrode material with the electrolyte.
The use of sponge iron as the oxygen-bonding electrode material is
consistent with the reaction:
(1)

With the prolonged operation of the active mass of the electrode,
deeper oxidation of Fe occurs:
Fe(OH)2 + ОН- <=> Fe(OH)3 + e

Table 1. Overvoltage of hydrogen and oxygen evolution [11]
Electrode material
Pt (platinized)
Fe
Pt (smooth)
Ni

(2)

The electrochemical production of hydrogen and oxygen on the
half-cycle of H2 evolution corresponds to the transition of Fe (II) to
Fe (III), and the half-cycle of O2 evolution corresponds to the
electrochemical reduction of Fe (Fig. 1).

Fe(OH)2 retains a spongy structure and has an expansive contact
surface with the electrolyte. Polarization during the oxidation of
the electrode active mass is caused by a slowdown in the diffusion
of OH- ions. The diffusion rate decreases with an increase in the
thickness of the reacted Fe-layer.

О2
-

The energy assessment is based on the description of a unified
hydrogen production model. It consists of stationary balances of
energy, entropy and mass, as well as the ideal gas equation. Based
on this, reversible energy demand is used to identify internal
thermodynamic losses. Additional consideration of the
irreversibility allows determining the loss of efficiency, taking into
account the specific characteristics of the device.
The basis for the energy balance of a standard electrolysis system
is the irreversible energy loss when current passes through the
electrolyte Fig. 2 [12].
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The energy balance of the electrolysis system can be written as an
equation:
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Figure 2. Voltage Distribution on Electrodes in the ElectroChemical Cell.
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IV. ANALYSIS OF THERMODYNAMIC
PROCESSES OF LIQUID ELECTROLYTE
DECOMPOSITION IN
ELECTROCHEMICAL SYSTEMS FOR
PRODUCING HYDROGEN AND OXYGEN

The material of the gas-absorbing electrode (Fe (g)), in a state of
the anode, chemically binds oxygen, while hydrogen is freely
released on the other electrode, the cathode (Fig. 1 a). The reverse
of the polarity allows the hydrogen to be bound at the cathode (Fe
(g)) and the oxygen to be released at the anode (Fig. 1 b).

О2

Overvoltage, mV

The low overvoltage of hydrogen and oxygen evolution at the
passive Ni-electrode allows obtaining these gases directly from the
very beginning of the electrochemical decomposition of the water
(current density from 200 A/m2 to 600 A/m2).

III. ELECTROCHEMICAL PROCESSES ON
THE ELECTRODE ASSEMBLY USING A
GAS-ABSORBING ELECTRODE

Fe + 2ОН- <=> Fe(OH)2 + 2е

The evolution of gaseous hydrogen occurs at the passive electrode
(cathode) (Fig. 1 a). It is advisable to use Fe or Ni as a passive
electrode. The overvoltage of hydrogen evolution on Ni is 210 mV,
and on Fe is 80 mV (see Table 1).

ОН
-

2Н2О+2е =Н2+2ОН

-

-

2Н2О+2е =Н2+2ОН

Fe + 2ОН- = Fe(OH)2 + 2е
Fe(OH)2 + ОН- = Fe(OH)3 + e

(b)

Figure 1. Diagrams of electrochemical processes occurring on
electrode assemblies with a gas-absorbing electrode: a - half-cycle
of oxygen evolution; b - half-cycle of hydrogen evolution.

(3)

where: ea and ec – reversible thermodynamic potentials of anode
and cathode; ηc и ηa – overvoltage of the release of hydrogen on
the cathode and oxygen on the anode; ecp и еd – concentration and
diffusion polarizations; I – current; Re, Rm и Rc – resistance of the
electrolyte, metal conductors and contacts in the cell.
The thermodynamically reversible potentials of the anode and
cathode are determined from the formula:
ea(c) = ∆H0298 (reaction) / nF

(4)
–1

where: ∆H 298(reaction) – enthalpy of reaction J·mol ; n – the amount
of a substance involved in the reaction; F – Faraday number
96570 A∙s.
0
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The free energy and the enthalpy are calculated for conditions with
temperatures of 298 K and pressure of 101.3 kPa. The enthalpy of
reaction (1) at the active electrode is defined as:
∆H0298 (1) = ΔH0Fe(OH)2 – 2ΔH0OH–

(5)

and is 104.315 kJ mol–1, and the enthalpy of the reaction (2) is
determined as:
∆H0298 (2) = ΔH0Fe(OH)3 – ΔH0Fe(OH)3 – ΔH0OH–

(6)

and is 36.267 kJ·mol–1.
Table 2 shows the calculated values of the free energy ΔG0 and the
enthalpy ΔH0 of the reaction components at the gas-absorbing
electrode.
Table 2. Free energy and enthalpy of reactions
The
chemical
compound
OHH2 (gas)
O2 (gas)
Fe(OH)2
Fe(OH)3

Free energy ΔG0,
J•mol– 1
157360
0
0
480008
700050

Enthalpy
J•mol–1
228850
0
0
562015
827132

ΔH0,

The voltage of the active mass oxidation reaction at the anode ea is
determined following equation (4) and for the reaction (1) is
0.54 V, and for the reaction (2) is 0.19 V.
The voltage E of the half-cycle of hydrogen evolution (see Fig. 2),
considering the active mass oxidation reaction at the anode and the
evolution of hydrogen at the cathode, is determined according to
equation (3) and for the reaction (1) is 0.33 V, and for the reaction
(2) it is 0.52 V.

The theoretical values of WTheat are obtained from the formula [14]
WTheat= 2.394 (Eq – ET) = 2.394Eq (1 - ή).

(8)

The decrease in the voltage value of the electrochemical
decomposition of a liquid alkaline electrolyte (equation 3) in the
proposed method for the hydrogen and oxygen generation was
achieved due to:
- the exclusion of the voltage drop across the proton exchange
membrane IRm, due to its absence from the energy balance
(equation 3);
- the reduction of the overvoltage values of the hydrogen evolution
at the cathode and oxygen evolution at the anode ηк and ηa, since
gas evolution occurs only at one of the electrodes.

V. EXPERIMENTAL STUDY OF
ELECTROCHEMICAL ACTIVITY AND
ELECTROCHEMICAL
CHARACTERISTICS OF ELECTRODE
MATERIALS
A laboratory setup has been created in order to simulate the
processes in an electrochemical cell for experimental studies of the
electrochemical activity and electrochemical characteristics of
electrode materials in cathode-anode systems.
Fig. 3 shows a functional diagram of the developed laboratory
setup, which consists of: a reactor, main pipelines, separators, a
tank with distilled water, a monitoring and control power supply
unit, and a system for measuring the flow characteristics of the
generated gases (Fig. 3 a.)

The thermoneutral voltage is equal to the cell voltage in a
hypothetical isobaric-isothermal process, in which there is no heat
and mass exchange with the external environment and all the
energy required for the reaction (the sum of the required heat and
work) is supplied in the form of electricity.
The thermoneutral voltage Eq is practically constant. Considering
the heat of evaporation, it is equal to Eq'= 1.481 V, and during the
electrolysis of water vapor it is Eq"= 1.25 V [13].

(a)

The share of the work required for water decomposition in relation
to the total energy consumption in the electrochemical process ή is
equal to the ET / Eq ratio. Since ET for water decreases with
increasing temperature (at atmospheric pressure dET / dT = 0.25 mV·K-1), then as the temperature rises, the share of the heat
increases, and at T = 5000 K. Practically all the energy required for
water decomposition is used in the form of heat (ή ≈ 0).
The dependences of ET and other reaction parameters on the
temperature are given in Table 3,
Table 3. Theoretical values of EMF and energy consumption
in the reaction of water decomposition (14.7 psi.)
Reaction
parameter
Ет. V
ή
WTelectric,
kWh.m3
WTheat,
kWh.m3

(b)

298 353
1.23 1.18
0.83 0.80

Temperature К
423 473 573 773 1273
1.15 1.10 1.04 0.95 0.80
0.92 0.88 0.83 0.76 0.64

2272
0.50
0.40

2.94 2.82

2.75 2.63 2.49 2.27 1.91

1.20

0.60 0.72

0.24 0.36 0.5

1.79

0.72 1.08

where the theoretical values of WTelectric are determined from the
equation [14]:
WTelectric= 2.394Eт = 2.394 Eqή.

(7)

Figure 3. Functional diagram of a laboratory setup with an
electrochemical cell: 1- a monitoring and control power supply
unit; 2 - digital indicator IC 412.3; 3 –power switch; 4 - hydrogen
and oxygen half-cycle power switch; 5 - current control handle; 6 oxygen measuring vessel; 7 - buffer tank H2O; 8 - oxygen
separator; 9 - oxygen line valve; 10 - electrolysis cell; 11 hydrogen line valve; 12 - valve for filling the hydraulic system with
electrolyte; 13 - hydrogen separator; 14 - hydrogen measuring
vessel; 15, 17 - electric wires; 16 - electrode assembly; 18, 19 shut-off valves for hydrogen and oxygen lines; 20, 21 - U-shaped
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differential pressure gauges for oxygen and hydrogen lines; a laboratory setup diagram; b –photo of an electrochemical cell.
In the upper part of the reactor, there are power supply terminals, a
fitting for an electrolyte inlet to the reaction zone and a gas outlet
fitting, above which there is a three-way valve for dividing the gasliquid channel into oxygen and hydrogen mains (Fig. 3 b). The
electrode assembly is located in the internal section of the reactor;
the reactor is filled with a 25% aqueous solution of KOH with the
electrolyte density of 1.21 mg/l [15].

The first stage of the experimental study was aimed to determine
the voltage threshold value for the point when the gas began to
evolve from two electrodes at the same time. On the half-cycle of
the hydrogen evolution, this value was 1.8 V, and on the half-cycle
of the oxygen evolution, it corresponded to 1.7 V (at the operating
current density J = 0.02 A/cm2, or 200.0 A/m2), for the selected
pairs of electrodes (Fe(g)-X18H15; Fe(g)-Fe; Fe(g)-Ni). Figure 6
shows the results of the first stage of the experimental study.

The diagram of the main elements and the design of the
experimental sample of the electrode assembly are shown in Fig. 4.

(a)

(a)

(b)
Figure 4. Schematic and experimental sample of the electrode
assembly: 1- gas absorbing electrode (active); 2 - gas evolving
electrode (passive); 3 - screws; 4 - current leads; 5 - screw-nut; 6
- spacer dielectric sleeves; a - electrode assembly diagram; b experimental sample.
The three pairs of electrodes were defined for the experimental
studies: 1 – Fe(g)-X18H15; 2 – Ft(g)-Fe; 3 – Fe(g)-Ni (Fig. 5).

(b)
Figure 6. The sequence diagram of the voltage change of the
membraneless high-pressure hydrogen generator, at J = 0.02
A/cm2 with the electrode twins: 1. Fe(g)-X18H15; 2. Fe(g)-Fe; 3.
Fe(g)-Ni: (a) - the half-cycle of H2 generation; (b) - the half-cycle
of O2 generation.
The analysis of the study results has shown that on the hydrogen
half-cycle (Fig. 6 a), the voltage of the onset of hydrogen evolution
was 1.8 V and did not depend on the electrode materials (Fe(g)X18H15; Fe(g)-Fe; Fe(g)-Ni), although it depended on the
operating current density J = 0.02 A/cm2. On the half-cycle of
oxygen evolution (Fig.6 b), the voltage of the onset of the oxygen
evolution was 1.7 V, and the half-cycle time depended on both the
electrode materials and the operating current density.

Figure 5. The sequence diagram of the change in the voltage of
hydrogen and oxygen release during electrolysis with electrode
combinations: 1. Fe(g)-X18H15; 2. Fe(g)-Fe; 3. Fe(g)-Ni.

The second stage of the experimental study was aimed to prevent
the simultaneous release of hydrogen and oxygen. The half-cycle
termination voltage threshold has been limited. The equilibrium
potential values for the cathodic and anodic processes e k and ea
were optimized by limiting the voltage of the reaction on the
electrodes (Fig. 7).

A comprehensive experimental study was carried out in two stages.
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As it is seen from Fig. 8, the dynamics of hydrogen and oxygen
evolution is preserved and does not depend on the limitation of the
voltage of the reaction at the electrodes. Half-cycles have
shortened in time, but the number of half-cycles has increased.
The experimental results have shown that the electrochemical
activity of the gas-absorbing electrode material (Fe(g)) is higher in
its characteristics than that of platinum-coated electrodes, and
exceeds them in the efficiency of the electrolysis process. Thus, the
electricity costs for hydrogen and oxygen production are in the
range from 3.95 kW·h/m3 to 4.16 kW·h/m3. It should also be noted
that this process is cyclic, consisting of a half-cycle of hydrogen
evolution and a half-cycle of oxygen evolution [16]. The energy
consumption on the half-cycle of the hydrogen generation is
0.88 kW·h/m3, and for the oxygen half-cycle is3.28 kW·h/m3

VI. DISCUSSION OF RESEARCH RESULTS
(a)

(b)
Figure 7. The cyclogram of the voltage change of the highpressure hydrogen generator with a voltage limitation from 1.8 V
to 0.5 V at J = 0.02 A/cm2 with the electrode twins Ni - Fe (g): (a)
- the half-cycle of H2 generation; (b) - the half-cycle of O2
generation.

With the cyclic operation, there is no need to use proton exchange
membranes. This makes it possible to significantly increase the
operating pressure of the generated gases up to P = 20.0 MPa and
higher. Compressor equipment is used to achieve this level of
operating pressure in standard electrolysis systems for producing
hydrogen. This limits the common use of these systems at present
[17]. Such equipment has several disadvantages: special
requirements for maintenance, low efficiency (from 16 % to 30 %),
high cost [18]. The absence of gas compressors in the
technological scheme makes it possible to successfully use the
high-pressure electrochemical hydrogen generator as a buffer
energy storage in the energy-technological complexes with
alternative energy sources.
The advantage of the described membraneless method of hydrogen
production lies in the ability to control the reaction rate (by
regulating the current), and, consequently, the consumption of
electricity for its generation. This is especially important when
using renewable types of energy (sun, wind) as primary energy
carriers [19], characterized by inconsistent energy supply [20], as
well as in joint operation with power units of thermal power plants
and nuclear power plants for smoothing loads during the period of
peak energy consumption [21].
Based on the obtained experimental data, the fully functional
experimental electrolysis installation for the hydrogen and oxygen
high-pressure generation EHP - 0.02 - 150 was manufactured
(Fig. 9).

Fig. 7 shows that the voltage limiting of the reaction on the
electrodes affects the half-cycle of hydrogen evolution (Fig. 7 a)
and, accordingly, the half-cycle of oxygen evolution (Fig. 7 b). At
the same time, the amount of H2 and O2 released and the dynamics
of the releases were measured (Fig. 8).

Figure 8. The dynamics of hydrogen and oxygen generation: limiting the voltage of the reaction from 0.5 to 1.8 V; - current
density I = 0.02 A/сm2; - electrode twins Ni – Fe(g).

(a)

5

International Conference on Innovations in Energy Engineering & Cleaner Production IEECP21

VIII. ACKNOWLEDGMENTS
This work was completed with financial supports from Vietnam
Academy of Science and Technology under project of
Number:QTUA-0101/18e20.
The research was conducted according to projects No. 13-20
"Metal hydride batteries for systems that supply hydrogen to fuel
cells". The research was made within the framework of scientific
projects of the target program of scientific research of the National
Academy of Sciences of Ukraine: "Development of scientific bases
of production, storage, and use of hydrogen in autonomous power
supply systems".

IX. REFERENCES
[1]. D.R. Lide, “CRC Handbook of Chemistry and Physics”,
88th ed., CRC Press, 2007. http://refhub.elsevier.com/S100216)30324- sbref7
(b)
Figure 9. Experimental electrolysis installation ЕНР - 0.02 - 150:
(a) - view from the side of the reactor compartment; (b) - view
from the side of power electronics, control and monitoring systems.
The external view of the reactor compartment with executive
devices is shown in Fig. 9 a. The main controls are displayed on
the control panel. A smart relay "Zelio Logic" from Schneider
Electric was used. This is the relay with the ability to program
relay logic [22], time delay, pulse counting, processing signals
from both discrete and analog sensors. The ability to transmit data
via the SR2 USB01 cable for connection to a USB port [23], via
Ethernet protocols and using a GSM modem made it possible to
eliminate the need for an operator to stay in the EHP area and
ensure high reliability and safety of operation [24].

VII. CONCLUSIONS
The choice of a gas-absorbing electrode made of a structured
material, which is a metal with variable valence, and a gasevolving electrode with a low reversible potential of cathodic and
anodic processes, which does not include expensive platinum
group metals, gave the following results:
1. The high reactivity of hydrogen and oxygen evolution using
galvanic Ni as a passive electrode indicates a decrease in the
overvoltage on the corresponding half-cycles. The low overvoltage
of the release of H2 (0.21 V) and O2 (0.06 V) at the passive
electrode makes it possible to obtain these gases directly from the
very beginning of the water electrochemical decomposition (Fig.
3).
2. The reactivity of H2 (O2) evolution using the X18H15 – Fe(g)
electrode assembly occupies an intermediate position between NiFe (g) and Fe–Fe (g), which makes it possible to reduce the cost of
the electrode system.
3. Optimization of operating modes by limiting the threshold
values of the voltage of the electrochemical reaction (in the range
of 0.5 - 1 V) makes it possible to minimize the specific energy
consumption for the process of H2 (O2) release.

[2]. Jensen, J. O., Vestbø, A. P., Li, Q., & Bjerrum, N. J.. “The
energy efficiency of onboard hydrogen storage.” Journal of
Alloys and Compounds, 2007, 446, pp. 723-728.
http://www.intechopen.com/books/show/title/energyefficiency
[3]. E.W. Lemmon, M.L. Huber, M.O. McLinden, “NIST Stand.”
Ref. Database 23 Ref. Fluid Thermodyn. Transp. Prop.
REFPROP, 2013.
[4]. Nikolic, V. M., Tasic, G. S., Maksic, A. D., Saponjic, D. P.,
Miulovic, S. M., & Kaninski, M. P. M. “Raising efficiency of
hydrogen generation from alkaline water electrolysis–energy
saving.” International Journal of Hydrogen Energy, 2010,
vol. 35, no. 22, pp. 12369-12373.
[5]. Bard, A. J., & Fox, M. A.. “Artificial photosynthesis: solar
splitting of water to hydrogen and oxygen. ” Accounts of
Chemical Research, 1995, vol. 28, no. 3, pp. 141-145.
[6]. Iordache, I., Bouzek, K., Paidar, M., Stehlík, K., Töpler, J.,
Stygar, M., & Zgonnik, V. “The hydrogen context and
vulnerabilities in the central and Eastern European
countries.” International Journal of Hydrogen Energy, 2019,
vol.
44,
no.
35,
pp.
19036-19054.
https://doi.org/10.1016/j.ijhydene.2018.08.128.
[7].Solovey, V.V., Shevchenko, A.A., Zipunnikov, M.M., Kotenko,
A.L., Nguyen Tien Khiem, Bui Dinh Tri, &, Tran Thanh
“Development of high pressure membraneless alkaline
electrolyzer.” International Journal of Hydrogen Energy.
2021. https://doi.org/10.1016/j.ijhydene.2021.01.209
[8]. Solovey, V. V., Zipunnikov, M. M., Shevchenko, A. A.,
Vorobjova, I. O., & Kotenko, A. L. “Energy effective
membrane-less technology for high pressure hydrogen
electro-chemical generation.” French-Ukrainian Journal of
Chemistry, 2018, vol. 6, no. 1, pp. 151–156.
https://doi.org/10.17721/fujcV6I1P151-156.

4. Specific electricity consumption in hydrogen and oxygen halfcycles was respectively - 0.88 kWh/m3 per H2↑ and - 3.28 kWh/m3
per O2↑. The total specific electricity consumption for the
production of these gases does not exceed 4.16 kWh/m3.

[9].Shevchenko, A.A., Zipunnikov, M.M., Kotenko, А.L.,
Vorobiova, I.O., Semykin, V.M..( 2019) “Study of the
influence of operating conditions on high pressure
electrolyzer
efficiency.”
Journal
of
Mechanical
Engineering,, vol.
22, no. 4, pp. 53-63.
https://doi.org/10.15407/pmach2019.04.053

5. The considered technology for producing hydrogen and oxygen
makes it possible to exclude the consumption of electrical energy
associated with a voltage drop across the proton exchange
membrane IRm, due to its absence. This ensures the generation of
Н2 (О2) under high working pressure up to Р = 20.0 MPa.

[10].Shevchenko, A. “Creation of autonomous and network
energy-technological complexes with a hydrogen storage of
energy.” Vidnovliuvana Energetika, 2020, vol. 61, no. 2,
pp.
18-27.
https://doi.org/10.36296/18198058.2020.2(61).18-27.

6

International Conference on Innovations in Energy Engineering & Cleaner Production IEECP21
[11].Yakimenko, L. M. “Elektrodnyye materialy v prikladnoy
elektrokhimii
[Electrode
materials
in
applied
electrochemistry] ”. Moscow: Khimiya, 1977, 264 p. (in
Russian).
[12].Sukhotin, A. M. “Spravochnik po elektrokhimii [Handbook
of electrochemistry] ”. Leningrad: Khimiya, 1981, 488 p. (in
Russian).

https://www.mejrubiop.com/index.php?main_page=produ
ct_info&products_id=204852
[24]. Modem interface - GSM - for communication interface
SR2COM01.Retrieved from:
https://www.se.com/id/en/product/SR2MOD02/modem
- interface---gsm for-communication-interfacesr2com01/

[13]. Spielrain, E. E., Malyshenko, S.P., Kuleshov. G.G.
“Introduction
to
hydrogen
energy”.
M.:
Energoatomizdat, 1984, - 264 p. (in Russian).
[14]. Tomilov, A. P. “Prikladnaya elektrokhimiya [Applied
electrochemistry] ”: A textbook. Moscow: Khimiya, 1984,
520 p. (in Russian).
[15]. Solovey, V., Zipunnikov, M., & Semikin, V. “ Method for
Calculating the Feed Water Replenishment Parameters
under Electrolysis Process in Electrolyzer ” FrenchUkrainian Journal of Chemistry, 2020, vol. 8, no. 2, pp.
168-175. https://doi.org/10.17721/fujcV8I2P168-175
[16]. Solovey, V. V., Zipunnikov, N. N., & Shevchenko, A. A.
“Issledovaniye effektivnosti elektrodnykh materialov v
elektroliznykh sistemakh s razdelnym tsiklom generatsii
gazov [Research of the efficiency of electrode materials in
electrolysis systems with a separate cycle of gas
generation].” Problemy mashinostroyeniya – Journal of
Mechanical Engineering, 2015, vol. 18, no. 1, pp. 72–76
[in Russian].
[17]. Akbar Dadkhah, Dimitar Bozalakov, Jeroen D.M. De
Kooning, Lieven Vandevelde. “On the optimal planning of
a hydrogen refuelling station participating in the
electricity and balancing markets. International Journal
of Hydrogen Energy, 2021, vol. 46, no. 2, pp. 1488-1500.
https://doi.org/10.1016/j.ijhydene.2020.10.130
[18]. Buttner, W., Rivkin, C., Burgess, R., Hartmann, K.,
Bloomfield, I., Bubar, M., & Moretto, P. “Hydrogen
monitoring requirements in the global technical
regulation on hydrogen and fuel cell vehicles. ”
International journal of hydrogen energy, 2017, vol. 42,
no. 11, pp. 7664-7671.
[19]. Chang, W. J., Lee, K. H., Ha, H., Jin, K., Kim, G., Hwang,
S. T., & Hong, J. S. “Design principle and loss
engineering for photovoltaic–electrolysis cell system.”
ACS Omega, 2017, vol. 2, no. 3, pp. 1009-1018.
[20] M. Reuß, J. Reul, T. Grube, M. Langemann, S. Calnan, M.
Robinius, R. Schlatmann, U. Rau and D. “Solar hydrogen
production: a bottom-up analysis of different
photovoltaic– electrolysis pathways.” Stolten,Sustainable
Energy
Fuels,
2019,
Advance
Article,
https://doi.org/10.1039/C9SE00007K
[21]. Shevchenko, A. A., Zipunnikov, M. M., Kotenko, A. L.
“Adaptation of the high-pressure electrolyzer in the
conditions of joint operation with TPP and NPP powergenerating units.” Scientific Bulletin of National Mining
University, 2020, vol. 6. pp. 76 – 82.
https://doi.org/10.33271/nvngu/2020-6/076
[22].

Smart
relay
SR3B261BD.
Retrieved
from:
https://www.se.com/id/en/product/SR3B261BD/modularsmart-relay-zelio-logic---26-i-o---24-v-dc---clockdisplay/

[23]. SR2USB01 : USB PC connecting cable - for smart relay
Zelio
Logic.
Retrieved
from:

7

International Conference on Innovations in Energy Engineering & Cleaner Production IEE CP21

Description of Colombian Electricity Pricing Derivatives
Dr. S Prabakaran,
Associate Professor,
School of Economics and Business Administration,
Department of Accounting & Finance,
Pontificia Universidad Javeriana Cali. Cali, Colombia.
Email – jopraba@gmail.com

Abstract
Electricity markets are becoming a popular field of research
amongst academics because of the lack of appropriate models
for describing electricity price behavior and pricing derivatives
instruments. Models for price dynamics must consider
seasonality and spiky behavior of jumps which seem hard to
model by standard jump process. Without good models for
electricity price dynamics, it is difficult to think about good
models for futures, forward, swaps, and option pricing. In this
paper, we attempt to introduce an algorithm for pricing
derivatives to intuition from the Colombian electricity market.
The main ambition of this study is fourfold: 1) First we begin
our approach through to simple stochastic models for electricity
pricing. 2) Next, we derive analytical formulas for the prices of
electricity derivatives with different derivatives tools. 3) Then
we extent short of the model for price risk in the electricity spot
market 4) Finally we construct the model estimation under the
physical measures for the Colombian electricity market. And
this paper ends with a conclusion.
Key Words - Electricity markets, Energy Derivative, Option,
and Forward Contract.

I. INTRODUCTION
Deregulation of electricity markets has led to a substantial increase
in risk borne by market participants. The often unexpected, extreme
spot price changes range even two orders of magnitude and can
cause severe financial problems to the utilities that buy electricity in
the wholesale market and deliver it to consumers at fixed prices. The
utilities and other power market companies need to hedge against
this price risk. A straightforward way to do it is to use derivatives,
like forwards and options.
Here, we use the latter approach and describe the spot price dynamic
models to review the electricity pricing with details of how to
implement the pricing of the electricity market an After specifying
a model we have to choose for derivatives pricing methodology.
However, such an approach fails in the case of electricity due to
extremely limited storage possibilities. Therefore, instead of using a
discrete-time model approach we employ a concept of the risk
premium/market price of risk and find such a pricing measure that
yields the observed forward market prices. With such methodology,
we can derive forward prices from the spot price model and to find
explicit formulas for premiums of European options written on spot,
as well as, on forwarding prices.
Over the last two decades, the electricity industry worldwide has
undergone a profound restructuring process. Particularly in

Colombia, laws 142 and 143 of 1994 in addition to later reforms,
opened up an intensive reorganization of the electricity market, like
the creation of the wholesale electricity market (MEM) in 1995
simultaneously to the vertical unbundling of the generation,
transmission, distribution, and retail activities, seeking to improve
the efficiency and quality of the electricity industry. Under this new
framework, the power generation and retail businesses could be
competitive deregulated markets, whereas the remaining two,
transmission and distribution, were established as regulated
activities.
Colombia has a hydro-dominated electricity market. Roughly 80%
of its energy comes from hydro resources, 67% of its capacity, and
50% of its firm energy—energy in an exceptionally dry period. The
cornerstones of the wholesale electricity market in Colombia are the
spot energy market and the firm energy market. The spot energy
market is a single-zone hourly market that determines the spot
energy price in every hour as well as the efficient dispatch of
resources.
This paper aims to introduce pricing electricity derivatives to the
Colombian market with an alternative formalism.

II. STOCHASTIC
MODEL
FOR
ELECTRICITY PRICING DERIVATIVES
In the last few years, there has been a rapidly increasing literature
on stochastic models for the prices of electricity and other
commodities. Many researchers have observed that the models
typically used in financial markets are inappropriate due to the
special features of commodity prices and especially of electricity
prices as described in the introduction.
In this section, we will give a short evaluation of some of the models
considered so far in the literature and compare them with our
approach.
The choice of the stochastic model for electricity prices depends on
the time granularity that needs to be reflected in the model. Liquidly
traded futures and forward contracts typically have full months,
quarters, or years as delivery periods, either as base load or peak
load. Price quotes for single hour deliveries are in most cases only
available as day-ahead prices from the spot market. However, many
structured OTC products, such as swing options, are strongly
influenced by the hourly price behavior. Since due to the nonstorability of electricity, spot products cannot be used for hedging
purposes, the electricity market is a highly incomplete market and
pure arbitrage option pricing methods fail for most structured
products. Previous work has been focused mainly on either of the
two following approaches:
•
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Market models for futures prices: Instead of modeling the spot
price and deriving futures prices, the futures prices themselves
are modeled. This approach goes back to Black's model [1],
where a single futures contract is considered. Ideas from the
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•

Heath-Jarrow-Morton theory for interest rates [2] are used in
[3], [4], [5] and [6] to model the dynamics of the whole futures
price curve. Such models have the advantage that the market
can be considered as being complete and standard risk-neutral
pricing may be used. Risk-neutral parameters can often be
implied from traded options on futures prices. The
disadvantage of such approaches is that futures prices do not
reveal information about price behavior on an hourly or even
daily time scale.
Spot price models: This class of models aims at capturing the
hourly price behavior by fitting their model to historical spot
price data. Since there is no arbitrage relation between spot
prices and futures prices, additional assumptions have to be
made to use this model for pricing derivatives. Usually, this is
done either by assuming the rational expectation hypothesis
(1)

Ft ,T =E 
 ST Ft 
,

As done e.g. in [7] to price generation assets, or by calibrating
a market price of risk for each factor and then changing to an
equivalent martingale measure
F =E*  S F  , holds.


t ,T

T

t

P*

under which the relation



Most models for the spot market employ at least two risk factors:
one factor capturing the short-term hourly price dynamics
characterized by mean reversion and extremely high volatility, and
the other factor representing long-term price behavior observed in
the futures market. Since there are no liquidly traded derivatives on
a daily or hourly time scale that have a strong dependence on the
short-term risk factor, it is exceedingly difficult to estimate the
short-term market price of risk.
Through this paper, we will denote

St the spot market price at time

t. Since are working in a deterministic interest rate framework, we
will not distinguish between forward and futures prices. Therefore,
single hour futures prices at time t for delivery at time T are
conditional expectations under the equivalent martingale measure
(2)
Ft ,T =E*  ST Ft  ,



Where



Ft =  S s :s  t  , is the natural filtration generated by the

price process?
Future prices for power delivery over a period

St = (

) T1 , T2 

are given by

 1 T2
 1 T2
Ft ,T1 ,T2 =E* 
ST dT Ft  =

 Ft,T dT ,
 T2 -T1 T1
 T2 -T1 T1

(3)

Or, in a discrete time setting by

 1 T2 -1

1 T2 -1
Ft ,T1 ,T2 =E* 
St Ft  =

 Ft ,T .
 T2 -T1 T =T1
 T2 -T1 T =T1

(4)

The simplest model considering mean-reverting behavior is given
by an Ornstein- Uhlenbeck process. Here the price process

St

is a

diffusion process satisfying the stochastic differential equation
(5)
dSt = − St -a dt +  dWt ,

(

)

Where (Wt ) is a standard Brownian motion,



the volatility of the

process, and  the velocity with which the process reverts to its
long term mean a.
In electricity markets, prices show strongly mean-reverting behavior
so that estimates  are quite large. Typical characteristic times for

mean reversion are within a few days. Therefore, this model has the
major drawback that futures prices are nearly constant over time,
since under the assumption of (5) the futures price is given by
0- ( T −t )
−  (T −t )
(6)

(

)+S e

Ft ,T =a 1-e

t

For this reason, several authors suggest a two-factor model, see e.g.
[8], [9] and [10]. In [9] a model of the form
(7)
dSt =- ( St − Yt ) dt +  dWt
is suggested, where

Yt is a Brownian motion. A similar model is

given in [10], where commodity prices are described in the form
(8)
St =exp X t + Yt ,

(

)

where ( X t ) is an Ornstein-Uhlenbeck process responsible for the
short-term variation and (Yt ) is a Brownian motion describing the
long-term dynamics. The model we will introduce in and can be
considered as an extension of the ideas of [10].
All models considered so far did not consider seasonality. Some
authors simply neglect this serious difficulty. Others propose to use
deterministic seasonality described by sinusoidal functions, see [11],
[12], [13] and [10]. In [14] it is suggested to use equation (5) with a
long-run mean at describing the seasonal patterns. A general
deterministic seasonality is proposed in [14] and [15]. Here, the spot
price is modeled as
(9)
S =f ( t ) + X or S =exp ( f ( t ) + X )
t

t

t

t

with an arbitrary deterministic function f ( t ) and a mean-reverting
stochastic process X t
In our approach, the deterministic component f ( t ) is specified by
the load forecast `t and additional stochastic behavior is introduced
by the use of SARIMA models for the time series of load and prices.
There are also different attempts to account for price spikes. One
possibility to cope with spikes is the introduction of jump terms, see
[4], [14], and [17]. The main criticism for these models is that under
the typical assumption of a jump-diffusion model a large upward
jump is not necessarily followed by a large downward jump.
Therefore, some authors suggest hidden Markov models, also
known as Markovian regime-switching models, where it is
guaranteed that upward jumps are followed by downward jumps.
Such models have been considered e.g. in [18, [19], [20], [21] and
[22]. Regime-switching models are very intuitive candidates for
electricity price models since there are some clear physical reasons
for switches of regimes such as forced outages of important power
plants. On the other hand, it seems to be difficult to combine regimeswitching with seasonality.
Another approach is motivated by the economic background for
price spikes. Prices are determined mainly by supply and demand
(load). Therefore, the non-linear relation between load and price
should be taken into account in the model. This non-linear
transformation is called the 'power stack function' in [23] and [24].
They suggest an exponential function for that purpose. A similar
model for spot prices has recently been considered in [1], where the
relation
(10)
St =f ( X t )
is suggested with X t being an Ornstein-Uhlenbeck process, and f
a power function. We also prefer an approach based on the power
stack function, since there is a natural interpretation of this nonlinear transform in terms of the merit order curve.
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III. ELECTRICITY DERIVATIVE PRICING
A. Electricity Options
The power industry had been utilizing the idea of options through
embedded terms and conditions in various supply and purchase
contracts for decades, without explicitly recognizing and valuing the
options until the beginning of the electricity industry restructuring
in the U.K., the U.S. and the Nordic countries in the 1990s. The
emergence of the electricity wholesale markets and the
dissemination of option pricing and risk management techniques
have created electricity options not only based on the underlying
price attribute (as in the case with plain vanilla electricity call and
put options), but also other attributes like volume, delivery location
and timing, quality, and fuel type.
A counterpart of each financial option can be created in the domain
of electricity options by replacing the underlying of a financial
option with electricity [25] for introduction to various kinds of
financial options). Here, we describe a sample of electricity options
that are commonly utilized in risk management applications in the
generation and distribution sectors. These options usually have
short- to medium maturity times such as months or a couple of years.
Options with maturity times longer than 3 years are usually
embedded in long-term supply or purchase contracts, which are
termed as structured transactions.
Now, we turn to the pricing of a European call option written on the
electricity spot price. Recall, that a European option is a contract that
gives the buyer the right to buy/sell the underlying commodity at
some future date t (called maturity) at a certain price K (called the
strike price). First, we find the pricing measure Q  . Like Merton
(1976) in the context of jump-diffusion processes, we assume that
the dynamics of spikes and drops are the same in the actual and
pricing measures. We start with finding the spot price dynamics
under  parameterization.
Let

 (u)

be a deterministic function square-integrable on

u  0, Tmax  , where Tmax is a time horizon long enough to contain

all maturities of derivatives quoted in the market, and introduce a
new process Wt  :

 (u )
Wt  = Wt + 
du,
0 
b
t

where

b

(11)

E



( Pt

| F0 ) = p

(t )
bb



−t
+
(1 − e −  t ) 
 X 0e



 − t e −  ( t −u )  (u ) du

 0


1
 s +  s2

(t ) 
2
+ pbs
+ cs 
e




  d + 12  d2
(t )
− e
pbd
+ cd  + g t .



The function

 (t )

(14)

can be calibrated to the market forward prices

so that E  (Pt | F0 ) = f 0t , e.g. by using some fitting procedure (like
the least-squares minimization). Alternatively, one can find the risk
premium and then use the relation between the market price of risk
 (t ) and the risk premium:
t

(t )
−  (t −u )
 (u )du = RP(t ) ,
pbb
e

(15)

0

which

is

a

simple

consequence

of

the

fact

that

RP(t ) = E( Pt | F0 ) − E  ( Pt | Fo ) , formula (15) and Ito's lemma.
Now, the price of a European call option written on the electricity
spot price can be derived.
Option price formula. If the electricity spot price Pt is given by the
MRS model then the price of a European call option written on Pt
with strike price K and maturity T is equal to:
(T )
 pbb

CT ,b ( K ) +
CT ( K ) = e − rT  (T )

(T )
 pbs CT , s ( K ) + pbd CT ,d ( K ) 

 ( K '− m) 2
s
exp  −
2s 2
2
Where


 K '− m  
( m − K ') 1 −  

s



CT ,b ( K ) =


+


(16)

(17)

is the volatility of the base regime. From the Girsanov

theorem, we have that Wt  is a Wiener process under a new measure

Q  defined as
2
 Tmax  (u )

dQ 
1 Tmax   (u ) 
 du
= exp − 
dWu −  
0
o
dQ
2
b


 b 

(12)

with the filtration FtW , being the natural filtration of the process Wt
.Now, the base regime process X t ,b can be rewritten as:

dX t ,b =  −  (t ) − X t ,b dt +  b dWt 

and the expected future spot price is given by:

(13)




 s2 
 exp   s +


2 




2

 log( K '− cs ) −  s −  s  


CT , s ( K ) = K'Cs   1 −  
 
s

 



 −( K '− Cs ) 1 − FLN ( s , s2 ) ( K '− cs )  




2



s 
+ II K '  c s  exp
 s + 2 
 + cs − K '





(18)

and
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 d2 
 −exp   d +


2




  log(c − K ') −  −  2  


d
d
d
CT , d ( K ) = IIk'cd   
 +

d
 

(c − K ') F

2 (cd − K ')
d
LN
(

,

)
d
d







Further,

K ' = K − gT , m = X 0 e −  T +


(1 − e− T ) − and


Forward price formula. If the electricity spot price

formula

(

f t T = P RT  = b | Ft

is

 b2
(1 − e−2T )
2
the cumulative distribution function of the log-normal distribution
with parameters  and  2 .



T

0

e−  (T −u )  (u )du , s 2 =

Here, we assume that the option is settled in an infinitesimal period
T ,T +  . However, in practice, the electricity spot price usually
corresponds to delivery during some period (e.g. an hour, a day) and,
hence, the maturity of the option should be specified on the same
timescale. On the other hand, the analyzed spot price quotations
usually represent some delivery period. For instance, if the
considered data is quoted daily, then the maturity of the option
would be also given in daily timescale and would correspond to
daily delivery.

B. Electricity Forwards
Electricity forward contracts represent the obligation to buy or sell
a fixed amount of electricity at a pre-specified contract price, known
as the forward price, at certain time in the future (called maturity or
expiration time). In other words, electricity forwards are customtailored supply contracts between a buyer and a seller, where the
buyer is obligated to take power and the seller is obligated to supply.
The payoff of a forward contract promising to deliver one unit of
electricity at price F at a future time T is:
Payoff of a Forward Contract ( ST − F )
Where ST is the electricity spot price at time T. Although the payoff
function (1) appears to be the same as for any financial forwards,
electricity forwards differ from other financial and commodity
forward contracts in that the underlying electricity is a different
commodity at different times. The settlement price ST is usually
calculated based on the average price of electricity over the delivery
period at the maturity time T.
Probably, the most popular electricity derivatives are the forward
contracts. Recall that a forward contract is an agreement to buy (sell)
a certain amount of the underlying (here MWh of electricity) at a
specified future date. The settlement of the contract can be specified
in two ways: with the physical delivery of electricity or with only
financial clearing. Both types of settlements are in the following
called delivery. Denote the price at the time t of a forward contract
with delivery at the time T by f t T . Since the cost of entering a
forward contract is equal to zero, the expected future payoff under
the pricing measure should fulfill:
(20)
E  PT − f t T |F t = 0 ,

(

)

(21)
f t = E (PT | Ft ) .
Observe, that now we define the price of a forward contract at any
future date t . This is motivated by the fact that the valuation at time
0 of an option written on a forward contract requires the knowledge
about the forward price dynamics at the option’s maturity t .
what implies that

T



is given by

the MRS model, then the price at the time t of a forward contract
written on Pt with delivery at the time T is given by the following

(19)

FLN (  , 2 )

Pt

)

 

−  (T − t )
+
 E ( X t ,b | Ft ) e



+
(1 − e −  (T −t ) ) −


 T −  (T − u )

e

(
u
)
du


 t


 s + 1  s2

P RT  = s | Ft  e 2 + cs  +
,


1
d +  d2 

2
P RT  = d | Ft  cd − e
 + gt



(

)

(

)

(22)

P(RT  = i | Ft ) =  jb,s ,d  P(RT  = i | Rt  = j )IIRt = j  Note
that in the above formula E  ( X t ,b | Ft ) is used, since this
where

expectation depends on the state process value at a time
if Rt = b
t
time



(

)

spike

or

t . Namely,

then E X t ,b | Ft = X t ,b = X t . On the other hand, if at
a

a

drop

occurred

then

E  (X t ,b | Ft ) = E  (X t ,b | Ft −1 ) and again this expectation is

dependent on Rt −1 value.
When deriving the forward price dynamics, we must remember that
the properties of the obtained model should comply with the
observed market prices. One of the most pronounced features of the
market forward prices is the observed term structure of volatility,
called the Samuelson effect. Precisely, the volatility of the forward
prices is quite a law for distant delivery periods, however, it
increases rapidly with approaching maturity of the contracts. Here,
the forward price volatility is described by the part
P RT  = b | Ft E  X t ,b | Ft e −  (T −t ) of the formula (22). Hence,

(

) (

)

it is specified by the volatility of the spot price base regime scaled
with e −  (T −t ) and the corresponding probability of switching to
the base regime. Observe that the scaling factor e −  (T −t ) exhibits
the Samuelson effect as it increases too 1 with t approaching
maturity time T . Moreover, the forward price volatility, again due
to the scaling factor, is lower than the spot price volatility. This is
following the behavior of the market spot and forward prices.
Electricity forward contracts listed on energy exchanges are usually
settled during a certain period (a week, a month, a year, etc.). Denote
the price at the time t of a forward contract settled during the period
T1 ,T2  f t T1 ,T2  . The latter is the mean price of forwarding contracts
with delivery during the period T1 ,T2 , namely:
ft

T1 ,T2 

=

T2

T1

w (T1 , T2 , T ) f t T dT

,

(23)

=  w (T1 , T2 , T ) E  ( PT | Ft ) dT
T2

T1

where w(T1 , T2 , T ) is the weight function representing the time value
of money. The form w depends on the contract specification. For
contracts settled at maturity, we have w(T , T , T ) =
1 2
instant settlement

w(T1 , T2 , T ) =

re− rT
e
− e −rT2

1 , while for
T1 − T2

, where

r 0

is the

−rT1

interest rate (Benth et al., 2008a). The price f t T1 ,T2  can be obtained
from formulas (22) and (23). Indeed, we have:
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ft

T1 ,T2 



T2

= E λ ( X t,b | Ft ) 

T2

T1

w (T1 ,T2 ,T )

(

P RT  = b | Ft

(

w (T1 ,T2 ,T ) P RT  = b | Ft

)

Bk (i) =

e -β(T -t)dt +

)

(

T
α
-β(T -t)
) - t e-β(T -u) λ(u)du  dT +
 β (1 - e


1 2
w
T
,T
,T
(
)
1
2
T
 μs + 2 σ s
 2
+ cs  
e
T

 1 P RT  = s | Ft dT +

(24)



T1

)

  w (T ,T ,T ) P ( R  = d | F ) dT +

1

T1

2

Price formula for an option written on a forward contract.
The price of a European call option with strike price K and
maturity t written on a forward contract with delivery during
the period T1 ,T2  is equal to:


 K - B0 (b)

+ gt 
A
(b)
0



( K ) = e-rt  A0 (b)Ct,b 



(

)

(25)

P Rt  = b | R0 = b +
t 

   A (i)C 
k

t -k+1,b

 K - Bk (i)

+ gt -k+1 

A
(i)
k



)

(

× P Rt  = i,Rt -1 ¹b,...,Rt -k = b | R0 = b 


Where


T2

T1

A0 (b) = 

T

T1

w ( T1 , T2 , T

(

,

)

)

P RT  = b | Rt  = i e
2

(
)
w (T ,T ,T ) P ( R  = s | R  = i ) dT

T2

We consider an option written on an electricity forward
contract with settlement during a specified period, as it is the
most popular specification of electricity options on energy
exchanges. For example, in the EEX market, there are options
written on forwarding contracts with monthly, quarterly, and
yearly settlement periods. The maturity of such options is set
to the fourth business day before the beginning of the
underlying contract’s settlement period.

Ak (i ) =

(28)

 μs + 21 σ s2
 T2
+ cs   w (T1 ,T2 ,T ) P RT  = s | Rt  = i dT +
e
T

 1

t

T

Finally, we find an explicit formula for a European call option
written on a forward contract delivering electricity during a
specified period. Observe, that the forward price f t T1 ,T2 
depends on the spot price at the time t and, as a
consequence, also on the state process value at the time t .

iÎ s,d  k=1

)

t

T1

C. Options Written on Electricity Forward
Contracts

T1 ,T2 

)

T

T2

w (T1 ,T2 ,T ) gT dT

Cf t 

(

w (T1 ,T2 ,T ) P RT  = b | Rt  = i ×

1
1
2
T
μd + σ d2  T2

2
 cd - e
 T1
T2

 + w (T1 ,T2 ,T ) gT dT

(

T2

T2

T1

α

-β(T -t +k -1)
-
e -β(T -u) λ(u)du  dT +
 β 1- e
t -k+1



T1

1
μd + σ d2

2
 cd - e




w (T1 , T2 , T ) P

(

)

−  (T −t + k −1)

RT  = b | Rt  = b e −  (T −t ) dT

,

(26)

dT

(27)

(

w (T1 ,T2 ,T ) P RT  = b | Rt  = b

)

B0 (b) =   α
T
T1
-β(T -t)
) - t αβ ( e-β(T -u) λ(u)du ) dT +
 β (1 - e



(29)

 μs + 21 σ s2
 T2
+ cs   w (T1 ,T2 ,T ) P RT  = s | Rt  = b dT +
e
T

 1
1
μd + σ d2  T2

2
 cd - e
 T1 w (T1 ,T2 ,T ) P RT  = d | Rt  = b dT



(

)

(

)

+ w (T1 ,T2 ,T ) gT dT
T2

T1

And Ct ,b ( K ) is the “base regime part” of the price of a European
call option written on the electricity spot price with maturity
t and strike K , see equation (29) with T = t .

IV. PRICE RISK MODEL
Electricity has proven to be the most volatile commodity, and
it is not the exception in the Colombian competitive
electricity market. It makes it compulsory to develop
appropriate risk management to maximize agents' benefits
and minimize the corresponding uncertainty upon them.
Among the risks that firms have to handle, are a
macroeconomic risk, price risk, market risk, credit risk,
regulatory risk, country risk, and quantity risk. The last one
is a non- tradable risk, and an implicit feature of electricity,
which has to do with the amount of energy that will be
demanded in the future, which follows a stochastic process as
well as the spot price. This situation directly impacts the
firm’s revenues and makes it necessary to include it when
designing the hedging portfolio.
Financial theory has developed research studies to find how
to address this problem. In [26] electricity risk management
is handled by a multi-market trading approach, while other
references like [27] get to focus on best risk management
trough forward on-peak and off-peak contracts. Nevertheless,
the electricity derivatives are increasingly studied and used
around the world to manage the financial risks and resource
adequacy of power markets, like it is advocated in [28].
Particularly [29] proposed a financial call option to hedge
against critic hydrologic scenarios in the Colombian
electricity system by ensuring generation adequacy.
Further, derivative instruments have been developed to also
handle the quantity risk, like swing options, weather
derivatives, interruptible contracts, among other instruments
named in [30]. The features of these derivative products make
5
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them be usually traded over the counter (OTC); therefore,
they are low liquidity instruments, which is why they are not
regarded in this paper. However, references [31] and [32]
study quantity risk.

Through an extension of the fundamental calculus theorem,
it is demonstrated that any twice continuously differentiable
function can be written as follows, for fixed value F :
x ( p ) = x ( F ) 1 + x ' ( F )  ( p − F ) +

Oum, Deng, and Orean [33] deal with the static hedging
problem of an LSE who has to serve an uncertain electricity
demand q at a regulated fixed price r in a single period from
0 to 1. Besides, the LSE procures the electricity to serve his
customers, from the wholesale market at a spot price p .
Hence the profit of the LSE would be:
(30)
y( p, q ) = (r − p )  q
To protect himself against price risk, the LSE can take a long
−9

position in q forwarding contracts at a fixed forward price
F . However, the LSE will face another risk that arises from
the fact that demand q may vary from the expected value
at time 0 to the actual realized value at time 1. Then, if the
actual demand realized by the retailer agent is q + q , then,

the share of the profit in (28), that is at risk is: (r − p )  q ,
where q could be different to zero (gains/losses).
To deal with this hedging problem, the authors derive the
optimal hedging portfolio as a function of the spot price p .
That is:
(31)
Y ( p, q ) = (r − p )q + x( p )

()

where x p is the optimal hedging portfolio as a function of
the spot price p .
Regarding the LSE's preferences and risk aversion profile, it
is necessary to identify its utility function U over total profit
Y . In turn, because of the positive correlation between price
and demand, which will be evident later in the paper for the
Colombian electricity market, there exists a joint probability

( )

function f p, q defined on the probability measure P ,
which characterizes the behavior of p and q at time 1. On
the other side, Q is a risk-neutral probability measure by
which the hedging instruments are priced and g ( p ) is the
probability density function of p under Q . Keeping this in
mind, the optimization problem is formulated as follows:
max
(32)
x ( p ) E U (Y ( p,q ) ) 




(33)
s.t. E Q x ( p ) = 0
where E and E Q  denote expectations under probability
measures P and

Q

, respectively. In (30) the constraint

implies that the hedge portfolio x( p ) is self-financing, that is,
the LSE can borrow funds in the money market, to purchase
the derivative instruments needed to obtain the maximum
expected utility over the total profit Y ( p, q ) . This constraint
also means that there are no arbitrage opportunities through
this hedging portfolio, under a constant risk-free rate. The
optimization process yields as a result of the optimal payoff
function x ( p ) .

(34)

x '' ( K )  ( K − p ) dK +
+



F

0





F

x '' ( K )  ( p − K ) dK
+

The expression ()+ in the above equation is equivalent to the
function max(,0 ) . It is important to note that in the
expressions above 1, ( p − f ), max(K − p,0), max( p − K,0 )
correspond to the payoff profile of a bond, forward contract,
put option, and call option, respectively. In this sense, and
remaining the LEGO© approach theory presented, with x(F )
units in bonds, x' (F ) units of forwarding contracts, x' ' (K )dK

units of put options with the strike price K (K  F ) , and

x' ' (K )dK units of call options with the strike price K ' (K '  F )

, it is possible to replicate the resultant optimal hedging
portfolio x  ( p ) from the optimization process. This financial
derivative has an underlying asset the electricity spot price.
Viewed from this angle, to replicate the optimal function
the equation (34) implies that it is necessary to have
a set of continuum strike prices for both put and call options.
Since markets are incomplete, there are no markets with that
amount of strike prices on board, and assuming that there is
only n put options and m call options available in the
market, Oum, Deng, and Orend proposed a portfolio
compounded by x(F ) units of bonds, x' (F ) units of
x ( p ) ,

forwarding contracts, 1 (x' (K ) − x' (K )) units of put
i +1
i −1
2

options

with

strike

1
(x' (K j +1 ) − x' (K j −1 ))
2

prices

K i , i = 1,..., n

and

units of call options with strike

prices K j , i = 1,..., m . The errors of this replicating strategy are
calculated depending on the range in which spot price is
realized at time 1.

V. MODEL ESTIMATION
PHYSICAL MEASURE

UNDER

THE

The non-storability feature of electricity along with the
steeply rising supply and the inelastic demand curve, both
schematically represented in Figure 1, makes the electricity
price p and the electricity demand q to be positively
correlated. It happens in this way in the Colombian electricity
market, since the dispatch is carried out in order of merit, so,
when demand rises during on-peak hours, it forces the system
to put in operation a more expensive generation resource,
increasing the spot price as well.
Additional to the fact explained above, throughout summer
seasons, the hydropower plants which are technologies with
6
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lower variable costs, reduce their power production due to
natural water inflows shortages and of course to a
diminishment in water reserves into reservoirs. This turns out
in a higher marginal system cost, so an increment in demand
translates into an increase in the spot price. This increment in
the spot price reaches larger values during summer seasons
than during winter seasons. Therefore, the correlation
between p and q is bigger during dry periods in the
Colombian wholesale electricity market.
The earlier reasons justify the usage of the price-quantity
hedging strategy presented, to design suitable derivative
instruments to be used by the agents of the electricity market.
It is clear that the advantage offered by the financial
derivative products arises from the fact that is likely to
achieve the maximum expected value of total profit Y ( p, q ) ,
together with the minimum deviation of this profit (which
means less uncertainty over LSE's total profit), after building
a hedging portfolio with those instruments.

To do so, a utility function to represent the risk aversion
preferences of the agents like a mean-variance utility function
is a good candidate to accomplish both goals at the same time.
Here it is utilized the same mean-variance utility function
which has been used in financial hedging literature to deal
with non-tradable risk:
(35)
1
U (Y ) = Y −

2

(

a Y 2 − E Y 

2

)

where a represents the agent's risk aversion coefficient.
Certainly, maximizing the expected value of the utility
function in (33)  EU (Y ) = EY  − 1 aVar(Y ) is equivalent to


2

( )



maximize the expected value of Y p, q and also to minimize
the variance of (33), which is the advantage provided by a
price-quantity hedging portfolio.
In equation (33) it is presented the optimal hedging function
constrained to the mean-variance utility function. The
arithmetic procedure to find this expression is developed.
g ( p) / f p ( p) 
1
1 − Q
 − E  y ( p, q ) | p  +
a
E  g ( p) / f p ( p)  

g ( p) / f p ( p)
E Q  E  y ( p, q) p  Q
E  g ( p) / f p ( p) 
x ( p ) =

(36)

instruments for all the participants in the market, the
goodness of this model, is that equation (36) can be used to
calculate the optimal payoff function for each retailer, which
will determine the optimal hedging instruments needed by
each particular retailer. Once this task is undertaken, and
seeking to find the optimal hedging instruments for all of
them jointly interacting in the market, here it is proposed to
estimate a weighted average market payoff function x ( p ) as
presented in equation (36), which will represent the joint
needs of all the agents and could be used to determine general
hedging instruments -suitable for all-, by no favoring big or
small agents and giving to each of them the same hedging
opportunities.
N
(37)
x ( p ) =  wi xi ( p )
i =1

Where,

S

wi =

 x
 
0
N


i

S

i =1 0

( p)dp

(38)


i

x ( p)dp

The variable S corresponds to a price-cap value defined
under the market maker or clearinghouse criteria. Within the
Colombian framework, this variable could be interpreted as
the scarcity price associated with the firm energy market
described above, since hedging above this price already exists
given the call options related to that market.
After calculating x ( p ) , the replicating methodology
suggested is used to find the right number of bonds, forward
contracts, put and call options needed to best describe the
behavior of x ( p ) .
Some of these financial instruments are currently available in
the Colombian market, except the financial options. The
simplest of them, bonds, can be found available in the stock
market; forward contracts needed to replicate the function
x  ( p ) , could be either the current bilateral contracts (not
suggested), the forward contracts that are planned to be
included in MOR proposal, or even better, future contracts
which are quite possibly to be launched the next year by a
central chamber of counter-party risk (CRCC) to be
established soon in Colombia. Since there are no financial
options to replicate the optimal hedging function on the
current electricity market.
Now, for the empirical analysis and the estimation procedure
we use data from the Colombian electricity markets daily
market representative rate value (in Colombian Pesos) the
period from January 1, 1995, to December 2 2013 with 6853
observations. The fig 2 time series of the resulting price for
the above Colombian electricity daily price.

where f p ( p) is the marginal density function of p under the
probability measure P.
From the perspective of a clearinghouse or a market maker,
who is willing to design the most adequate hedging
7
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Figure 2: History of Daily price
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The fig 3 gives the QQ plot for electricity daily price.
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Figure 3: Normal QQ plot.

VI. CONCLUSION
From the above discussion, in this paper, we attempted to
introduce an algorithm for pricing derivatives to intuition
from the Colombian electricity market. Initially, we started
our approach through simple stochastic models for electricity
pricing. And, we derived analytical formulas for prices of
electricity derivatives with different derivatives tools. 3)
Then we extended short of the model for price risk in the
electricity spot market. Finally, we constructed the model
estimation under the physical measures for the Colombian
electricity market. And this paper ends with a conclusion .
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Abstract
Through the GMM method, this work proposes to advance
the modeling of demand for anhydrous ethanol and hydrated
ethanol in Brazil. Several previous studies with the same
objective brought relevant contributions to estimate the demand
for biofuels better. The models present in this article gathered
those contributions that were previously seen in isolation.
Further, new advances have been made. The results generated
by this model have proven to be significant. This paper also
identified contributions that could be relevant to further
modeling demand for anhydrous and hydrated ethanol, but
which are not possible given the limited data.
Keywords: Fuel ethanol demand, GMM, Economic analysis

I.

INTRODUCTION

The first fifteen years of the 21st century were characterized by
global concerns about energy supply and the acceptance of the need
to address the effects of climate change [1]. These factors have
aroused interest and significant investments in renewable energy by
the international community. However, the global energy matrix is
still composed almost entirely of fossil carbon sources - about 81%
- while those of renewable energy represents only 14% of the total
[2].
Because of high oil prices (fossil carbon source represents 33% of
the global energy matrix and is the primary fuel source [2]),
particular emphasis has been placed on liquid biofuels. They are
direct substitutes for oil and allegedly contribute to rural
development, emission reductions in the transport sector, and
reduced oil imports [3].
Brazil, in addition to standing out from other countries for having
the most sustainable energy matrix - renewable energy sources
representing about 43.5% of the entire national energy matrix [2] is also the third-largest producer and consumer of biofuels in the
world, behind only the United States and China. However, unlike
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other countries, Brazil can increase biofuel production without
causing apparent food supply damage [4].
Studies conducted by the Brazilian Sugarcane Industry Association
(Unique, 2016) have shown that no country in the world produces
ethanol with the same efficiency as Brazil due to the quality of the
raw material and suitable weather conditions [4].
The sector's success has come from improvements in technology,
the state incentive to increase renewable energy, and the
introduction of flex-fuel vehicles in 2003. All of this gave a new
boost to the sugar-alcohol industry and the reduction in production
costs (around 70%), in addition to constant increases in the price of
oil, which ended up making this biofuel highly competitive in the
domestic and foreign markets [5].
The demand for ethanol fuel, produced from renewable resources,
has increased considerably in Brazil in recent years. The projection
of the Brazilian Energy Research Company (EPE, 2018),
considering a high growth scenario, is that the demand for ethanol
fuel in Brazil will reach 50 billion liters in 2030, meaning an
increase of 87% compared to current consumption [6].
This heated scenario for the Brazilian ethanol industry demonstrates
the importance of studies on fuel demand behavior. There are
several papers on this subject, such as Buonfiglio and Bajay (1992)
[7], Tokgoz and Eleboid (2006) [8], Junior et al. (2010) [9], Serigati
et al. (2010) [10], Freitas and Kaneko (2011) [11] and Randow et al.
(2013) [12] (Table 1).

Table 1. Precedents of demand modeling to Brazilian biofuel
Author

Keyword

Biofuel Demand Estimation

Junior et al.
(2010)

Simple
model

Buonfiglio
and Bajay
(1992);
Serigati et
al. (2010)

Compleme
ntary Good

𝐷𝑒 = 𝑓(𝑃𝑒 , 𝑃𝑔 , 𝐹, 𝑌)

Freitas and
Kaneko
(2011)

Seasonality

𝐷𝑒 = 𝑓(𝑃𝑒 , 𝑃𝑔 , 𝐹, 𝑌, 𝑑𝑢𝑚𝑚𝑖𝑒𝑠)

Tokgoz and
Elobeid
(2006)

Aspects of
fleet

𝐷𝑒 = 𝑓(𝑃𝑒 , 𝑃𝑔 , 𝑌)

𝐷𝑎𝑒 = 𝑓(𝑃𝑒ℎ , 𝑃𝑔 , 𝐼𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛, 𝐵𝑙𝑒𝑛𝑑, 𝑌)
𝐷ℎ𝑒 = 𝑓(𝑃𝑒ℎ , 𝑃𝑔 , 𝐼𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛, 𝐹𝐹, 𝑌)
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n

About Brazilian ethanol, the simplest regression model found for
this fuel was as seen in Junior et al. [9], which therefore took into
consideration only the variables ethanol price, gasoline price, and
consumer income. Buonfiglio and Bajay [7] and Serigati et al. [10],
when estimating a demand model for Brazilian ethanol, in addition
to the explanatory variables found in the simplest regression models,
also considered it essential to include a new variable in the model,
the 'fleet' variable (F), represented by the number of vehicles in
circulation in the country.
Freitas and Kaneko [11] differentiated themselves from the former
by taking into account in their ethanol demand model the seasonality
in price and consequently in ethanol consumption.
Due to the non-existence of sugarcane stock (as it is a highly
perishable agricultural good that cannot be stored), Brazilian mills
have an average idleness per year of four months in biofuel
production. In this interval, which corresponds to the inter-harvest
period between November and March, the mills present a significant
drop in ethanol supply, which leads to an increase in final consumer
prices and lower fuel consumption [11, 15].
Therefore, Freitas and Kaneko [11] included in their model a
dummy variable containing an observation for each month analyzed,
which is intended to contribute to the discernment of the magnitude
of the seasonal effects on ethanol consumption in Brazil.
Tokgoz and Elobeid [8], in their estimation model for the demand
for ethanol in Brazil, trying to treat the fleet variable (F) in a certain
way that aspects of it are considered. Their first contribution to a
better estimation of ethanol demand in the country is that it is
divided between the demand for anhydrous ethanol and hydrous
ethanol. Hydrated ethanol is extracted in the distillation process. It
is used by vehicles powered only by alcohol and by flex-fuel
vehicles. Simultaneously, anhydrous ethanol derived from hydrated
ethanol after the dehydration process is contained by state
imposition in gasoline. It is used in vehicles powered only by
gasoline and flex-fuel vehicles.
Thus, it is assumed that the demand for each type of ethanol
responds to different incentives, so they should not be considered in
the same equation. While anhydrous ethanol consumption is directly
proportional to the gasoline price, hydrous ethanol has an inverse
relationship.
The behavioral equation proposed by Tokgoz and Elobeid [8] for
anhydrous ethanol consumption includes, in addition to the price of
anhydrous ethanol and the price of gasoline, the imposition of
blending, since anhydrous ethanol is used only as a blend at the level
of imposition. The variation in this percentage of imposition
influences the consumption of anhydrous ethanol. For the hydrated
ethanol equation, the variable FF is added, representing the number
of flex-fuel vehicles in the vehicle fleet since hydrated ethanol is
used in these vehicles at any level. For both equations, a term of
interaction is also included, which equals the price of gasoline times
the ratio of flex vehicles in the total fleet of vehicles. According to
the authors, this interaction term captures the higher sensitivity of
demand for flex-fuel vehicles in gasoline prices.
With the increase in the flex-fuel fleet, demand for anhydrous and
hydrous ethanol tends to become more sensitive to changes in
gasoline prices. In the case of anhydrous ethanol demand, with the
increase in gasoline prices, demand for ethanol declines as
consumers who own flex-fuel vehicles replace gasoline blended
with anhydrous ethanol with hydrous ethanol, so the coefficient of
interaction in this equation is negative.

On the other hand, demand for hydrated ethanol increases if the price
of gasoline increases, as consumers of flex-fuel vehicles prefer the
use of hydrated ethanol over gasoline that has anhydrous blended.
Thus, the interaction coefficient in the hydrous ethanol equation is
positive.
Tokgoz and Elobeid [8] chose not to put the price of anhydrous
ethanol in their model. In addition to being integrated with the price
of gasoline, anhydrous ethanol has a high correlation with the price
of hydrated ethanol and the fact that the cost of dehydration is
constant.
However, these papers intersect to some extent. They have different
and isolated contributions on the subject. This article aims to
contribute to the advancement of ethanol demand modeling in Brazil
by estimating one or more models that bring together these different
contributions in the literature and beyond, from them also propose
advances.

II.

METHOD

Using the free software of RStudio integrated development
environment, the regression of the models with multiple variables
proposed by this work, which gathers the different contributions
present in the existing literature, will be performed using the GMM
econometric technique (Generalized method of moments). The data
present in the models comprise the monthly period that goes from
May 2013 to April 2020; this one is due to data limitation regarding
the variables that consider the vehicle fleet that started to be
separated by fuel only in May 2013.
As seen in Hayashi (2000) [13], the generalized method of moments
(GMM) is a generalized form of estimation that equals a moment to
a given value, which is nothing more than satisfying a sample mean.
Taking two random variables 𝑧𝑡 e 𝑚𝑡 the generalized estimator of
moments can be expressed as follows:

𝛽̂1 =

∑𝑇𝑡=1 ∑𝑇𝑡=1 𝑦𝑡 𝑥𝑗 (𝑚𝑡 𝑚𝑗 + 𝑧𝑡 𝑧𝑗 )
∑𝑇𝑡=1 ∑𝑇𝑡=1 𝑥𝑡 𝑥𝑗 (𝑚𝑡 𝑚𝑗 + 𝑧𝑡 𝑧𝑗 )

(1)
The estimator has asymptotic properties, and it is expected that the
instruments generated and the additional moments have no
correlation with the error term.
The regression models for anhydrous ethanol demand and hydrated
ethanol demand were estimated in the log-log functional form to
obtain coefficients that can be interpreted as the variables' elasticity.

log 𝐶𝑒ℎ 𝑡 = 𝛽0 𝑡 + 𝛽1 logPeht + 𝛽2 logPgc + 𝛽3 logIt t
𝑡
+ 𝛽4 logAF + 𝛽5 logY
(2)

log 𝐶𝑒𝑎 = 𝛽0 + 𝛽1 logPeh + 𝛽2 logPgc + 𝛽3 logIt + 𝛽4 logHF
+ 𝛽4 logHBlend + 𝛽5 logY
(3)
The variables present in the above models refer to: Ceh (hydrated
ethanol consumption); Peh (the price of hydrated ethanol); Pgc (the
price of C gasoline); It (term of interaction that is equal to the ratio
of the fleet of flex-fuel vehicles times the price of gasoline, which
aims to capture the consumer preference of the flex-fuel fleet
between gasoline and ethanol); AF (Anhydrous fleet; Y (GDP); Cea
(consumption of anhydrous ethanol); HF (Hydrated Fleet); and
Blend = Levels of the imposition of blending of anhydrous ethanol
in gasoline.
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Adjusted R-square

III. RESULTS

The models proposed in this work, based on the researched
literature, are presented below:
𝐷𝑎𝑒 = 𝑓(𝑃𝑒ℎ , 𝑃𝑔 , 𝐼𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛, 𝐵𝑙𝑒𝑛𝑑, 𝐴𝐹, 𝑌, 𝑆𝑒𝑎𝑠𝑜𝑛𝑎𝑙𝑖𝑡𝑦)
𝐷ℎ𝑒 = 𝑓(𝑃𝑒ℎ , 𝑃𝑔 , 𝐼𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛, 𝐻𝐹, 𝑌, 𝑆𝑒𝑎𝑠𝑜𝑛𝑎𝑙𝑖𝑡𝑦)
For the anhydrous ethanol demand equation, it essential to include
the variable 'Anhydrous Fleet' (AF), equivalent to the fleet of
vehicles using anhydrous ethanol, being composed of the fleet of
vehicles powered by gasoline plus the fleet of flex-fuel vehicles, and
for the hydrous ethanol equation, in place of the variable FF (Flex
Fleet), the inclusion of the variable 'Hydrated Fleet' (HF), composed
of the fleet of vehicles powered by hydrous ethanol, equivalent to
the fleet of vehicles powered by alcohol, and the fleet of flex
vehicles.
Table 2. Model 1 results from GMM regression
Variable

Coefficient

Std. Error

t-test

p-value

LNCEH

0,48

0.047

10.288

0.0000

LNPEH

-1,83

0.32

-5.7137

0.0000

LNPGC

1,19

0.36

3.3089

0.0014

LNIT

0,69

0.28

2.4358

0.0172

LNHF

0,22

0.98

0.9840

0.3282

LNY

0,96

0.14

6.6558

0.0000

R-square

0.93

J-test

13.56427

Adjusted R-square

0.93

Prob. (J).

0.258048

The R square of the regression was very high (Table 2), showing
that the instrumentalized variables explain the model well. Except
for ln Hydrated, all variables were statistically significant, at least
5%. Ethanol demand presents an expected variation of -1.83% when
Ln Peh increases by 1%. The other interpretations are analogous.
The GMM minimizes a function representing the conditions of duly
weighted moments. If these moment conditions are correct, they will
average 0. It leads to a super-identification test using the minimized
value of the function; this is the J test, which has the moment
conditions correct when the null hypothesis. As shown in Table 3,
the test was not rejected.
The rejection of the test represents moments that are not equal to
zero; that is, one rejects the model because the condition of moments
is not valid. That is, the instruments were not valid. What was not
the case, the instruments were valid.
Table 3. Model 2 results from GMM regression
Variable

Coefficient

Std. Error

t-test

p-value

LNCEA

0,42

0.095

4.436274

0.0000

LNPEH

0.99

0.16

5.975518

0.0000

LNPGC

-1,68

0.35

4.699009

0.0014

LNIT

0,83

0.33

2.482698

0.0172

LNBLEND

2,27

0.23

9.721190

LNAF

-1,49

0.33

-4.4325

LNY

1,6

0.12

13.72629

0.0000

0.74

J-test

17.14020

R-square

0.72

Prob. (J).

0.103796

AND DISCUSSION
The interpretation of results is similar to the previous one. All
coefficients were statistically significant, and the J statistic was not
rejected.

IV. LIMITATIONS
As noted by Randow et al. (2013) [12], although the available supply
and transportation structure allows ethanol to be sold at all service
stations in the country, Brazil's fuel market is relatively
concentrated.
Given the concentration of production, the vast distance between
most Brazilian states and the largest ethanol producers, the
consequently high costs of transaction of ethanol produced, and the
poor conditions of Brazilian roads, ethanol's price in most Brazilian
states is very high. It exceeds 70% of the price of gasoline [12].
Sugarcane ethanol-producing states present different climatic
conditions. Due to these different climatic conditions, the sugarcane
harvest and consequently the idleness in ethanol production in these
states is not homogeneous either.
While the interstate sugarcane harvest and the idle production of
mills in the center-south region occur between November/December
and March/April, in the northeastern region, they are seen between
April/May and August/September [14].
We point out that ethanol prices and their consumption are not
homogeneous because of the fuel production seasonality. However,
the only way to consider such heterogeneity in a model is to observe
each Brazilian state. Beyond that, these observations need to be
monthly, which cannot yet be done due to limited information.
After consulting several databases about proxy data for consumer
income, such as GDP, per capita GDP, average household income,
disposable income, and energy consumption, although monthly data
are available, data from each state or even municipality were not
founded.

V.

CONCLUSION

Two models for Brazilian ethanol demand were proposed. These
models and their variables were based on the combination of
antecedents re-search.
This work is the first that brought together different and relevant
contributions in a single model and is the first that for each ethanol
demand function, in the variable that refers to the vehicle fleet, only
the vehicles that use that fuel was taken into consideration. The
results returned by regression using the GMM method show that this
estimate's models are generally significant.
It is concluded that more comprehensive and analytical modes of
national ethanol demand would be possible. Both dependent and
independent variables were based on observation for each Brazilian
state instead of a single national observation. However, these
advances are not possible due to data limitations.
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Abstract
Wind energy is undoubtedly an essential generation source
required to achieve a transformative renewable energy supply
portfolio. However, long-term sustainable wind energy
deployment faces various challenges due to various complex
interconnected impediment factors. These inherent endogenous
and exogenous uncertainties preclude obtaining an accurate
future trend, which complicates the design of a good policy. This
study seeks to critically identify all the involved parameters that
contribute to the future of wind energy in Iran. In doing so, the
research employs Fuzzy Cognitive Maps to analyse the
relationship and role of each determined element within the
system. The research outcome revealed 26 influential factors
shaping the dynamics of the system in six main categories
(PESTEL). The findings demonstrated that Iran’s wind sector
is predominated by economic and political drivers with strong
interconnections. Five key concepts, including two economic,
one legal, and two political, were ascertained that contribute to
the system’s stability.
Keywords: Wind Energy; Fuzzy Cognitive Map; Renewable
Energies

I. INTRODUCTION
The roller-coaster of Iran's international policy is rolling fast fuelled
by nuclear matters with big world powers participation. The
resulting governmental changes over the past years have been
dramatic in the country's energy sector. Privatization and economic
reformations have postponed at the expense of these disruptions.
The reliance on oil and gas exports is at 60% of total revenue and
80% of export earnings [1] Sufficient sources of renewable energies
(REs) relying financially on fossil fuel exports have been more
defenceless yet less prioritized sectors. In recent years, wind energy
has consistently been one of RE's fastest-growing sources. Onshore
and offshore wind energy globally account for more than 19.1% (or
622,408 MW) of the total electricity generation by REs, which is
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just a piece of the total capacity (1,263,914 GWH) [2]. Despite the
significant production capacity (i.e., 39,420 GWH) in Iranian wind
farms, the sector is vulnerable and overly exposed to the mentioned
factors. Under the current inconsistent positions, the industry ability
to achieve intentions set has remained an open question. To address
this gap, the FCM approach investigates the characteristics,
communications, and influences of concepts. The FCM-based
framework is built in a participatory workshop and is bolstered
throughout a survey. This study seeks to promote wind energy in
Iran and enrich the burgeoning literature by using FCM in the RE
sector to identify the most critical factors influencing the expansion
of this industry and design strong strategic decisions.

II. Fuzzy Cognitive Mapping Procedure
FCM is a mapping and qualitative simulation method used to
visualise dynamic multidimensional models by providing causation
and modelling input values to simulate variations of a complicated
system. For the researchers who use this method, the key
considerations are the structural analysis and description of a system
in terms of the causal system's components [3]. This method's
results are accomplished by identification and development steps.
FCM modelling can provide a cross-network of significant variables
and components. The FCM technique determines the need to
describe the entire system's scope and limits and quantify the
relation between the system components [4]. The FCM analysis
yield the following results in this study: (1) Identify and classify
system variables into different categories, including economic,
environment, legal, political, social, and technological. (2)
Evaluating concepts based on their impact on other variables; (3)
Draw the parameters' interrelationships according to the specialised
knowledge.
Principally, cognitive maps are directed diagrams which have two
major components: (1) variables (known as nodes) to describe the
system components and behaviours, and (2) links (known as edges)
to represent the links and interrelationships between the nodes.
Links between the nodes are assigned weights to quantify the
strength of their causal associations. The fuzzy logic added to
cognitive maps demonstrates the degree of uncertainty involved in
human thought. The addition of fuzzy numbers enables highlighting
the level of influence and impact that concepts have on other
concepts and the system, resulting in higher investigation efficiency.
In an FCM, concepts take the fuzzy values in the range between (0,1)
(or (-1,1) [5]) and weights of the arcs/interconnections belong to the
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interval (-1,1) [6]. This presents vague degrees of causality between
hazy casual concepts. There are three different types of possible
causalities (Rij) between every pair of concepts Ci and Cj:
Rij>0: positive causality, where Ci casually increases Cj,
Rij<0: negative causality, where Ci casually decreases Cj, and
Rij=0: no causality between Ci and Cj.
The logic of an FCM developed upon dynamic feedbacks refers to
forward iterations. A mathematical formulation is designated to
measure the values of the corresponding variables for each concept.
Typically, an FCM of n concepts could be represented
mathematically by a n state vector: (A) which gathers the concept’s
values and by a n×n weight matrix (W). Having assigned values Ai
to the concepts Ci and weight among concepts, the FCM converges
to an equilibrium point using below calculation rule:
Rescaled-Kosko interference:
(s+1)

𝐴𝑖

= 𝑓((2 × 𝐴𝑖𝑠 − 1) + ∑𝑛𝑗=1,𝑗≠𝑖 𝑤𝑗𝑖 × (2 × 𝐴𝑗𝑠 − 1)) (1)

Kosko [7] has introduced an iterative equation which was further
developed by Papageorgiou [8] to calculate the values of the
concepts at each iteration (Eq. 1). This equation is known as
rescaled-Kosko interference. Where 𝑠 is the interaction index an
(𝜅)
every simulation step; 𝐴𝑖 represent the value of concept Ci at the

simulation step 𝑠 ; and 𝑤𝑖𝑗 illustrates the weight of the
interconnection between concept Ci and concept Cj. The simulation
process is initiated by assigning values to nodes to be transformed
through the simulation process. Accordingly, fuzzy values are
assigned to concepts, and, as a result, all concepts store specific
numeric values. Necessarily, transformation functions are required
to retain fuzzy causal edges between -1 to +1. Generally, there are
four most commonly used transformation functions: hyperbolic
tangent, trivalent, and linear Sigmoid [9]. Linear Sigmoid function
(Eq. 2) was selected in this study as the transition function due to its
reliability and accuracy [10].
1

Linear Sigmoid: 𝑓(𝑥) = 1+𝑒 −𝜆×𝑥

(2).

III. Research Methodology
The FCM method was a progressive procedure with two main steps
(Figure 1): (I) recognition of concepts, (II) FCM expansion and
analysis. The first stage included a literature review, surveys,
compiling the outcome of the surveys, and lastly, finalising the
picked concepts. Upon defining the study’s purpose and scope, a
preliminary list of influential parameters in the wind sector was
initially identified from the literature review. The overall trend of
wind energy deployment refers to the electricity generated by
turbines in onshore wind farms.

Figure 1.Proposed framework. Blue cells: Authors activity; Purple cells: Questionnaire surveys; Green cells: Expert engagements; Red
cell: Expert group consultation.
The discovered variables were grouped into six main categories
of the PESTEL framework [11]: political, economic, social,
technological, environmental, and legal. These concepts were
then given to respondents through a questionnaire survey to
estimate their relevance. This categorisation strived at (1)
improving the weights assigned, (2) helping the respondents of
the questionnaires to find any lost concepts within each category,
and (3) gaining some impressive generalised results. One hundred
and forty postgraduate students in energy engineering and
foresight from top-ranked universities of Iran were asked through
email to evaluate the association level between 36 parameters and
the object by a 7-point bipolar Likert scale and add any missed
variable with its connection degree at the end of each main

section. The response rate was 26.4% (37 replies). The collected
values of each concept were accumulated. Those rated as
‘moderate connection’ or above were given to the experts in the
last step of stage I (finalisation of the concepts).
A group of 15 expert stakeholders firstly were familiarised with
the case and the FCMs. Next, the ascertained factors were
distributed to the professionals for further estimation. The factors
were discussed, modified, merged, and filtered to ultimately reach
26 concepts (72.2% of the initial concepts; Table 1).
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Table 1. Main categories and concepts
Main factor
Economic

#
EC1
EC2
EC3
EC4
EC5
EC6
EC7
EC8
EC9
EC10
EC11
Environment
EN1
EN2
Legal
LE1
LE2
LE3
LE4
Political
PO1
PO2
PO3
PO4
Social
SO1
SO2
Technological
TE1
TE2
C26

Key concepts

Concept
Economic stagnation*
Electricity demand
Operating expenses
Electricity price
Investment risk
Return on investment
Budget provision
Exchange rate
Electricity export
Energy price liberalization
Private sector disengagement*
Environmental regulations
Environmental concerns
Market regulations
Government supports*
Guaranteed electricity purchase
Disruption of administrative
Unstable relations with the U.S.*
Unstable relations with EU
Sanctions*
Regional & domestic instability
Population growth
Public knowledge
Technology maturity
Local technical development
Deployment of wind energy

After agreement on the concepts, they were requested to draw
individual maps. The personal maps were assembled, and a
preliminary cognitive map depicting the consensus viewpoint was
presented. The aggregated map was declared to the panel to obtain
feedback and possible changes to gain consensus on the map.
Then stakeholders weighted the causal links conveniently using
either (1) numerical coding using values within the range of -1
(most significant negative) and +1 (most significant positive) or
(2) linguistic terms that indicate the identical quantitative values.
The gathered assessments were combined by averaging the causal
weights. The aggregated weights were used (the red cell in Figure
1) in an online meeting with the entire expert stakeholder group
to finalise the links and arrive at an agreement on the final
cognitive map. Finally, various aspects of the developed FCM
were investigated, and the properties of the main categories and
model structure were analysed, and the sensitivity of the key
concepts was measured.

A. Revealing Key Concept
Narrowing the variables to the most central and uncertain items
sets value on the analysis when there are too many parameters
with a minor role in the system's dynamics. In identifying key
concepts, the experts’ viewpoints are consolidated into the
model's characteristics. Three indices obtained from the FCM
highlight these characteristics: in-degree, outdegree, and
centrality. These indexes were measured to define the concept's
role in the model. The first two indicate the weight of the inbound
and outbound links. They are recognised as the driver (influential
or active) and receiver (dependent or passive). Centrality
measures the overall importance of a concept to the causal flow
on the cognitive map by calculating the absolute sum of
interactions between concepts [7]. Concepts with the highest
centrality after experts’ approval were elected as key concepts.
More information and characteristics of the model are presented
as following.

IV. RESULTS
The main factors features, model structure, and sensitivity
analysis of the key concepts are presented in the following
sections.

A. Analysis of the PESTEL Factors
The main factors outline particular features when studying the
aggregate value of their corresponding concepts. While they were
not employed in the FCM simulations, they do provide dominant
penetrations toward two overall trends: First, the central aspects
of the main factors (Figure 2), and second, the macro connection
that exist between them (Table 2. Twenty-eight interlinkages
between the PESTEL factors.).When self-loops are included,
social and environmental factors have the most negligible impact
on the system, while legal, economic, and political categories are
the most influential with the highest centrality (6.4, 6.39 6.13,
respectively) (Figure 2). The technological aspect will play a
limited role (2.65) in the growing wind energy, as expected. The
political factor is more of a transmitter than a receiver (5.03 >
1.10), in contrast to the economic factor's passive role. When
exogenous dynamics are excluded, wind energy expansion is
dominated by legal and technological categories, which have the
highest centrality (5.1 and 4.8, respectively). As the least active
and most influential factors (0.05 and 3.98), political parameters
fall to the third level. A large proportion of economic factors are
self-loops (52%) as they become more receivers than transmitters
(2.11 > 1.23), and social and environmental categories are the two
lowest rated with the lowest centrality.

Figure 2. Outdegree and in-degree values of the PESTEL
categories, including and excluding self-loops.

Concepts within all groups associate with others, meaning there
is no solely dependent category (Table 2). As the most active
group, the economic factor is a significant receiver concerning the
political and legal considerations (12.1 and 9.5, respectively).
This indicates that political and legal variations powerfully shape
the financial determinants. The political factor influences two
other variations, environment and legal, while playing a minor
role as a receiver from the economic factor (0.2). The legal factor
does not direct the political elements, but it changes technological
and social variables. The synergy between the environment
category and four others designates its almost active role in the
system.
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Social

Technological
2.8

0.1

1.0

0.6

2.6

0.7

1.4

Legal

0.5

Environment

0.20

Economic

Political

Table 2. Twenty-eight interlinkages between the PESTEL
factors.

Economic

15.3

1.6

4.4

Environment

0.1

1.2

Legal

9.5

0.4

Political

12.1

0.8

1.9

Social

0.6

0.6

0.2

0.1

Technological

3.5

0.3

0.1

Categories

4.20
0.5

B. Model Structure
The FCM model (Figure 3) involves 26 concepts and is
arranged into six PESTEL categories. Around 42% of
concepts refer to the economic group, while the legal,
social, and technological factors possess the lowest share
(8%). There are 185 linkages among concepts, including
three positive self-loops in the economic and social

categories. Environmental and social indicators do have a
direct influence on goal whilst nine economic concepts,
three political and legal, and two technological concepts
directly impact the goal. Deployment of wind energy only
transforms electricity exports directly. Experts opted for
five key concepts amongst seven parameters with the
highest centralities that significantly impact the system.
Two come from the economic category (EC1 and EC11),
one is legal (LE2), and the other two are political (PO1 and
PO3).
Within the FCM model, private sector
disengagement has the most control over other concepts
(7.7), whereas government support and sanctions are
strongly influenced by other determinants (9.2 and 7.5,
respectively). The highest centrality and outdegree among
all concepts belong to the government support that proves
the government's fundamental influence on wind energy
spread. Unstable relations with the U.S. was preferred by
the specialists for their significant influence on the system
(7.30), although budget provision and investment risk had
higher centrality (8.1 and 7.8). All concept types are
ordinary (no being isolated concept), which means they are
in relation to at least one concept in the network.

Economic
Environmental
Legal
Political
Social

Figure 3. The finalised FCM visualised by Gephi, illustrating only nodes with the weights >= 0.5 (+/-).

Three useful guides promote the perception of the performance of
the network and its concepts. Closeness centrality calculates the
distances from a vertex to the other concepts [12]. The
eigenvector centrality measures the impact of a concept in a
network as the extension of the degree centrality, and harmonic
centrality assesses the average distance of a concept to other
connected or unconnected nodes. As Figure 4 demonstrates, the
network connections indicate that the concepts’ harmonic and
closeness centrality are approximately equal. It confirms the

connectivity of the network. Economic stagnation (EC1), which
has the greatest harmonic and closeness centrality, is actively
correlated to other concepts while its eigen centrality is lower than
0.1. The highest eigen centrality level for private sector
disengagement (EC11) displays its meaningful impression on the
system. High closeness and harmonic centrality for both unstable
relations with the U.S. and sanctions (PO1 and PO3) explain their
dynamic cooperation with the system's other components.
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were reached after less than 25 iterations. Key concepts
sensitivity was then derived by analogising the relative variations
between the obtained steady state and a new one.
To better appreciate the concepts' respond to the changes, the
impact of each key variable alteration on the system in isolation
is considered (Figure 5). The highest qualification level is
observed when sanctions, unstable relations with the U.S., and
economic stagnation values are clamped to 0. A reduction in
economic stagnation generates a sizeable relative increase in the
return on investment and operating expenses (+46% and -34%,
respectively). Sanctions and unstable relations with the U.S. shift
the value of 14 and 18 variables (> 5 %), respectively. Such key
concepts adversely influence EC11 and EC5 by almost identical
values. These changes are nearly correlated to the return on
investment rise and the economic stagnation fall. The lack of
government support leads to a rise in private sector
disengagement and investment risk of about 9%. When clamping
private sector disengagement to 0, concepts profoundly stabilized
except for budget provision and local technical development.
Private sector disengagement is also most stimulated by EC1, PO1,
and PO3 at around -39%, -36%, and -40%, respectively.

Figure 4. Analysis of the concepts’ performance using three
network indices.

C. Sensitivity Analysis
The sensitivity of the model is checked here to assess the
consequences of a key concept’s modifications on the system and
goal. For this purpose, the model is run to create the initial steady
state. Its results of no intervention with a starting vector at one

Economic stagnation

Private sector disengagement

Unstable relations with the U.S.

Sanctions

Government supports

60
40
20
TE2

TE1

SO2

SO1

PO4

PO3

PO2

PO1

LE4

LE3

LE2

LE1

EN2

EN1

EC11

EC10

EC9

EC8

EC7

EC6

EC5

EC4

EC3

EC2

-20

EC1

0

-40
-60
Figure 5. The comparison between steady-state and change rate of 25 concepts by clamping each key concept to 0.

The target variable's fluctuation is compared to its steady-state
value when the key concepts reach 0 (Table 3). Wind energy
usage is reduced to zero with a 90% reduction in government
support, and its significant performance in the system is marked.
On the contrary, the general orientation shows that sanctions and
recession control the dynamics of the main concept by providing

an ideal value of +68%. The slight positive effect of private sector
disengagement improves the wind energy situation to + 33%, and
promotion in relations with the U.S. will expand wind energy by
55% in the country.

Table 3. The sensitivity of the goal (C26) by clamping each key concept from 1 to 0.

1

Value of goal (C26) when a key concept is clamped from 1 to 0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

Economic stagnation

-0.09

0.02

0.13

0.24

0.33

0.42

0.50

0.56

0.61

0.64

0.68

private sector disengagement

-0.10

-0.06

-0.01

0.04

0.08

0.13

0.17

0.21

0.25

0.29

0.33

Government supports

0.65

0.61

0.56

0.50

0.42

0.33

0.22

0.10

-0.03

-0.15

-0.26

Unstable relations with the U.S.

-0.26

-0.20

-0.13

-0.05

0.03

0.12

0.22

0.31

0.40

0.49

0.55

Sanctions

-0.08

0.02

0.13

0.23

0.33

0.41

0.49

0.55

0.60

0.64

0.67

Key concepts
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V. DISCUSSION and CONCLUSION
An FCM method was applied to investigate the specifications and
predictable future of the wind sector in Iran. Thirty-six concepts
that may influence was derived from the literature review to
develop the map. The recognised concepts relationship was
examined in an online survey before being confirmed by
specialists' opinions. Twenty-six concepts were finalised and
divided into the six PESTEL categories. Results determine that
the country's wind energy development is dominated by economic
and legal concepts with robust interconnections. Conversely,
social and environmental concepts are the least authoritative
operators. Five key factors are two political (sanctions, unstable
relations with the U.S.) and one economic (economic stagnation)
concepts that dominate the system’s maturity.
In selecting the FCM technique, diverse criteria were regarded:
(1) handling a complicated issue at a strategic level that was
intermingled with macro determinants, (2) dealing with a nonlinear problem, (3) modelling a proper long-term issue with high
uncertainty, and (4) delivering meaningful outcomes without
widespread data. Energy systems' investigation was administered
through a broad spectrum of mathematical and statistical
approaches [13, 14]. Absolute mathematical methods cannot
obtain uncertainties and are more beneficial for short-term
evaluations [15]. Energy system models are proper for long-term
assessments but only when there are large data from several
sectors. These methods concentrate on the final foresight results
using quantified parameters while their causality and evolvements
are not into account. Simulation modelling procedures address the
system's feedback dynamics and have been well studied in the
energy domain [14, 16-18]. FCM is helpful in scientific data
shortage, and the concepts are holistic and unintelligent. The
simple nature of this method is easily user-friendly for politicians,
but it is powerful for magnifying to obtain high abstraction of
complex issues. Although the result of its simulation is useful for
understanding and insight into the system, the diversity of views
of mental models provides a sufficient future trend (s). As an
emerging tool in this field, further research can demonstrate the
applicability of FCM.
This research did not investigate the next decision-making
process that could effectively handle and counterbalance the
uncertainties. Finding strong beneficial policies will not be an
easy assignment as the majority of the uncertainties are
exogenous. The scenarios facing the Iranian wind industry
concerning various economic, political and social conditions that
were identified as the most important indicators have not been
studied in this paper, and can be discussed as an important issue
in future research to familiarise politicians with the possible
conditions of this industry. What politicians of the RE sector can
realistically discover and pursue hidden connections and gaps
between economic and legal determinants. In doing so, it is
essential to focus on long-term contracts and legal obligations that
guarantee financial benefits to private businesses. Another
solution to the natural uncertainty that minimizes political
change's engagement is transforming the cash flow by finding
alternative and more sustainable case sources.

Finally, two observations can be obtained from the developed
model. The two-stage process to recognise the concepts aimed to
identify all aspects related to the main issue. However, the
concentration on macro behaviours at the top layer inevitably
neglected possible micro-and meso-level connections and their
interlinkages with the economic and private sectors. This was
inevitable to maintain the same level of investigation for all
parameters. Future studies can outline more sub-maps that
consider these missing links and combine them into a multi-layer
map correlating micro-, meso- and macro-level analyses. Future
work could also focus more attention on the critical exogenous
economical-political elements.
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Abstract
Reservoirs at Mingebrak Basin in Uzbekistan are
characterized by big burial depth (5200-6500m), high
temperature (150-200 ℃ ), high pressure (pressure coefficient
2.08-2.41), high salt content (220000mg/l), and high H2S content
(5~6%) in the formation fluid. The Musgothic formation is
especially complex because it contains different pressure
systems. Leakage and blowout are easy to occur during well
drilling and the average drilling period is 732 days. The data of
well drilling history have been analyzed and the causes of the
long drilling period have been detected. The results showed that
the drilling problems in the Musgothic formation was the main
cause of the non-drilling time because leakage and overflow
occurred frequently and time was consumed in dealing with
leakage and overflow. Three methods have been taken to
conquer the drilling problems: finding out the setting positions
and improving the wellbore structure; selecting the organic salt
drilling fluid and optimizing the formula of it through
experiments; developing different lost circulation materials to
bridge different types of leakage. Leakage prevention and
IEECP’21, July 29-30, 2021, Silicon Valley, San Francisco, CA – USA
© 2021 IEECP – SCI-INDEX
DAl : https://sci-index.com/DAl/2021.99101/IEECP/14527263

control technologies have been worked out through analysis and
experiments. Firstly, the mudstone at the top of Musgothic and
the high-pressure formation at bottom of Musgothic were taken
as setting positions respectively and the wellbore structure was
improved from three-hole structure to four-hole or five-hole
structure. Secondly, an organic salt drilling fluid formula with
temperature resistance of 180℃, salt contamination resistance
of 30%NaCl and 1% gypsum, and 93.48% recycle rate was
developed. Thirdly, three types of loss control materials: return
loss control materials, fracture loss control materials, and
permeable leakage control materials were developed to deal
with different types of formation leakage. The three methods,
five-hole wellbore structure, high temperature organic salt
drilling fluid and 840 m3 loss control materials have been
successfully used in an exploration well M15 in Mingebrak
Oilfield, and the drilling period was only 390 days, only about a
half of the average drilling period in this area. The study of the
mud loss prevention and control technologies of this paper is
significant for reducing the drilling period in Mingebrak
Oilfield, Uzbekistan. Their successful application in well M15
set a good example for safe and fast drilling of deep wells in this
oilfield and the technologies will be popularized for application
in other wells of this area.
Keywords: HT/HP; High Salt; High H2S; Deep Well; Mud
Losses
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I. INTRODUCTION
Central Asia is one of the five strategic cooperation zones of
PetroChina Overseas. The oil and gas reservoirs in this area usually
have deep burial, high bottom hole temperature, high pressure, high
acid gas content, and high salt content, which puts forward higher
requirements for drilling engineering1-3. Among them, the
Mingebrak structure of Uzbekistan is one of the most representative
blocks, and the pressure system in the regional interval is
complicated. The drilling fluid exhibits a narrow density window4-6.
When the density is high, it will cause serious lost circulation7-8, and
when the density is low, high-pressure brine gushing will occur9-10.
In the past, 15 wells were drilled in this area with an average drilling
period of 732 days. 9 wells experienced serious lost circulation
during the drilling process, 3 wells experienced blowout accidents,
and 7 wells were scrapped due to leakage and other reasons. Leak
prevention and control during the drilling process has become the
key technology to achieve the successful completion of complex
deep wells and the exploration and development of such oil and gas
blocks11-13.

II. Analysis of the Causes of Frequent Drilling

Based on the statistics of the historical data of drilling wells in
Mingebrak Oilfield, it is found that the loss of drilling occurred
concentratedly in the Bucktree and Mascot stages of the Neogene.
The specific data are shown in Table 2.
The depth range from 345-3440m is Bucktree Stage, and the
lithology is mainly conglomerate, sandstone, and siltstone. The thin
layer of conglomerate is loosely cemented and is prone to lost
circulation.
The depth range from 3440-5533m is the Mascot stage. The upper
part is the Bredrosov Formation, with a depth from 3440-5097m.
The lithology is mainly sandstone and siltstone, which is
characterized by strong homogeneity and high permeability, and
mud loss is prone to occur during drilling. The depth of 5097-5533m
is the Kopicenokrasni Formation, which is dominated by multiple
sets of reservoirs caprock sandstone and multiple sets of limestone
reservoirs. The range of its pressure coefficient fluctuates greatly, a
large section of salt-gypsum layer is developed, and it contains a
high-pressure salt water layer with a pressure coefficient of up to
2.30, which is prone to complicated situations such as lost
circulation and kick.

Loss

Table 2. Statistics of leakage data in Mingbulak block

Table 1. The stratigraphic sequence division table of typical
wells in Mingebrake block
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Historical data statistics show common characteristics: the Mascot
stage is prone to leakage, and it shows the characteristics of large
leakage and fast leakage. The data of past leakage is shown in Figure
1. The main reason is that the gypsum rock layer developed in the
Mascot, the abnormally high-pressure layer and the atmospheric
layer coexist, the formation pressure system is complicated, and the
on-site drilling operation is difficult to control14, resulting in
multiple losses.
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Mingebrak Oilfield has developed relatively complete strata, with
Quaternary, Neogene, Paleogene, and Cretaceous in sequence from
top to bottom. The stratigraphic sequence is shown in Table 1.

M5
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M9

M10

M12

M14 M222

Well No.
Figure 1. Statistics of Leakage Data of Mascot in Mingebrak
Block.
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III. Optimized design of anti-leakage well
Analyze the structural complexity of the Minggebulak block, draw
formation pressure maps, and combine the problems encountered in
the past drilling process to summarize the risks and difficulties of
drilling through the four sets of strata from top to bottom.
Combining with drilling difficulties, the well structure is designed
as a 4th spud structure, with 5th spud structure as an alternative. The
purpose is to solidify the Quaternary shallow conglomerate layer,
the middle and lower Bucktree and the high mudstone layer on the
top of the Mascot, the Mascot high-pressure reservoir and the
Paleogene high H2S layer.

IV. Optimization of lost circulation drilling fluid

system
Mingebrake block is characterized by deep burial, high temperature
and high pressure and large fluctuation of gypsum pressure15-16.
Under the condition of high temperature and high salinity, due to
high solid content and less free water, with the accumulation of solid
content or mixing with plugging materials, the viscosity of drilling
fluid increases, the rheological property decreases, and the annular
pressure loss increases, which is easy to induce lost circulation.
Organic salt drilling fluid technology has advantages in high
temperature resistance, good fluidity, strong inhibition, good
lubricity, and strong anti-pollution ability, which is suitable for
drilling in formations prone to leakage, especially for keeping low
viscosity and shear at high temperature.

A. Optimization of Organic Salt System
Organic salt drilling fluid system is mainly composed of fluid loss
reducer, plugging and anti-sloughing agent, inhibiting lubricant,
organic salt water soluble weighting agent, and the most important
is compounded with strong inhibiting and high-density organic salt
water solution.
The density of organic salt drilling fluid can be adjusted from 1.10
g /cm3 to 1.52g/cm3 through the optimization of weighting agent and
ratio of drilling fluid, as shown in Table 3. In addition, by adding
activated barite and iron ore powder into the drilling fluid
formulation, the drilling fluid density is increased to 2.5g/cm3,
which meets the requirements of high-pressure formation drilling
with pressure coefficient of 2.41 in Mingebrak oilfield.
Through optimization, the final formula was obtained as follows:
clear water + 0.3% sodium carbonate + 3% polyol anti sloughing
agent + 1.5% static shear strength improver # 1 + 5% fluid loss
additive # 1 + 4% polyol resin + 3% fluid loss additive # 2 + 3%
asphalt powder + 1% inhibition lubricant + 50% organic salt water
soluble weighting agent # 1 + 30% organic salt water soluble
weighting agent # 2 + activated barite + iron ore powder.
Table 3. Relationship between Weighting Agent Dosage and
Drilling Fluid Density
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B. Evaluation of organic salt drilling fluid

system
1) High Temperature Resistance Evaluation
Test
180 ℃ high temperature evaluation experiment was carried out for
the optimized organic salt system and the results show that the
formula has good high temperature stability and rheology (Table 4.)
Table 4. Experimental Data of Drilling Fluid Thermal Rolling
at 180 ℃
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2) Evaluation of Drilling Fluid Inhibition
Drilling fluid cuttings recovery experiment: take the formation
outcrop cuttings, use clean water, Bantu mud, bentonite slurry and
composite salt mud to do the recovery experiment. The recovery
rates of clean water, composite salt mud and organic salt mud are
7.04%, 71.04% and 93.48% respectively.
The calcareous soil is weighed and compacted. After soaking in
organic salt mud for 8 hours, the expansion is only 0.253 mm.
Compared with the expansion of 4.676 mm after soaking in clean
water for 8 hours, the linear expansion is reduced by 94.59%. Thus,
the organic salt drilling fluid shows good inhibition.
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V. Research and development of plugging agent
Based on the analysis results of formation coring data, the
argillaceous sandstone and fine sandstone in the lost circulation
section have loose cementation, developed fractures, mainly filled
with salt paste, some fractures have a width of 1cm, and most of
them extend vertically and obliquely 17-18.
According to the amount and speed of leakage, the average particle
size of plugging material is usually 1 / 3-1 / 2 of the diameter of pore
throat. The plugging material is assembled and filled in the fracture
to block the large channel formed by the fracture, so as to reduce the
drilling fluid leakage.
Through the core laboratory test and plugging agent evaluation
experiment19-20, the plugging agent formula for the large fracture
and large channel leakage, the fracture leakage at the interface of
mudstone and sandstone, and the permeability leakage in the
formation with micro fracture and pore development are obtained.
The formula and applicable conditions are shown in Table 5, which
meet the requirements of Mingebrak area Block site plugging
requirements.

drilling design of well M15: the fifth-spud wellbore
used to seal the necessary points, the organic salt
system was selected as the main drilling fluid of
section, and the plugging agent was chosen on site
smooth completion of the well.

structure was
drilling fluid
the reservoir
to ensure the

According to the post drilling evaluation, the fifth spud wellbore
structure of the well is well matched with the actual drilling (Figure
2), and all the necessary sealing points of the formation are sealed
from top to bottom. The organic salt drilling fluid system has a wide
range of density, which balances the formation pressure in the whole
drilling process, ensures the wellbore safety and protects the oil and
gas reservoir to the maximum extent, and plays a certain role in
preventing leakage and blowout.

Table 5. Formula Data of Plugging Agent
Formula

Applicable
leakage type

Leakage
characterist
ics

Loss circulation
caused by large
cracks and large
channels

No drilling
fluid
returned
from
wellhead

Formula of lost circulation
plugging agent
Water +3-5% Asphalt +24%QS-2+0.30.5%XC+BaSO4+3-5%TP2+2-3%ZSQD-98+35%ZYD+4-6% Vermiculite
+4-6% Mica +2-3% Leite
plugging agent +2-3%GDJⅤ+1-2% Walnut shell
Formula of plugging agent
for fractured leakage
Water +3-5% Asphalt +23%QS-2+0.30.5%XC+BaSO4+5-8%TP2+2-3%ZSQD-98+3-5%
Vermiculite +2-3% Mica
+3-5%GDJ-Ⅴ+3-5%
Sawdust

the interface of
mud sandstone,
and the filling
(sodium
chloride, etc.) in
the fracture is
dissolved, and
the leakage
point is formed

The initial
leakage is
large, then
gradually
constant to
15-30m3/h

Microfracture
and pore
formation

The leakage
rate is
generally 210m3/h

Formula of permeable
plugging agent
Water +4-7% Asphalt +35%QS-2+0.30.5%XC+BaSO4+5-8%TP2+2-3%ZSQD-98+35%DF-1+3-5% Sawdust

VI. Field Application and Effect Evaluation
Well M15 is a key exploration well in Mingebrak oilfield (design
depth is 5918m), with The of long fractures distribution length and
complex formation pressure system. In addition, leakage and
overflow are easy to occur in drilling process, indicating high well
control risk and operation difficulties.
In view of the above risk prediction, a series of deep well leakage
prevention and control technology concepts was applied to the

Figure 2. Comparison between actual drilling parameters and
design parameters of M15 well.
Although the wellbore structure and drilling fluid have played a role
in the prevention and control of the lost circulation, the lost
circulation still occurred when the well was drilled in the fourth to
fifth spudding section of Musgotian stage, with 34 lost circulation
layers and 2800m3 of drilling fluid.
The site accurately judges the type of leakage by the factors such as
leakage rate and leakage amount, and selects the appropriate
plugging agent for different types of leakage. Through plugging
while drilling combined with bridge plug composite plugging
technology, 53 times of plugging agent injection are implemented,
and a total of 836.1m3 of each type of plugging agent is put into the
well, which improves the success rate of plugging and ensures the
smooth completion of drilling construction.
The drilling cycle of M15 well is 390 days and the completion cycle
is 430 days. Compared with the average completion cycle of 15
wells in the early stage of 732 days, it saves 302 days and increases
the drilling speed by 41%.

VII.Conclusions
(1) The lack of understanding of formation pressure system in
Mingebrake structure leads to the poor adaptability of well structure
design and drilling fluid system, resulting in frequent leakage and
overflow during drilling, which is one of the main reasons for the
extension of drilling cycle.
(2) The optimization of wellbore structure effectively reduces the
drilling difficulty of different pressure systems in the process of
complex deep well drilling, and reduces the risk of vicious blowout
accident in the formation with complex pressure system of
Musgotian stage.
(3) Organic salt drilling fluid has the advantages of good inhibition,
low solid content, strong anti-pollution ability and easy rheology
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control, which has gradually become the preferred drilling fluid
formula in Mingebrak oilfield.
(4) A variety of lost circulation agents are developed for different
types of lost circulation mechanism, such as lost circulation, fracture
and permeability, which effectively improve the adaptability of lost
circulation in different formations and lithology of deep wells, and
become an effective measure of lost circulation control.

[18] Gai Jingan ， Wang Zhenyu ， Wang Duoxia ， Lv Xiaoping ， Hui
Yushe and Zhao Chen. Leakage prevention and plugging technology
of Ming 15 well in Wuguomingmingbulak block[J]. Petrochemical
Industry Technology,2019,26(08):106+105.
[19] Wu Xiubin,Ma Wenying and Wang Fuyin. Research and application of
the composite high strength plugging technology[J]. Drilling Fluid &
Completion Fluid, 2002,19(6):101-103.
[20] Guo Baoli and Yuan Menglei. The novel lost circulation simulator[J].
Drilling Fluid & Completion Fluid, 2003,20(4): 47-51.

(5) The successful application of leakage prevention technology in
complex deep wells solves the drilling problems such as leakage and
overflow caused by complex drilling fluid pressure system in
Mingebrake block, reduces well control risk and ensures the success
rate of drilling.
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Abstract
This paper is dedicated to a new technique for advances in the
study of the main parameters of flight and monitoring of nocturnal
migration of birds. The Optical-Electronic Matrix System allows
us to detect and record aerial targets in the night sky of a size
greater than 5 cm and at an altitude of 100 to 1000 meters a.g.l.
The principal design features are: (1) An optical device for
receiving images of flying targets on three high-sensitivity CCD
matrices when illuminated by infrared light from searchlight
beams; and (2) Instantaneous parallactic computation enabling the
distance from the device to target to be accurately measured, and
sequential images of each target to be recorded to a computer. The
device has been tested on songbirds during seasonal nocturnal
migration and provides accurate image details of important target
flight parameters including altitude, linear size (wingspan and body
length), the direction of flight – track, the orientation of the body
axis – heading, groundspeed, airspeed, wing-beat frequency,
number of beats in each series of wing-beats, duration of the pause
between series of wing-beats, and type of flight trajectory (straight
or curved). Special attention was given to one of the major
difficulties in research of bird migration – the potential for the
identification of individual species of birds flying in the night sky
by the combination of the recorded flight parameters. There are
also potential practical applications for aviation bird-strike at night
as well as the remote monitoring of insects, bats, and other targets
of natural and artificial origin.
Keywords: optical-electronic device, monitoring, nocturnal
migration, birds

1. INTRODUCTION
Ecological monitoring of bird migration involves both diurnal and
nocturnal field observations. More than half of the species nesting
in North America and Europe migrate nocturnally [1] and are
difficult to record in the dark. They form from 63 to 85% of the
total (day plus night) stream of passage [2]. Migration at night is
typical for many waterfowl, waders, and especially passerine birds
with a size range of 10 - 50 cm [3]. They fly at altitudes of 1-3 km
and airspeeds of 5-20m/s [4,5]. The task is to solve the problem of
detection and identification of the small size targets moving in

victor.bulyuk@mail.ru

darkness at a considerable distance from the observer and to
capture their visual images. Monitoring of migration is not only a
quantitative estimation of the stream of birds but also their
identification and collective flight parameters. Because the flow of
migrants usually consists of dozens of species that may exhibit
different migratory directions, altitudes, flight abilities, and
migratory strategies it is an advantage to be able to distinguish
particular species or groups of species that are similar in their
taxonomy and ecology. The study of the nocturnal migration of
birds under natural conditions is limited by the possibilities of the
methods used for observation and identification of targets in the
sky at different altitudes. There are numerous current techniques
for the detection of birds flying at night and observing their flight
characteristics. Ornithologists have traditionally used the following
methods: moon-watching, i.e. observing by telescope birds
crossing the moon disc [6], the infrared thermal camera which
generates an image of the warm part of the body of a warmblooded animal flying at considerably low altitude [7], weather
surveillance radars which are excellent for broad front bird survey
and migration forecasts in real-time [8] and tracking pencil-beam
radars [5]. These methods are applied to gather information on the
numbers, flight directions, speeds, and altitudes of birds aloft. But
they do not provide real images of the flying object and solve the
main problem of nocturnal migration research - species
identification. Visualization of the target, the shape of its
silhouette, and measurements are important for bird species
identification and discrimination between birds, large insects, and
bats, all of which may be numerous in some regions [7]. Presented
here are the results of five years of joint experimental research
work of ornithologists and engineers, culminating in the design
and testing of a new Optical-Electronic Matrix System (OEMS) for
the detection and recording of nocturnal aerial targets. The images
and the significant parameters obtainable using this equipment we
believe will contribute a significant step forward in bird migration
research.

2. REQUIREMENTS FOR THE DEVICE
The following requirements for further advances in this field of
biological research have influenced our design during the
development of this device:
I. To create a clear image of a flying target to ensure adequate
accuracy of measurement of its linear size.
II. To collect and store statistically representative data.
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III. To monitor continuously the migratory activity through a series
of complete nights at frequent sample dates throughout the
migration seasons.
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IV. To catalog the following main flight parameters for each
recorded bird: a) altitude; b) linear size (body length and
wingspan); c) direction of flight (track); d) orientation of the body
axis (heading); e) ground speed and airspeed; f) wing-beat
frequency and its variation; g) the number of beats in each series of
wing-beats; h) duration of the pause between each series of wingbeats; and i) type of flight trajectory.
The principal system design used to meet these requirements is а
parallactic computation of the distance from the device to the
target. This enables subsequent calculation of the target linear size
from a known distance and its angular dimensions; the ground
speed from the angular displacement for a known time interval;
and the dynamic characteristics of the target and its orientation in
space from the pattern of trajectory with a sequence of the
instantaneous images. The main concern was to overcome the
contradiction between the need for a high angular resolution to
ensure the required accuracy of measurements on the one hand and
the need for a wide field of vision on the other to achieve a
statistically representative sample of targets and to consider
trajectory type.

total volume of 25 Gb. To provide uninterrupted monitoring, the
system works continuously throughout the night. Further data
analyses are performed after the raw data collection.

3.2 The Illumination System.
The flying targets were illuminated from the ground by a narrow
faint beam from searchlights. Nocturnal migrants can be attracted
by white light which changes their natural behavior [9]. Our
previous investigation showed that such attraction is typical of
nights with rain, drizzle, high air humidity, and lower cloud cover
[10]. We rejected the use of a white searchlight beam and
switched to infrared (IR) light panels instead, composed of IR
light-emitting diodes (in total 600 x 3W LEDs, with 5° FoV) with
a wavelength of 805 nm. This wavelength is invisible to birds [11].
Adjustment to the searchlights is a critical technique that requires
preliminary computer simulation depending on the current weather
conditions. To improve this procedure an additional adjusting
searchlight was used which formed a reference grid in the night
sky using three needle-shaped beams. After adjusting this grid,
white lights were switched off in order not to attract birds.

3. DESIGN SOLUTIONS FOR THE DEVICE
The device consists of two main components: the recording unit
(electronic-optical system) and the illumination system, separated
from each other at the locating distance of 5 m.

3.1 The Recording Unit.
The image of an object, under the artificial illumination of infrared
light, is received on three high-sensitivity CCD matrices. The
optical system consists of three channels with parallel optical axes;
the twined channels are separated from the third one at the locating
distance by 1 meter (see Figure 1). Each channel includes a highquality objective lens, a heating anti-condensation system, an
image precise focusing unit, and a CCD matrix camera. The
objective lenses have different focal distances. In this project we
used three lenses with the following parameters: F (focal
length)=50 mm (6°FoV), S (focal length/aperture)=1.7; F=86 mm
(3.5°), S=1.5; F=120 mm (2.5°), S=1.8. Their different
combinations determine the angular resolution and field of vision
of the channels. The scales of the fields of vision differ by a factor
of 1.5–2.5. Their centers are accurately superimposed by the laser
beam. During the exposure time (0.3–1.5 seconds) a target usually
passes an angular distance of 0.25–5 degrees depending on its
altitude. One channel is equipped with an obturator (rotating)
shutter which breaks the track of an object into 10–50
instantaneous and sequential images within one frame. The
obturator shutter is servo-controlled by an independent computer
which allows the setting of an accurate speed of rotation and
required time interval between separate images with a duration of
exposure of 18–25milliseconds. The speed of rotation is optimized
and governed on the assumption that the most probable speed of a
bird at the moment of observation varies between 5 and 20 m/sec,
with an average of about 10 m/s [5]. Modern CCD matrix cameras
allow us to use an electronic shutter and program a high frame rate
(75-100 f/s) and set a short exposure (we used 5 milliseconds). The
electronic shutter has several advantages. It is convenient to
operate and makes it possible to generate up to 50 silhouettes of
the bird on one saved image with an exposure of 1sec. Program
subtraction of noise and background flare provides high contrast of
a series of sequential silhouettes generated on one image. The
channel with a wide field of vision works without a shutter and
forms the image as a target track of variable width and brightness.
Besides the frame, each file saves information on the moment of
time of exposure on the matrix, exposure sequence, and other
parameters of the obturator, which are required for subsequent
processing. Average volume per night is about 50,000 files with a

Figure 1. The Recording Unit. The objective lenses of 3.5°/ 6° and
2.5° are separated from each other at the locating distance by 1 m.

4. COMPUTATION OF FLIGHT
PARAMETERS
4.1 Altitude of flight
The altitude of flight was calculated by а parallactic computation
of the distance from the OEMS to the target simultaneous observed
from two points separated from each other at a fixed distance. A
locating distance of 1 m provides an error of altitude measurement
of about ±50 m. The results of our observations have shown that
small objects (birds of wingspan up to 20 cm) are recorded
regularly at the range of 650 m and relatively large objects (birds
with a wingspan of 30 cm and more) – at 800-1000 m. The
illumination system of the OEMS allows the recording of targets
within an altitudinal range of 100–1000 m. Birds flying higher
have low-quality silhouettes and maximum error of estimation of
their size is over 30%–40%. In the lowlands of Europe and North
America, passerine birds may fly at altitudes up to 2000–3000 m
a.g.l. during their seasonal migrations. Nevertheless, the bulk of
passerines (70%–80%) fly below 1000 m [4,7].

4.2 Linear size of birds
No technical system is currently available which allows
measurement of the real size of birds flying at night. The linear
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size, i.e. wingspan and body length, is measured on the basis of
angular size and distance to the bird (see Figure 2). The margin of
error in the measurements obtained from high-quality silhouettes
(about 80% of received images) is 3%–10% depending on the
altitude of the bird.

4.3 Flight direction (track) and Heading (axis of
body)
Tracks and headings often may not coincide especially when the
bird is subjected to wind displacement and tries to compensate for
lateral drift. The clear image of the silhouette for the first time
made it possible to measure an angle between the track direction
and the heading. The accuracy of measurement was about 3°. We
were surprised to find that in most of the birds (75%) the headings
and track directions deviated by more than 5°. Long tracks (>30 m)
were recorded in 37% of birds. A straight shape trajectory over the
whole visible length of track was recorded in 80% of tracks.

4.4 Ground speed and air speed
Ground speed can be calculated by two methods: 1. From the
duration of the exposure of one frame via any channel. In each
frame during exposure time a bird passes a certain path. The
exposure duration is known. The path is calculated relative to the
altitude of the bird. The ground speed of a bird is calculated on
basis of the length of its path and duration of exposure. 2. In some
cases the beginning or the end of track are cut off by the edge of
the screen. This is typical for the tracks of low flying birds. In
these cases we can calculate the ground speed by the frame rate of
an electronic shutter or frequency of rotation of an obturator
shutter on the channels with fragmented tracks. The frame rate (or
frequency of rotation of an obturator shutter) is known and the time
interval between the sequential silhouettes of a bird can be
calculated. Like in previous case knowing the altitude of the bird
we easily can calculate the average ground speed for the
fragmented track.
The vector of ground speed of a bird (direction of this vector is the
track direction; its length is the ground speed value) is a sum of the
vector of airspeed (direction of this vector is heading; its length is
the airspeed) and the vector of wind (wind direction; wind
velocity). Using wind profiling data at the altitude of a bird’s flight
there is no problem in calculating its airspeed.

4.5 Wing beat
characteristics

pattern

(WBP)

and

its

WBP assumes the following characteristics: 1 Actual wing beat
frequency within each cycle of beats (beats/sec) (in passerine birds
the cycles are usually separated by pauses); 2 Effective wing beat
frequency [12] – an average frequency during the whole track,
including cycles of beats and pauses; 3 Pause duration between the
cycles of beats (sec); 4 Proportion of pauses (%) during the whole
track; 5. A number of beats in each cycle. Most of these
characteristics can be calculated only for long tracks (at least 20 m)
with several wing beat cycles and pauses present. The proportion
of such tracks in our monitoring was about 60%.
The OEMS was tested and applied for data collecting at the
Curonian Spit of the Baltic Sea at the Rybachy Biological Station
(55°05´ N, 20°44´ E) during 2013 - 2019. Species identification
was possible only in a few species by the silhouette, linear size,
wing-beat pattern, and phenology. But accurate classification of
the bird order was possible for 95% of images. In total, over 4000
birds were recorded and 477 of them were identified as the Song
Thrushes (Turdus philomelos), the common nocturnal migrants in
the Baltic region [13].

Figure 3. The images of the same bird identified as a Song
Thrushes captured on three channels simultaneously. A) objective
lens with the field of vision 2.5°; B) objective lens with the field of
vision 3.5°;and C) objective lens with the field of vision 6°.
Parameters: altitude-270m agl, track direction (T)-29°, heading
direction (H)-11°, wingspan (WS)-37cm, body length(BL)-23cm,
ground speed(GS)-14.9m/s, pause duration (P)-0.23s, wing beat
frequency (WB)-9.9beats/s, 3-4 flaps in one cycle of beats.
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Abstract
A better understanding of CO2 adsorption on the one-dimensional
TiO2 nanotube (TiNT) is of great importance for improving its
photocatalytic reduction ability. In this work, adsorption and
photocatalytic reduction of CO2 on the TiNT was studied by in situ
FTIR. The IR absorbance features at 1303 and 1393 cm-1 are
associated with carbonate species, e.g., bidentate carbonate on the
TiNT. Complete desorption of CO2 from the TiNTs may occur at
T>418 K. The in situ FTIR studies indicate bidentate carbonate and
carboxylate species on the TiNTs, which may conduct the surface
reactions enhanced by UV/Vis light to yield of low carbon fuels or
chemicals.
Keywords: In situ FTIR, photocatalytic reduction of CO2,
TiO2 nanotubes
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Abstract
Global warming has been proved to be caused by the excessive
emissions of CO2 from the usage of fossil fuels. Therefore,
promoting carbon mitigation strategies and energy transition are of
increasing importance. Reduction of CO2 to C1 fuels by solar energy
like artificial photosynthesis is thus environmentally attractive and
close the carbon cycle. There are still major challenges such as low
conversion efficiency and high recombination of electron-holes
during photocatalytic reduction of CO2. We have developed novel
perovskite quantum dots (PQDs) encapsulated within metal organic
frameworks (MOFs) (PQD@MOF) composite for dual
photoelectrodes to proceed the high-efficiency photocatalytic
reduction of CO2. By the PQD@MOF under visible-light irradiation,
about 500 µ mol C1/mgCat/h were obtained. It is apparent that the
novel PQD@MOF photocatalysts are chemically feasible for solardriven CO2 reduction to C1 fuels.
Keywords: photocatalytic reduction of CO2, perovskite,
metal organic frameworks, reactor design
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Abstract
The tailings of arsenic-containing gold ores have caused a
serious environmental problem in the north of Taiwan.
Electrokinetic remediation (EKR) is one of the feasible
methods for in situ soil decontamination. Although EKR has
been proven to be very feasible in laboratory- and benchscale experiments and small-scale field tests, an
understanding of the complex arsenic involved in the EKR is
of great importance. Thus, the main objective of this work
was to track the fate of arsenic in the gold tailing by in situ
EXAFS spectroscopy. By XRD, it is clear that As2O3 is the
main arsenic compound in the gold tailing. After EKR, the
arsenic concentration near the anode is greater than that near
the cathode in the arsenic-containing tailing. The first
derivative feature of XANES spectra appeared at 11870 eV
indicates the existence of As2O3 that is the main arsenic
compound in the arsenic-containing gold tailing. Prolonging
the EKR contact time to 90 min, the bond distances of As-O
(1st shell) and As-As (2nd shell) are increased slightly, that is
attributed to the perturbation by the electric field. Note that
the dissolved H2AsO3- is accumulated near the anode. The
amount of As2O3 (dissolved as H2AsO3-) in the tailing is
increased significantly after EKR for 60 min. However, when
the EKR time was prolonged to 90 minutes, the amount of
H2AsO3- is decreased, suggesting the migration of arsenic to
the anode and eventually accumulated near the anode. This
work illustrates the usefulness of EXAFS and XANES for
revealing speciation of arsenic embedded in the complex
matrix of a gold tailing in the EKR process.
Keywords: Arsenic, electrokinetic remediation, in situ EXAFS,
XANES, gold tailing.
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Abstract
While the global water resource is very limited, the rapid
population growth and urbanization have caused an added
demand for fresh water. The developing capacitive
deionization (CDI) method has gained extensive attention
mainly due to its high energy-efficiency, environmental
friendly, and low cost for desalination. To improve the
benefits of flow-electrode CDI (FCDI) and the simplicity of
the traditional flow-by CDI methods, a novel fluidized CDI
(FdCDI) has been developed. In this work, a feasible study
for FdCDI of saltwater using the thin stainless steel (SS) as
the current collectors was investigated. The less resistance
graphite current collectors for the FdCDI electrodes without
activated carbon (AC) coating have a greater salt adsorption
capacity than that of the SS ones. Moreover, the graphite
current collectors possess a nearly ideal capacitor behavior
and allow the ions in the solution to be more efficiently
electrosorbed by the electric double layer of flow electrodes.
Nevertheless, the cyclic voltammetry (CV) curves of the ACcoated SS and graphite electrodes have a near rectangle shape
for the charge/discharge process, which can be regarded as
supercapacitors at a scan rate of 5-25 mV/s. The shape of the
curve is similar, indicating that less resistance causes the ions
to transport fast in the microporous electrodes. The thin SS
become a better current collector simply due to the fact of the
more feed rates (by +85%) can be achieved for FdCDI.
Keywords: Capacitive deionization, stainless steel, graphite,
fluidized capacitive deionization.
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Abstract
There is a lack of quality data on the levels of polycyclic
aromatic hydrocarbons (PAHs) in incineration fly ashes primarily
due to the conventional Soxhlet extraction fails by the recovery of
PAHs during the process. To better understand the hindered PAH
finger-print patterns in the fly ashes, extractions with supercritical
fluids (SCFs) such as dichloromethane (SDCM) (Tc=333 K and
Pc=248 bar), water (SCW) (Tc=673 K and Pc=240 bar), and CO2
(SCCO2) (Tc=333 K and Pc=248 bar) were studied. By adjusting the
dielectric constant (ε) of the supercritical fluids and mixtures,
moderate-to-low polarity PAHs in the fly ashes can be extracted.
Virtually most of PAHs hindered in fly ashes can be quantitatively
extracted with the supercritical fluids at a wide range of ε. Moreover,
the adjustable-ε SCF method developed in this work may have
promising applications in the analysis of deuterated-PAHs
embedded in interplanetary dusts.
Keywords: PAHs, supercritical dichloromethane, supercritical
water, supercritical fluids.
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Abstract
Desulfurization of syngas containing H2S at high temperatures
for integrated gasification combined cycle is gaining momentum as
a commercially viable source of clean energy. Thus, a feasibility
study for hot-gas (1% H2S) desulfurization by ZnO on skeletal
Raney CuO (ZnO/R-CuO) absorbent was carried out. The degree of
the hot-gas desulfurization by ZnO/R-CuO was 90.0% at 873 K and
decrease to 46.5% as the temperature raised to 1073 K. The rate
constant (k) for the desulfurization by ZnO/R-CuO at 873 K was
8.35×104 cm3/min g with the activation energy (Ea) of 114.8 kJ/mol.
Speciation of zinc and CuO in the ZnO/R-CuO for the hot-gas
desulfurization was also studied by synchrotron X-ray absorption
near edge structure (XANES) spectroscopy. Mainly Zn(II) and
Cu(II) were found in the ZnO/R-CuO. By EXAFS, in the 2nd shells,
a decrease of Cu-Cu bond distance in ZnO/R-CuO was observed
during desulfurization. However, an increase in Zn-Zn bond
distance was observed after desulfurization. It is apparent that hotgas desulfurization by ZnO/Raney CuO absorbent is chemical
feasible.
Keywords: Raney CuO, ZnO, hot-gas desulfurization, EXAFS.
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Abstract
The (Ni/ZnO)@C core-shell nanoparticles were prepared by
carbonization of Ni2+- and Zn2+-cyclodextrin complexes at 723 K
for 2 h. ZnO and Ni encapsulated in carbon-shell were etched
partially to form the (Ni/ZnO)@C yolk-shell nanoreactors for
photocatalytic reduction of CO2 to C1 fuels. By XRD, it is clear that
ZnO is the main zinc crystallite in the nanoreactors, and its
nanoparticle size is between 10-20 nm. The TEM images of the
nanoreactors indicate that Ni and ZnO having the nanosizes of 5-30
nm are capsulated in the porous carbon-shell that allows molecules
to diffuse in and out for photocatalytic reduction of CO2 to C1 fuels.
It is worth noting that ZnO in the (Ni/ZnO)@C yolk-shell
nanoreactor plays the main photoactive role in photocatalytic
degradation of methylene blue. However, excess Ni encapsulated in
carbon-shell leads to a de-activity in photocatalytic degradation of
MB and reduction of CO2. By in situ FTIR spectroscopy, the
disappearance of CO2 is at the expense of formation of species
containing CH and carbonyl groups, possibly related to yields of C1
species such as HCOOH.

Keywords: CO2 reduction, photocatalysis, nanoreactors, yolkshell, methanol.
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Abstract
Recycling of rare precious metals (RPMs) from E-waste by
traditional methods such as pyrometallurgy and hydrometallurgy are
generally high energy consumption, cost, and risk of environmental
pollution. In this study, fluid capacitive deionization (FdCDI)
process was used to concentrate the RPMs from a wastewater. The
solar-driven photoelectrocatalytic (PEC) reduction of RPM ions
(such as Au3+ and La3+) to metals was investigated. Electrons
jumped to an excited state by solar energy can be transferred to
photocathode through the external circuit to generate electricity in
the PEC-I. In the solar-driven PEC-II on the photoanode, the photogenerated electrons can cause the reduction of RPM ions to metals.
The speciation of gold and lanthanum during the FdCDI processes
was determined by X-ray absorption near structure (XANES)
spectroscopy for a better understanding of their electronic structure
and oxidation states during photoelectrocatalysis, their synchrotron
extended X-ray absorption fine structure (EXAFS) spectra were also
determined for an improvement of the photoelectrocatalysts.
Keywords: photoelectrolysis, FdCDI, RPMs, XANES, EXAFS.
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Abstract
Conversion of CO2 to low-carbon fuels using solar energy is
considered an economically attractive and environmental friend
route. The development of novel catalysts and the use of solar
energy via photocatalysis is the key to achieve the goal of
chemically reducing CO2 under mild conditions. Thus, in this study,
the novel Cu2O/TiO2 heterojunctions were used for CO2-to-lowcarbon fuels. The p-n heterojunction is able to enhance the
separation of photogenerated electron-hole pairs. By UV-vis diffuse
reflection absorption spectroscopy, it is clear that Cu2O coupled
with TiO2 causes a red-shift to the visible light range. Under a 6-h
UV-vis irradiation, 12.4-70.6 µmol methanol/g-catalyst can be
generated by the Cu2O/TiO2 heterojunctions. However, excess Cu2O
in the Cu2O/TiO2 heterojunctions may cause less absorption of UVvis light and decrease the excited electrons from TiO2, which may
obstruct the photoactivity for reduction of CO2.

Keywords: photocatalysis, CO2, Cu2O, TiO2,
p-n heterojunction, methanol.
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Abstract
To reduce the cost of a dye-sensitized solar cell (DSSC), noble
metal platinum (Pt) on the counter-electrode has been replaced with
relatively cheap metals, i.e., photo-activity-designable bimetal coreshell nanoparticles. In present work, nickel and iron encapsulated
within carbon-shell (FeNi3@C) nanoparticles were prepared by
carbonization of Ni2+ and Fe3+-β-cyclodextrin at 673 K for the DSSC
counter-electrode. By component fitted X-ray absorption near-edge
structure (XANES) spectroscopy, metallic nickel (Ni) and iron (Fe
(73%) and Fe3O4 (27%)) are observed in the FeNi3@C. The
FeNi3@C nanoparticles are deposited on a conductivity glass
recovered from thin film transistor (TFT) liquid crystal display
wastes for the counter-electrode of a DSSC. The DSSC having the
FeNi3@C nanoparticles coated counter-electrode has the conversion
efficiencies of 3.1%. In addition, the cost of the DSSC using the
reccycled conducing glass and cheaper nanostructured FeNi3@C
electrode can be reduced by at least 38%.
Keywords: Dye-sensitized solar cells, FeNi3@C, DSSC
counter-electrode.
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Abstract
Water splitting to hydrogen and oxygen through a four-electron
transport route has been widely studied for hydrogen energy.
Alternatively, H2O can photocatalytically yield H2 and H2O2 (2H2O
→ H2(g) + H2O2(aq)) through a two-electron reaction that is more
kinetically feasible. The naturally separated H2O2 aqueous solution
from gaseous H2 can be directly utilized in oxidation of organic
pollutants in wastewater. In this work, NiP dispersed bismuth
oxyiodide (BiOI) and graphite carbon nitride (gC3N4) composites
were prepared for photoelectrodes to yield H2O2. And other
transition metal phosphide such as CoP with BiOI-gC3N4 was also
used to enhance the solar driven H2O-to-H2O2 reactivity. As the NiP
and CoP dispersed BiOI-gC3N4 composite are very effective for
H2O2 yields, it would be very useful for the feed of a H2O2 fuel cell
for electricity.
Keywords: Hydrogen peroxide, bismuth-based catalyst, NiP
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Abstract
Lithium-ion battery (LIB) are widely used in electronic
products and electric vehicles largely due to the advantages of low
price, low memory effect, high power efficiency, and long life cycle.
In recent years, an increasing amount of end-of-life LIBs are to be
recycled. Extraction of spent LIB has been carried out for recycling
of valuable metals such as cobalt. Environmental friendly organic
acids such as citric acid was used to selectively extract cobalt. For a
better understanding of the cobalt speciation during extraction, in
situ synchrotron extended X-ray absorption fine structure (EXAFS)
spectra at 323-363 K. Specifically, H2O2 (0-1%) was added during
the extraction to obtain desired Co3+/Co2+ ratios that also facilitate
the extraction efficiency.
Keywords: lithium ion battery, cobalt, extraction, citric acid,
EXAFS
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Abstract
Malaysia relies heavily on fossil fuels such as coal and natural
gas as its main source for electricity generation. Decades of
exploitation and usage of these materials had not only caused
contamination and depletion but also contributed to the large amount
of carbon dioxide emission in the country. In 2015, Malaysia has
signed the Paris Agreement and vowed to achieve the reduction of
carbon dioxide emission by 45% per GDP to the level of 2005 by
2030. Prior to the Fukushima accident that happened in 2011,
Malaysia has had plan to own a 2GW nuclear power plant by 2030.
However, this plan was then delayed and now cancelled after the
Fukushima accident. The importance of this research is to examine
the changes in the environment and economy of Malaysia by adding
nuclear power and renewables into its energy mix. Carbon dioxide
emission trend will be determined and an economic analysis will be
conducted. This research intends to draw a best-fit scenario for
Malaysia to have a new energy mix that can achieve in the 45%
carbon dioxide reduction. This research will be helpful for the
Malaysia government as a reference to plan for its future energy
production system.
Keywords: Malaysia;
Renewable energy

Optimization;

Nuclear

energy;
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Abstract
Most of non-recyclable municipal solid wastes have been treated
by incineration for energy recovery and stabilization. However, the
fly ash (FA) discharged from air pollution control devices contains
toxic metals and chlorides as well as leachable dioxins that make it
considered as hazardous wastes. Chlorides in FA that was washed
with water can be removed by electrosorption using the new
fluidized capacitive deionization (FdCDI) method. Ions including
Cl- in water can be stored in the electrical double layer (EDL) of
electrodes, and deionized water (<50 mg/L) can be recycled and
reuse under low voltages (0.8-1.2 V). Note that the regeneration of
FdCDI can be achieved by applying a zero or reversed voltage. In
the FdCDI process, no chemical is needed, resulting no sludge to be
discharged and treated. In addition, the effects of Cl- counter ions
during FdCDI was also studied. The Cl- removal efficiency (51%
approximately) with the salt adsorption capacity of 10 mg /g was
obtained in the FdCDI process. This work illustrates that fly ash can
be dechlorided by the FdCDI method for utilization such as civil
engineering fillers.
Keywords: Municipal solid waste incinerator fly ash, fluidized
capacitive deionization, water washing, chloride electrosorption,
zero waste
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Abstract
Scrap tires containing metal wires, fibers, carbon black, and poor
thermal conducting rubbers, are far more difficult to be treated
effectively. Million fuel oil equivalent are discarded every year
through the disposal of scrap tires. Recycling of scrap tires is of
increasing importance as incineration and landfilling becomes
expensive, and the acceptance of these methods is decreasing. The
feasibility for recycling of product oils, metal wires, and carbon
black from liquefaction of scrap tires was thus investigated in the
present work. The liquefaction process involves contacting the scrap
tires (5-15 cm pieces) with hot used motor oil in an inclined screw
reactor. Liquefaction of scrap tires at 643 K for 20 min yielded
approximately oils (90%), non-condensable gases (5%), and nonliquefiable solid residues (metal wires and fibers) (5%). In the
liquefaction process, ZnO (original in tire rubber) could be
sulfurized with the tire rubber cross-linked sulfur, and a significant
decrease of the sulfur concentration in the product oil and flue gas
streams was found. Fuel oils, clean metal wires and fibers, and dry
carbon black were recycled. In addition, the flue gas was used for
keeping the circulated hot motor oil at 643 K. The bench-scale
inclined screw liquefaction reactors suggest that the tire liquefaction
process is technically feasible.
Keywords: Liquefaction, scrap tires, pyrolysis
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Abstract
This work reports the performance enhancement of lead
free perovskite solar cell (PSC) with Sb2S3 as a novel hole
transport layer (HTL) numerically by using Solar Cell
Capacitance Simulator in One Dimensional (SCAPS-1D).
Three different HTLs such as Sb2S3, Spiro-OMeTAD, and
CuI are introduced into the conventional CH3NH3SnI3-based
solar
cell
configuration
consisting
of
Al/FTO/WS2/CH3NH3SnI3/Sb2S3 or Spiro-OMeTAD or
CuI/Ni. The photovoltaic performances of the lead free
perovskite solar cells with the proposed HTLs are evaluated
extensively and compared using the SCAPS-1D simulation
tool. The impacts of thickness, defect density, acceptor
density of perovskite absorber and valance band offset at
HTL/perovskite interface on the device performance
parameters are analyzed. The variation of working
temperature on the PSC outputs is also investigated to
realize the stability of the proposed PSC with Sb2S3 HTL.
The thicknesses of the WS2 electron transport layer (ETL),
CH3NH3SnI3 absorber, and Sb2S3 HTL are optimized to be
0.05 m, 0.7 m, and 0.1 m, respectively. The improved
power conversion efficiency is achieved to be 27.29% for the
optimized
solar
cell
structure
of
Al/FTO/WS2/CH3NH3SnI3/Sb2S3/Ni, while the efficiencies of
25.65% and 21.21% are obtained for the lead free the PSCs
with Spiro-OMeTAD and CuI HTLs, respectively. Based on
the overall investigation and simulation results of the
proposed device, it is predicted that WS2 as ETL and Sb2S3
as HTL would be very promising for enhancing the
performance of the lead free tin-based PSC, and it would
provide constructive research opportunities for the designers
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to fabricate low-cost lead-free PSCs.
Keywords: Tin-based perovskite, lead free, HTL, Sb2S3,
performance enhancement

I. INTRODUCTION
Hybrid inorganic-organic PSCs have recently emerged as
rising star PV technology to the research community worldwide
because of high efficiency and significantly lower cost with
simple processing techniques [1,2]. The best power conversion
efficiency of approximately 25% has been achieved for the PSC
having CH3NH3PbI3 as active layer [3]. This CH3NH3PbI3
perovskite absorber contains toxic lead (Pb) which is a matter of
concern for human safety as well as instability under long term
environmental issues such as temperature and incident solar
radiation [4]. Many researches have been conducted to find
alternate perovskite absorber materials [2,5,6] for the PSCs.
Among them, tin-based perovskite absorber has been considered
as one of the most promising materials due to its non-toxicity,
high mobilities, and chemical stabilities in PSCs [7,8]. The
attractive features of the CH3NH3SnI3 material such as suitable
band gap ~1.3 eV [9], high absorption coefficient (105 cm-1), and
excellent optical properties along with high mobility and small
effective mass make it possible alternative to CH3NH3PbI3 for
photovoltaic (PV) applications [10]. However, tin-based PSCs
still face some challenges to achieve superior performances
because Sn2+ ion gets easily oxidized into Sn4+ by exposed with
air [11], and thus the overall PV performances of the devices
would be affected [12]. In this regard, effective advancement can
be made to prevent tin from oxidation by adding SnF2, SnCl2
and SnI2 to suppress self-doping [13].
The basic structure of PSC is ETL/perovskite/HTL where
perovskite layer acts as absorber to absorb incident photons and
the functions of ETL and HTL are to extract the light-generated
carriers from the absorber to respective electrodes. ETL and
HTL play significant roles by decreasing recombination losses at
the interfaces and the net outcome is improved cell performance
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and stability [14]. Most commonly used ETL and HTL in PSCs
are TiO2 [10] and Spiro-OMeTAD [15]. However, TiO2 requires
high temperature processing and also it has poor electron
mobility and charge transport quality [14–16]. On the other
hand, the smooth transportation of holes from the absorber to
back contact is restricted by the higher potential barrier
generated at the Spiro-OMeTAD HTL/CH3NH3SnI3 interface.
Therefore, the improper selection of ETL and HTL resulting
misaligned band structure with enhanced recombination at the
ETL/Perovskite and Perovskite/HTL interfaces results in the low
conversion efficiency of CH3NH3SnI3-based solar cell.
In the previous work, the excellent photovoltaic efficiency of
the CH3NH3SnI3-based PSC with alternative WS2 as ETL has
been reported to be 19.84% [17]. Thus, the WS2 material as ETL
having spike-type conduction band offset (CBO) at the
WS2/CH3NH3SnI3 interface is used in this work. The organic
HTLs including Spiro-OMeTAD have low chemical stability
and need expensive synthesis process. Due to these
disadvantages of organic HTLs in the PSCs, inorganic p-type
materials such as NiOx, CuI, Cu2O, and CuSCN as HTLs have
much attracted for the low-cost and stable PSC applications [18].
Unfortunately, the PV performances of the PSCs with mentioned
HTLs severely degrade due to high recombination rate and
photocorrosion [19–21].
To enhance the PV performances of CH3NH3SnI3-based
PSC, in this study, the Sb2S3 material as a novel HTL is
proposed between the perovskite absorber and back contact. A
comparative study is carried out among Spiro-OMeTAD, CuI,
and Sb2S3 HTLs in the Al/FTO/WS2/CH3NH3SnI3/HTL/Ni
structure using the SCAPS-1D simulator.

For metallic electrodes, Aluminum (Al) and Nickel (Ni) have
been utilized as the front and back contacts, respectively. Figure
2 represents the energy level diagrams of the PSCs. The
simulation approach includes the effects of thickness, doping
concentration, and bulk defect density of absorber layer on the
solar cell outputs. Table 1 shows the physical parameters used to
conduct the simulation. The validation of the parameters has
been accomplished by choosing them carefully from the
previously reported experimental and theoretical researches
[9,10,23–27]. All the simulations have been conducted under
illumination of 100 mW/cm2 and AM1.5G light spectrum at
operating temperature 300K. The thermal velocities of electrons
and holes are assumed to be approximately 107 cm/s [27], while
the trap capture cross-sections are kept fixed at 10-15 cm². The
surface recombination velocity for both electrons and holes are
fixed at 107 cm/s [27]. The interface defects at ETL/perovskite
and perovskite/HTL interfaces have also been introduced to
understand the realistic solar cell outputs. Table 2 represents the
parameters of the interface defect adopted for the simulation.

Figure 2. Energy level diagrams of the CH3NH3SnI3-based
PSCs.

Table 1. Simulation parameters used in the proposed
CH3NH3SnI3 PSC with different HTLs.

Figure 1. Schematic diagram of the proposed CH3NH3SnI3based PSC.

II. DEVICE STRUCTURE AND
SIMULATION PARAMETERS
To analyze the performance of the proposed PSC, the
numerical simulation has been carried out by using the one
dimensional solar cell device simulator, namely SCAPS-1D
program (version 3.3.01), developed by University of Gent [22].
The SCAPS-1D software performs the simulation by resolving
the Poisson’s equation, the carrier continuity equation, and the
drift-diffusion equation. Figure 1 shows the schematic diagram
of the lead free tin-based perovskite heterojunction solar cell
having the configuration of Al/FTO/WS2/CH3NH3SnI3/Sb2S3/Ni.
In the designed structure, WS2 has been employed as electron
transport layer with fluorine doped tin oxide (FTO) as
transparent conducting oxide (TCO) layer and Sb2S3 as hole
transport layer into the conventional CH3NH3SnI3-based PSC.

Parameter
(unit)

TCO
FTO

ETL
WS2

MASnI3

HTL
Sb2S3

W (µm)
Eg
(eV)
χ
(eV)
r
NC
(cm-3)
NV
(cm-3)
e
(cm²/V-s)
h
(cm²/V-s)
ND
(cm-3)
NA
(cm-3)
Defect type
Nt (cm-3)

0.05
3.6

0.05
2.1

0.7*
1.3

4

3.95

9
2.2
×1018
1.8
×1019
100

13.6
2
×1018
2
×1018
100

25
18

10
0
-

25
17

10
0

HTL
CuI

0.1
1.7

HTL
SpiroOMeTAD
0.1
3.2

4.17

3.7

2.1

2.1

8.2
1018
1018

7.08
2
×1019
1019

6.50
2.8
×1019
1019

1.6

9.8

3
2.5
1018
1.8
×1019
2×10-4

1.6

10

2×10

0

0

0

16

10 *

18

10

SA
Neutral
SD
1015
1015*
1015
Note: * is a variable field

-4

0.1
2.98

100
43.9
0

18

10

1018

SD
1015

SD
1015

W: Thickness; Eg: Energy band gap; χ: Electron affinity; r: Relative permittivity;
Nc: Conduction band density of states; Nv: Valance band density of states; μn:
Electron mobility; μp: Hole mobility; ND: Donor concentration; NA: Acceptor
concentration; SA = Single-Acceptor; SD = Single-Donor; Nt: Defect density;
MA= CH3NH3
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Table 2. Defect parameters at the ETL/perovskite and
perovskite/HTL interfaces.
Parameters (unit)
Defect type
Capture cross-section of
electrons and holes (cm2)
Reference for defect
energy level Et
Energy with respect to
Reference (eV)
Total density (cm−2)

ETL/perovskite
interface
Neutral

perovskite/HTL
interface
Neutral

10−16

10−16

above the
highest Ev

above the
highest Ev

0.6

0.6

1010

1010

material Sb2S3 as a novel HTL into the CH3NH3SnI3-based PSC
is selected to understand the device performances in the next
sections.

III. RESULTS AND DISCUSSION
A. Impact of HTL on solar cell outputs
Figure 3(a) shows the current density-voltage (J-V)
characteristics of the PSCs with different HTLs. The impact of
the HTLs in the CH3NH3SnI3-based PSCs on the output
performances is evaluated. As can be seen in the Figure 3(a), the
enhanced PV performance is achieved for the tin-based PSC
with the Sb2S3 HTL. The PV device with CuI HTL provides
open circuit voltage (Voc) of 0.841 V and conversion efficiency
of 21.21%. The Voc and photovoltaic efficiency of 0.960 V and
25.65% are estimated for the PSC with Spiro-OMeTAD HTL.
On the other hand, the CH3NH3SnI3-based PSC having Sb2S3
HTL results the best power conversion efficiency of 27.29%
including Voc of 0.971 V, Jsc of 33.98 mA/cm2, and FF of 82.69
%. Figure 3(b) demonstrates the external quantum efficiency as
a function of the wavelength for the CH3NH3SnI3-based PSCs
with three different HTLs. It is also observed that the enhanced
quantum efficiency can be obtained for the solar cell with Sb2S3
HTL at long wavelengths. Therefore, it is revealed that the
overall device performances of the PSCs can be enhanced by
introducing Sb2S3 HTL at the back contact.
The energy band diagram of the CH3NH3SnI3-based solar
cells with different HTLs is depicted in Figure 3(c). The energy
band alignment at the perovskite/HTL and ETL/perovskite
interfaces is very crucial to explain the transportation of photogenerated carriers from the absorber to the respective electrodes.
Voc of the PSCs with HTLs is improved by the high built-in
electric field induced at the back side along the perovskite
absorber. Jsc is also incremented due to smooth collection of
photo-induced electrons and holes by the respective metal
electrode. To fabricate more efficient PSC, the CBO at
perovskite/HTL should be positive and the VBO ought to be
close to zero or negative so that the holes are collected from the
absorber easily, while the electrons are blocked by the HTL to
reduce interface recombination. The CBOs of 2.07 eV for SpiroOMeTAD, 2.07 eV for CuI, and 0.47 eV for Sb2S3 are found,
respectively. On the other hand, the VBO values of SpiroOMeTAD, CuI, and Sb2S3 are determined to be 0.17 eV, 0.39
eV, and 0.07 eV, respectively. The VBO at the
CH3NH3SnI3/Sb2S3 interface is nearly zero and thus holes get
transported to the HTL from the absorber with more ease
contributing to more photo-current density. On the other hand,
as the VBO is largely positive introducing other two HTLs,
holes get restricted due to large barrier which resulted in poorer
J-V characteristics than the PSC with Sb2S3. It can be seen that
the
energy
band
diagram
for
Al/FTO/WS2/CH3NH3SnI3/Sb2S3/Ni is properly aligned, thus
resulting in better device performance with reduced
recombination owing to more hole collection at the back contact.
According to the simulation results, in this work, the inorganic

(a)

(b)

(c)
Figure 3. Simulated a) J-V characteristics, b) spectral
response, and c) energy band diagram of the CH3NH3SnI3based solar cells.
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B. Impact of absorber thickness on solar cell
outputs
Figure 4 shows the performance parameters of PSC
configuration with Sb2S3 with the variation of absorber layer
thickness. The absorber thickness is varied from 0.05 to 2 m,
while the other parameters for ETL and HTL as well as the
absorber are fixed. The Jsc rises rapidly with increasing thickness
due to the incremented rate of photo-generated charge carriers.
A thinner absorber leads to poor light absorption hence results in
lower Jsc and efficiency, while a thicker absorber causes high
recombination as the electric field becomes weak enough to
separate charge carriers. The Voc and FF are diminished slightly
with increased thickness because of the enhanced recombination
and series resistance. In Figure 4, the power conversion
efficiency is increased up to the absorber thickness of 0.7 m,
and then is almost saturated. Therefore, the optimum absorber
thickness of the proposed PSC is found to be 0.7 m.

is found that the Voc increased from 0.93 V to 1.09 V with the
increase of doping density. The Jsc remained almost constant up
to 11015 cm-3 and then diminished linearly when the density is
further increased. It is also seen that both FF and efficiency
noticeably increased from 78.95 to 85.45% and 25.11 to 27.53%,
respectively, when the doping concentration expanded from
11012 to 11018 cm-3. Increasing the acceptor density in
absorber layer acts as a contributing factor to the generation of
more charge carriers which results in the improvement of the
performance of the solar cell, thus the efficiency is enhanced.
For further investigation, the acceptor density of the absorber
layer is optimized at 11016 cm-3.

The best conversion efficiency of 27.29% with Voc of 0.971
V, Jsc of 33.98 mA/cm2, and FF of 82.69% is determined at the
optimized thicknesses of 0.05 m for WS2, 0.7 m for
CH3NH3SnI3 absorber, and 0.1 m for Sb2S3 HTL, respectively.

Figure 5. Photovoltaic parameters such as Voc, Jsc, FF, and
efficiency as a function of the CH3NH3SnI3 absorber doping
density.

D. Impact of defect density in absorber on
solar cell outputs
Figure 4. Performance parameters of PSC configuration with
Sb2S3 with the variation of absorber layer thickness.

C. Impact of doping density in absorber on
solar cell outputs
To investigate the performance of the solar cell, the doping
density of the absorber layer is varied from 11012 to 11018
cm-3 with 0.7-µm-thick CH3NH3SnI3 absorber layer, 0.1-µm –
thick Sb2S3 HTL (Doping : 11018 cm-3) and 0.05-µm-thick ETL
(Doping : 11017 cm-3). Figure 5 illustrates the photovoltaic
parameters such as Voc, Jsc, FF, and efficiency as a function of
the CH3NH3SnI3 absorber doping density. From the Figure 5, it

The impact of defect density in absorber layer on the PV
performance is analyzed by varying the defect from 11012 to
11017 cm-3 with 0.7 µm CH3NH3SnI3 absorber layer, 0.1 µm
HTL and 0.05 µm ETL, respectively. A graphical representation
of the performance parameters of the proposed tin-based PSC
with Sb2S3 HTL as a function of absorber defect density is
presented in Figure 6. It is evident from the Figure 6 that all the
performance parameters are reduced linearly with the increment
of the defect density. Increasing the defect density in the
absorber layer leads to elevate the charge-carrier recombination
rate which negatively affects the performance of the cell by
diminishing the overall power conversion efficiency from 32.61
to 15.38%. To optimize the output results, the defect density has
been selected to be 11015 cm-3.
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E. Impact of operating temperature on solar
cell outputs
The stability of the proposed PSC is also investigated by
varying the operating temperature. Figure 7 shows the effect of
temperature on the PV performances of the proposed tin-based
cell PSC. The operating temperature is varied from 273 to 473K.
All the solar cell outputs except the Jsc are degraded as the
increase of temperature. The Voc is the most affected parameter
decreasing from 1.009V to 0.713V by increasing the operating
temperature. This is attributed to enhancement of the reverse
saturation current [27]. JSC is almost remained constant. FF is
deteriorated significantly from 83.59 to 73.71% as it is directly
related to Voc and Jsc. The efficiency from 28.64 to 17.88% at the
temperature of 273K and 473K is estimated. The reduction of
energy band gap of the semiconductor materials may results in
the degradation of the overall conversion efficiency of the
proposed PV device [28].

IV. CONCLUSIONS

Figure 6. Performance parameters of the proposed tin-based
PSC with Sb2S3 HTL as a function of absorber defect density.

In this work, the numerical investigation of lead-free tinbased perovskite solar cell with different HTLs has been
performed to observe the behavior of the PV device. A new
CH3NH3SnI3-based perovskite solar cell with the structure of Al/
FTO/WS2/CH3NH3SnI3/Sb2S3/Ni has been designed and studied
by SCAPS-1D program. To improve the photovoltaic
performance, WS2 as ETL and Sb2S3 as HTL have been
proposed, respectively. A comparative study for different HTL
materials including CuI and Spiro-OMeTAD into the
conventional CH3NH3SnI3-based PSC has also been presented to
substantiate the performance of the proposed solar cell. The
solar cell has been optimized at 0.7 µm CH3NH3SnI absorber,
0.1 µm HTL, and 0.05 µm ETL, respectively. Furthermore, the
impact of doping concentration and bulk defect density of
absorber layer on the PV output parameters have been evaluated.
The optimum doping concentration of the absorber layer is also
obtained to be 11016 cm-3. It is revealed that the conversion
efficiencies of 21.21% and 25.65% with FF values of 77.94%
and 80.33% have been obtained for the CuI and Spiro-OMeTAD
HTLs, respectively. On the other hand, the enhanced power
conversion efficiency of 27.29% with Voc of 0.971 V, Jsc of
33.98 mA/cm2 and FF of 82.69% has been achieved for the
proposed structure. Therefore, this study leads to suggest that
considering the proposed cell as an encouraging guideline, it is
feasible to design a new environmentally efficient and cost
effective tin-based perovskite solar cell with better performance.
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Abstract
Heritage Buildings are significant of their historical and
architecture added value, which require in deep and precise
preliminary brainstorming when considering upgrade or
retrofitting of these valuable buildings. This study opts to
spotlight on some passive design architecture interventions to
improve the thermal comfort and the required cooling energy
for the building. The Murabaa Palace in Riyadh was selected
as a case study. The design builder software was used to
evaluate the energy performance of four passive architectural
design alternatives. The results show that using Low-E double
glass in addition to applying double wall with polystyrene
thermal insulation can enhance the thermal comfort inside the
building and reduce the energy performance and CO2
emissions to 17% and 9% respectively.

Eslam Mohammed Abdelkader
Structural Engineering Department,
Faculty of Engineering
Cairo University
Giza, Egypt
eslam_ahmed1990@hotmail.com

Moreover, heritage buildings inherited from the past are a crucial
component of our modern society. Heritage included those
buildings, structures, artifacts, and areas that are historically,
aesthetically and architecturally significant. Figure 1 below shows
the number of world heritage properties inscribed each year per
region. As of July 2019, a total of 1,121 World Heritage Sites
located in167 States around the globe. Additionally, three key
factors determine whether a property worth to be listed as heritage
are: historic significance, historic integrity, and historical context.
Historic significance is related to how valuable the property to the
history, archaeology, engineering or culture of a community. This
includes any heritage building that is associated with a past event
or an important person in addition to those building that has a
distinctive physical characteristic. Historic integrity is relevant to
the authenticity of the building identity with existing evidence of
its unique physical characteristics during the building's historic
period [5].

Keywords: Heritage buildings, passive design, energy
conservation, and reduction of CO2 emissions.

I. INTRODUCTION
Heritage buildings are integral parts of modern life, in which they
gain their significance from their historical, archeological, and
cultural added value [1; 2; 7; 13]. Therefore, improving the energy
performance and indoor thermal comfort of an as built building
with minimum interventions and preserving its heritage value is a
dilemma. This is the role of introducing passive architectural
design by precise choice of building materials and additions [9; 14;
18]. Accordingly, this research aims to spotlight on some passive
architectural alternatives that can enhance indoor thermal comfort,
reduce energy required for cooling and in turn minimize the CO2
emissions.
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Figure 1. The number of world heritage properties inscribed each
year per region [5].
According to Al-Sakkaf et al. [3; 4] the trends of protection and
use of heritage buildings and cultural heritage components testify
to increasing attention in the study of heritage and legacy. Studies
have shown that project life cycle phases have been developed to
evaluate the performance of buildings in general. Nevertheless,
heritage buildings and their need were not considered. In heritage
buildings projects there are six life cycle phases include: a)
planning, b) manufacturing, c) transportation, d) construction, e)
operation and f) maintenance phases. In addition, there is a lack of

1
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a comprehensive rating system that could assess the heritage
buildings elements and to study the possibility of passive design
architecture interventions to evaluate the thermal comfort interims
of energy for heritage buildings. Furthermore, this paper will assist
facility managers in their rehabilitation decisions. Therefore, study
opts to spotlight on some passive design architecture interventions
to improve the thermal comfort and the required cooling energy for
the building Accordingly, the case study is applied in this research
MP in Saudi Arabia.
Heritage buildings require reliable restoration, preservation
procedures and evaluate the performance of heritage building
interims of thermal comfort and user satisfaction. Therefore, it is
essential to develop a sustainability rating system that accounts for
socio-economic factors, to manage the maintenance of heritage
buildings. In the Middle East, for instance, BREEAM and LEED
rating systems cannot be employed because of different climatic
conditions and local contexts [4; 16]. A sustainability rating tool
can be defined as a systematic methodology to examine the overall
sustainability assessment of a whole building. This includes
economic, environmental, social, cultural, and value-based aspects.
Thus, the outcome of such a tool can be used as a means of
comparison with other buildings [2]. Around the globe, many
rating systems pertain to different areas of sustainable
development. By March 2010, there were 382 registered building
software tools for sustainability development [3]. Nevertheless,
only a few systems are well established and recognized by the
World Green Building Council. This comprises Green Globes,
Green Building Index, Green Building Program (GBP), Green ship
Indonesia, Green Globes, BREEAM, LEED, etc.
Another important aspect that affects building performance is
orientation. Building orientation can maximize opportunities for
passive solar heating when needed, solar heat gain avoidance
during cooling time, natural ventilation, and day lighting
throughout the year. For example, southern exposure is the key
physical orientation feature for passive solar energy in the northern
hemisphere. In general, a south-facing orientation within 30o east
or west of true south will provide around 90% of the maximum
static solar collection potential. The optimum directional
orientation depends on site specific factors and on local landscape
features such as trees, hills, or other buildings that may shade the
sunspace during certain times of the day. Rectangular buildings
should be oriented with the long axis running east-west, so the east
and west walls receive less direct sun in the summer. In the winter,
passive solar heat gain occurs on the south side of the building [3;
15].
Besides, this research will follow various steps starting with a brief
introduction describing the problem statement and the aim. Then
the methodology that shows the case study data, the design builder
simulation software calibration and data entry, and passive design
alternatives and data entry. Ending this research with results and
final conclusion.

II. LITERATURE REVIEW
Several previous models were reported in the literature that
managed to assess energy consumption in residential buildings,
office buildings and commercial buildings. Fayaz et al. [10]
utilized back propagation artificial neural networks for the
prediction of household energy consumption. They utilized some
pre-processing procedures of data normalization and statistical
moments for data cleaning and filtering. Results demonstrated that
the filtering stages could enhance the prediction accuracies, such
that the developed model achieved mean absolute error, mean
absolute percentage error and root mean squared error of 4.32,
11.96% and 5.46, respectively. Mohamed Abdelkader et al. [16]
studied the implementation of a set of machine learning models in

the emulation of heating and cooling loads in residential buildings.
The input variables encompassed surface area, roof area, wall area,
glazing area, glazing area distribution, overall height and relative
compactness. The utilized machine learning models were back
propagation artificial neural network, generalized regression neural
network, radial basis neural network, radial kernel support vector
machines and ANOVA kernel support vector machines. It was
argued that radial basis neural network performed better than other
machine learning models obtaining mean absolute percentage
error, mean absolute error and root mean squared error of 1.01%,
0.53 and 0.21, respectively.
Gassar et al. [12] introduced a set of data-driven models for the
sake of simulating electricity and gas consumption in residential
buildings in London at the lower supper output areas and middle
supper output areas. Their study included the use of multi-layer
neural network, multiple regression, random forest and gradient
boosting. The input parameters involved average number of rooms
per house, number of buildings, household spaces, land area,
number of households, population, median house price and annual
median household income. It was highlighted that multi –layer
neural network outperformed other machine learning models at
both levels of lower supper output areas and middle supper output
areas yielding a correlation coefficient more than 99%. Gao et al.
[11] studied the utilization of a set of machine learning paradigms
for designing energy efficient residential buildings. This comprises
elastic net, Gaussian process regression, least median of squares
regression, multi-layer perceptron, radial basis function regression
and others. The outputs of the model were the amounts of heating
and cooling loads and they were calculated based on a set of
building characteristics. It was inferred that random forest, rules
decision table, alternating model tree, lazy k-star yielded less
prediction error than other machine learning models.
Turhan et al. [17] compared the results of an energy simulation
software called “KEP-IYTE-ESS” and artificial neural network in
forecasting heating loads of buildings. The input variables of the
developed artificial neural network model were width\length ratio,
area/volume ratio, wall overall height transfer coefficient, total
external surface area, and total window area/total external surface
area ratio. Simulation results showed good similarity between the
predicted and observed predicted values. In this regard, the
developed artificial neural network attained mean absolute
percentage error of 5.06% and successful predication rate of
97.7%. Amber et al. [6] compared the prediction capabilities of
five intelligent techniques for forecasting electricity consumption
in an administrative building. The deployed artificial intelligence
models were artificial neural network, deep neural network,
support vector machines, genetic programming and multiple
regression. The electricity consumption was simulated according to
the solar radiation, temperature, wind speed, humidify and weekly
index. It was stated that the developed artificial neural network
surpassed other artificial intelligence models accomplishing mean
absolute percentage error of 6%.
Chae et al. [19] proposed artificial neural network model for
emulating sub-hourly electricity consumption in commercial
buildings. The input predictors were environmental, operational
and time factors. The environmental factors included sky
condition, wind speed, rain indicator, precipitation probability,
outdoor relative humidity and outdoor dry-bulb temperature. The
developed Bayesian regularized neural network with Levenberg–
Marquart back propagation algorithm was found to provide a good
predictive model that can minimize energy costs in buildings. Yu
et al. [21] employed decision tree for simulating future building
energy demand. The predicted loads were obtained according to
annual average air temperature, house type, construction type, floor
area, heat loss equivalent, equivalent leakage area, number of
occupants, space heating, hot water supply and type of kitchen. It

2

International Conference on Innovations in Energy Engineering & Cleaner Production IEECP21
was projected that the developed decision tree model could
accomplish accuracies of 93% and 92% for the training and testing
datasets, respectively.
Jovanovic et al. [20] studied the implementation of an ensemble of
artificial neural networks in forecasting heating energy
consumption. This encompassed feedforward backpropagation
neural network, radial basis function network and adaptive neurofuzzy interference system. The input parameters involved mean
daily outside temperature, mean daily wind speed, total daily solar
radiation, minimum daily temperature, maximum daily
temperature, relative humidity, day of the year, month of the year
and heating consumption of the previous day. Results showed that
the three different types of artificial neural networks accomplished
a perfect agreement between the actual and predicted values. In the
view of the above, it can be derived that most of the reported
models evaluate energy consumption in typical residential, office
and commercial buildings. In this context, the literature lacks
models which can look at the energy consumption of heritage
buildings, and the environmental implications of their different
architectural design alternatives.

to Generic Office Area. The building has no lighting control. The
used HVAC system is central unit VAV Air cooled chiller. The
mechanical ventilation is turned on. No heating system is utilized.
Moreover, natural ventilation and mixed mode are both set in
action in the software. The windows in the building are composed
of single layer 6mm clear glass.
The construction material data entry was divided into four
categories: 1) roof floor layers; 2) ground floor layers; 3) typical
floor levels; and 4) external wall layers. As shown in Figure 3, the
roof comprises 15-20 cm diameter wooden athel beam, 3 cm palm
bot layer, 1cm date palm leaves, non-woven layer, 20 cm stabilized
soil layer. Furthermore, the ground floor consists of compacted
filling material, polyethylene layer for thermal insulation, 10 cm
reinforced concrete, 2 cm cement mortar, 6 cm Riyadh stone stones
as shown in Figure 4. Additionally, as shown in Figure 5, the firstfloor layers are divided into 15 cm wooden athel tree trunk beam, 3
mm palm bot, 1 cm palm leaves layers, non-woven polyester layer,
10 cm mud soil and 10 cm stabilized earth. Finally, the external
wall is 40 cm stabilized earth bricks with 3 cm thick external and
internal stabilized earth render. The total U-values for roof floor,
ground floor, first floor, and external wall layers are 0.441
W/m2.K, 0.779 W/m2.K, 0.406 W/m2.K, and 1.737 respectively.

III. METHODOLOGY
The methodology of this research that was followed to enhance the
energy performance of the Murabaa palace heritage building is
divided into two main parts as will be described below in detail: 1)
the case study description; 2) Design Builder software calibration
and data entry; and 3) Passive design alternatives and energy
simulation.

A. Case Study Data
Murabba Palace is in Riyadh, Kingdom of Saudi Arabia. It was
built around 150 years ago. Murabba Palace is one of the most
popular historic buildings in the Kingdom with an area
of 9,844.64 𝑚2 . The building gets its name from its square shape.
It is one of the museums in the city and is comprised of 12
designated areas with conference rooms, meeting rooms, and
administrative offices. The main materials used in its construction
were bricks, indigenous stones, tamarisk trunk and palm-leaf
stalks. The walls of the building were built using straw reinforced
adobe with engraved ornaments on coating as shown in Figure 2.

Figure 2. Roof floor layer: a) as built detail, b) design builder data
entry roof layer.

Figure 3. Ground floor layer: a) as built detail, b) design builder
data entry ground layer.

Figure 2. 3 D model for Murabaa Palace.

B. Design Builder Calibration and Data Entry
Design Builder software [8] version 4.5.0.148 was utilized to
perform the energy simulations for the selected passive design
insulation retrofitting for the Murabaa Palace. The location of the
building is Riyadh and the selected weather data form the software
template is SAU_RIYADH_IWEC. The activity template was set

Figure 4. First floor layer: a) as built detail, b) design builder data
entry ground layer.
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C. Passive Design Alternatives and Energy

Simulations
According to the heritage character of the building, the selected
passive interventions were taken place to improve the energy
performance of the building and the indoor thermal comfort with
minimum intervention and retrofitting actions to preserve the
heritage entity of the building exterior shape and the internal
character of the building as much as possible. There are four
scenarios that were utilized as follows: 1) replacing the existing
single glass with double reflected glass with 13 mm gas filled gap
that decreases the U-value from 5.360 W/m2.K, as in the base case,
to be 2.294 W/m2.K; 2) replacing the existing single glass with
double reflected glass with 13 mm gas filled gap that decreases the
U-value from 5.360 W/m2.K to be 1.622 W/m2.K; 3) using the loEglass as in the second scenario in addition to 5 cm air-gap and 12
cm rammed earth brick that makes the U-value 1.614 W/m2.K as
shown in Figure 5 (a); and 4) using the loE-glass as in the second
scenario in addition to 5 cm expanded polystyrene thermal
insulation and 12 cm rammed earth brick which achieves U-value
0.568 W/m2.K as shown in Figure 5 (b).

other three cases and it improves the indoor thermal comfort than
the base case through the twelve months of the year. Moreover, it
can be recognized that applying double low-E glass achieves more
improvement than using double reflective glass in the winter
months.

Table 1. Monthly and annual cooling electricity.

January
February
March
April
May
June
July
August
September
October
November
December
Total

As
Built
51
535
1692
6958
15711
17362
21015
20596
16924
11370
3976
323
116513

Case1
Wh/m2
44
504
1635
6704
15151
16699
20151
19798
16310
10973
3848
312
112129

Case2
Wh/m2
70
587
1813
7061
15482
16961
20441
20033
16623
11377
4105
356
114908

Case3
Wh/m2
77
598
1835
7020
15201
16579
20000
19577
16253
11158
4059
360
112718

Case4
Wh/m2
129
687
1994
6556
12929
13824
16619
16190
13648
9788
3988
428
96779

Table 2. Monthly and annual CO2 emissions equivalent.
Figure 5. Proposed double wall layers: a) double wall with airgap, b) double wall with polystyrene.

IV. RESULTS AND DISCUSSION
According to the simulations performed using design builder
software the fourth case (low E double glass with double wall
enclosing thermal insulation) achieves the minimum cooling
energy consumption of 96779 Wh/m2 annually, which is attributed
to the minimum U-value. The other three cases consume 112129
Wh/m2, 114908 Wh/m2, 112718 Wh/m2 respectively as illustrated
in Table 1. Hence, the four cases achieve reduction in cooling
energy consumption than the base case as follows: (case_1) 4%;
(case_2) 2%; (case_3) 4%; and (case_4) 17%. Moreover, although
the annual cooling energy consumption in case of using reflective
glass case is lower than that when applying double wall with air
cavity, but in the summer peak months (June, July, August, and
September) it can be recognized, based on Table 1, the double wall
achieves more reduction than using reflective glass only.
Accordingly, the carbon emissions inherit the same reduction
characteristics in the four passive intervention cases as shown in
table 2. Using double reflective glass possesses 132176 Kg CO2
equ that represents 2% reduction than the base case. Applying
double low-E glass emits 132532 Kg CO2 equ, which is equal to
1.8% reduction than the base case. Utilizing both double low-E
glass and double wall with air gap represents 1% reduction with
133860 Kg CO2 equ. Finally, applying both double low-E glass
and double wall with thermal insulation emits 122873 Kg CO2 equ,
which is equal to 9 % reduction than the base case.
The predictive mean value (PMV) is a metric used to indicate the
degree thermal comfort achieved in a certain space. The value of
this metric ranges from value of 3 to -3, and improvement in this
metric takes place when its value tends to zero. Therefore, based
on Table 3 and Figure 6, case 4 has the best PMV values than the

January
February
March
April
May
June
July
August
September
October
November
December
Total

As
Built

Case1
Kg equ.

Case2
Kg equ.

5680
5246
6208
9623
15170
15462
18384
17897
15430
12539
7583
5612
134833

5676
5227
6173
9469
14831
15060
17861
17414
15057
12299
7505
5605
132176

5696
5284
6295
9661
14861
14987
17769
17279
15023
12411
7633
5634
132532

Case3
Kg
equ.
5691
5277
6281
9686
15031
15219
18036
17556
15247
12543
7661
5631
133860

Case4
Kg
equ.
5727
5338
6391
9379
13484
13317
15720
15227
13444
11581
7590
5675
122873

Table 3. Monthly Fanger PMV.

January
February
March
April
May
June
July
August
September
October
November
December

As
Built
-1.02
-0.57
-0.10
-0.32
0.38
0.82
0.76
0.88
0.67
0.74
0.17
-0.68

Case1

Case2

Case3

Case4

-0.99
-0.55
-0.09
-0.33
0.35
0.78
0.72
0.83
0.63
0.73
0.17
-0.64

-0.88
-0.46
-0.02
-0.27
0.39
0.81
0.75
0.86
0.67
0.76
0.22
-0.56

-0.85
-0.44
-0.02
-0.27
0.37
0.78
0.72
0.83
0.64
0.75
0.22
-0.55

-0.60
-0.30
0.04
-0.34
0.13
0.45
0.38
0.47
0.34
0.63
0.20
-0.34
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Thermal comfort PMV (better when tends to zero)
1

0.5

0
2002-01-01

2002-02-01

2002-03-01

2002-04-01

2002-05-01

2002-06-01

2002-07-01

2002-08-01

2002-09-01

2002-10-01

2002-11-01

2002-12-01

-0.5

-1

-1.5
As Buil t

double eflected glazing

double lowE glazing

double lowE glazing_double wall _airgap

double lowE glazing_double wall _thermal

Figure 6. Fanger PMV thermal comfort.

V. CONCLUSION
As the heritage buildings has their significant character and added
value to our today's architecture, also as the whole world stands
hand in hand to achieve sustainability through our daily practices
especially in building sector, the heritage buildings possess certain
difficulties when they are required to conserve energy and enhance
their indoor thermal comfort while preserving their architecture
materials and character. Accordingly, this research introduced few
passive architecture treatments to enhance the indoor thermal
comfort, reduce energy consumption and minimize CO2 emission.
The four selected alternatives are 1) using double reflective glass,
2) using double low-R glass, 3) using double low-E glass with
double wall and air gap, and 4) using double low-E glass with
double wall and thermal insulation. The fourth alternative was able
to achieve reduction in both required cooling energy and CO2
emissions with percentages 17% and 9% better than the as built
base case. However, these findings should be require in deep life
cycle cost analysis to stand for the economic worth of these passive
designs compared to the improvements in energy and thermal
comfort.
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Abstract
Several models have been developed and they are now
providing a good understanding of how VRB works. This
knowledge is very important to evaluate its performance when
applied in an electrical system. This article presents a new VRB
model based an electrical equivalent model of VRFB, the effect
of flow rate and pump power losses has been considered in
modeling the VRFB. The VRFB is connected to a resistive
variable load, for discharging and a system PV for charging. A
control method for State of Charge (SOC) estimation is also
proposed as it plays an important role in over-charge/discharge
of VRFB. An equivalent electrical model of PV system including
a VRB was implemented in MATLAB/Simulink environment to
analyze the operational performance of the proposed system.
Keywords: Energy storage system, Vanadium Redox Flow
Battery, State of Charge, Battery modeling, Solar PV, Flow rate

I. INTRODUCTION
Since the early 1970s, redox batteries have been extensively
researched and several different redox pairs have been studied and
reported in the literature. Only three of these systems have
undergone some commercial development, namely the allvanadium system (via VRB-ESS), the bromine-polysulphide
system (RGN-ESS) and the zinc-bromine system (Powercell).
The vanadium bromine system has a high energy density so it can
replace the all-vanadium system and can be used as an energy
storage system for electric vehicles. Other redox flow battery
systems due to slow electrochemical kinetics of redox torque,
membrane fouling, cross contamination, high cost (mainly due to
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the membrane and battery design low efficiency), poor sealing, loss
of bypass current and low and problematic energy capacity (due to
the use of aqueous electrolytes). To date, one of the main factors
limiting the further development of redox batteries is the high cost
associated with ion exchange membranes.[1]
Alotto et al. [2]conducted a detailed study of the redox battery and
described its development and future technical level. The first VRB
model [3] parameterized the battery voltage, voltage loss, parasitic
current loss, etc. [2]–[4]. But each of these studies is not effective
in modeling the transient response, or is more complicated in the
extended measurement of the parameters.
D'Agostino et al [5] tried to include the operating mode and start
time in their VRB model and suggested that efficient management
of electrolyte pumps would minimize losses and increase
efficiency. Ontiveros and Mercado [6] proposed a new stacking
model for VRB, which includes stacking efficiency and mechanical
model to improve the accuracy of the VRB model and understand
its operation. This paper implements a simplified VRB model that
includes parasitic losses and takes into account the estimated
voltage and state of charge of the battery in the solar system. The
future energy system must be carefully designed to ensure energy
reliability and security without being affected to insure the dynamic
sustainability of the grid system.
Due to the intermittent nature of renewable systems, increasing
permeability poses a huge challenge to the operation of the power
grid.
However, due to growing global awareness of pollution and ozone
depletion, most countries have chosen green energy policies,
forcing technology providers to seek options for using and
managing renewable energy without compromising grid supply and
security.
The Energy Storage System (ESS) has become an indispensable
partner for renewable energies, as it enables energy to be stored
when it is available and supplied when the load requires it.
Many forms of energy storage have been developed, but the Battery
Energy Storage System (BESS) is the most mature and developed
technology in decades [7].
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Figure 1:Power ratings and discharge times of various energy
storage technologies. Reproduced by permission from American
Chemical Society Z. Yang, J. Zhang, M.C. Kintner-Meyer, X. Lu,
D. Choi, J.P. Lemmon, J. Liu, Chemical Reviews 111 (2011)
3577e3613. Copyright
The latest developments in battery technology have led to the
development of flow batteries, which utilize features such as
scalability and modularity in conventional electrochemical storage
technologies. By storing the liquid electrolyte in a separate
container outside the battery, they provide a better way to manage
its energy capacity. If necessary, the electrolyte must be pumped
into the battery containing the electrodes.
Therefore, this allows the system to have a large energy capacity
independent of the power capacity of the battery module.
Further, advantages of VRFB are that they can operate over a wide
range of power inputs and outputs; furthermore, VRFB can be
completely discharged without damaging the battery [1], [8].
Beside the positive characteristics of the VRFB, electrochemical
side reactions can occur during long-term operation leading to
capacity fade due to diffusion, gas evolution, and air oxidation [9].
The capacity fade due to diffusion of vanadium ions through the
membrane can simply be overcome by remixing the electrolyte in
order to rebalance the ion concentrations [9].
Nevertheless, in terms of long-life cycle, the VRFB has an
advantage due to the fact that the energy carrier, the electrolyte, can
be restored and the peripheral components must be replaced after
obsolescence. Over the last years, several VRFB models have been
presented in the literature.
A detailed 2-D model of a single-cell battery based on mass, charge,
and momentum laws is proposed by Shah et al. [10], to investigate
the effects of variation ion concentration, electrolyte flow rate, and
electrode porosity. This model is further extended to consider the
evolution of oxygen and hydrogen [11], and to observe the effect of
current density, electrode porosity, and local mass transfer
coefficient on the cell performance [10]. Tang et al. [9] proposed a
dynamic model of a single-cell battery to describe the capacity loss
caused by diffusion and side reactions.
Such detailed models provide important insights for the
development and improvement of the core components of VRFB,
but they require more computational resources and may not be
practical for long-term simulations at system level. At this level,
models can be applied to optimize the battery design and fabrication

as the model presented in [12] or to focus more on the application
of VRFB in interaction with other energy systems [13].The two
other side reactions cause a permanent imbalance of the electrolyte,
which requires chemical or electrochemical rebalancing methods to
restore the capacity.
Different types of flow batteries are now available, such as redox
batteries, non-membrane batteries and hybrid batteries [14].
As the name suggests, the redox battery is characterized by the
simultaneous redox reactions occurring in the electrodes of the
battery cells. Many redox batteries have been developed, such as
iron-chromium flow batteries, vanadium flow batteries, zinc
bromide flow batteries, etc.
The redox battery is characterized by the simultaneous redox
reactions occurring in the electrodes of the battery cells. In this
study, the vanadium redox battery (VRB) was chosen because it is
the most promising of all long-life redox batteries and offers
considerable energy capacity without any heating problems.
Tableau 1:General comparison of static battery, redox flow cells
and fuel cells [8]
Electrochemic
al device

Site of
reactants/produc
ts

Electrolyte
conditions

Static battery

Active electrode
material

Static and held
within cell

Aqueous
electrolytes in
reservoirs

Electrolyterecycles through
the cell

Gaseous or liquid
fuel plus air

Solid polymer or
ceramic acts as
solid electrolyte
within cell

Redox flow cell

Fuel cell

Separator

Microporous
polymer
separator
Ion-exchange
membrane
(cationic or
anionic)
Ion-exchange
membrane
polymer or
ceramic

The advantages of redox flow cells can be summarized in four
features: moderate cost, modularity, transportability and flexible
operation. Due to their modular design its construction and
maintenance costs could be the lowest of any of the storage systems
mentioned above. The redox flow batteries are well-suited for
transmission and distribution deferral applications, where batteries
might be transported from substation to substation or load center in
order to provide local capacity needed to defer expensive upgrades
[8] .
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Tableau 2:Advantages and disadvantages of storage systems compared to redox flow cells[8]
Battery energy
storage system
Conventional
systems

Developmental
systems

Redox flow cells

Advantages

Disadvantages

Redox system

Well-known technology
Low maintenance
Low size

Frequent maintenance
Heavy
High construction cost
Not portable
Expensive technology
Thermal management
Difficult maintenance

Flooded lead-acid battery
Valve-regulated
lead-acid (VRLA)

Newer technology

Bromine/polysulfide redox flow
cell
Vanadium redox flow cell
Iron/chromium redox flow cell
Zinc/cerium redox flow cell

Transportability
High energy (charging)
efficiency
Flexible operation
Low cost
Modularity
Transportability Flexible
Operation High efficiency
Large scale

Sodium/sulfur battery
Zinc/bromine redox flow cell

II. VANADIUM REDOX FLOW BATTERY (VRFB)
The vanadium redox flux (VRB) battery is an electrochemical
energy storage system based on a reversible chemical reaction in a
sealed electrolyte. VRB are essentially comprised of two key
elements: the cell stacks, where chemical energy is converted to
electricity in a reversible process, and the tanks of electrolytes
where energy is stored [6].
It consists of two electrolyte tanks, containing sulfuric acid
electrolyte with active vanadium species in different oxidation
states: 𝐕𝟒 / 𝐕𝟓 redox couple (positive) and 𝐕𝟐 / 𝐕𝟑 redox couple
(negative).
Both electrolytes are circulated through the cell stack by pumps.
The stack consists of many cells, each of which contains two halfcells that are separated by a proton exchange membrane (PEM)[6].

Figure 2:General Scheme of a Vanadium Redox Flow [2]

Figure 3:Typical configuration of a classical all-vanadium redox
flow battery single cell [2]
In the half-cells the electrochemical reactions take place on inert
carbon felt polymer composite electrodes from which an external
direct current is used, in order to charge or discharge the battery.
During discharge, electrons are removed from the negative
electrode electrolyte (anolyte) and transferred to the positive
electrode electrolyte (positive electrolyte) via an external circuit.
The flow of electrons is reversed during charging. Reduction occurs
in the anolyte, while oxidation occurs in the catholyte [15].
The nominal potential produced by a single cell is about 1.35 V,
depending on the concentration of vanadium. The terminal voltage
is obtained by connecting several batteries in series in a "cell". The
energy available is related to the battery voltage and the current
density established by the battery and the energy available depends
solely on the supply of electrolyte charged in the battery. Therefore,
the power rating and stored energy can be easily increased by
adding or reducing the battery and the electrolyte reservoir,
respectively.
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III. MODELING OF VRFBS: A NEW MODEL OF THE

VRB STACK
A. Electrical Equivalent model of VRFB
The charging and discharging of VRFB involves chemical reactions
in positive and negative half cells where the four electro-active
states of Vanadium (V 2+ , V 3+ , V 4+ , V 5+ ) are reversibly exchanged
through oxidation and reduction process. During charging in the
positive side, the V 4+ (Basically oxide VO2+ ) is converted into V 5+
(Basically Oxide VO2+ ) by oxidation and in the negative side V 3+
is converted into V 2+ by reduction reaction. The whole process
takes place by exchange of proton through ion exchange membrane
and subsequent removal of water molecule.
To estimate the electrode potential the of the two sides, VRFB
positive half-cell equilibrium potential and negative half-cell
equilibrium potential are considered as E 0+ = 1.182 V [30] and E 0−
= -0.207 V [16] at SHE (Standard Hydrogen Electrode) [17].
Thus, the cell equilibrium potential becomes E 0 = 1.39 V [16] which
is calculated by the difference between the equilibrium cell
potentials of the two electrodes (positive and negative) expressed in
Eq1:
(1)
E 0 = E 0+ − E 0−
In the Nernst equation, SOC is the initial State of Charge which is
defined as the capacity of energy stored in the electrolytes divided
by the energy rating, n is the number of cells in the stack,
▪
V equilibrium is equal to the cell voltage at 50% SOC,
▪
F is the Faraday constant with the value of 96485C/mole,
▪
R is the universal gas constant with the value of
8.3145J/(K. mole),
▪
T is the temperature in the Kelvin scale.
Both parameters R Reaction and R Resistive compose the internal
losses, which electrically reflect reaction kinetics, mass transport
resistance, membrane resistance, solution resistance, electrode
resistance and bipolar plate resistance.

The parasitic losses are presented by a constant resistance R fixedloss
and a controlled current source I pump, which stands for the power
consumption of the re-circulation pump, system controller, and
power loss from cell-stack by-pass.

Figure 5:Faunctional schematic of the electrical equivalent model
of a practical VRFB
In this model, the pump and the associated controller circuit losses
(parasitic losses) are represented as a combination of controlled
current source (IParasitic ) and a shunt resistor (R Parasitic ) in the
VRFB electrical equivalent model. Similarly, the self-discharge
loss of VRFB is also represented in the model.
To understand the electrical equivalent circuit of a practical VRFB
system, a schematic diagram is developed as shown in Fig. 5 where
the electrical RC equivalent model is represented by typical
Randles equivalent circuit. Based on the proposed schematic in
Fig.5, an electrical characteristics model of VRFB system is
developed in MATLAB/ Simulink environment as shown in Fig. 4.

Figure 4:Generalised electrical characteristics model of a VRFB in MATLAB/Simulink
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To analyze the whole model of the VRFB system it has been
divided into three major subsystems namely
▪
EStack Estimator
▪
SOC Estimator and Stack Voltage estimation
▪
Flow Pump model
The proposed model has been constructed based on the following
assumptions:
▪
Positive and negative side electrolytes are in chemically
balanced condition.
▪
The pumps are not operational during the period when the
battery is in the open circuit mode.
▪
VRFB Stack temperature and electrolyte temperature are
almost constant (29–31C).

B. VRFB storage modeling
The VRFB stores chemical energy and generates electrical energy
through redox reactions between vanadium ions dissolved in the
electrolyte. The most important feature of the VRFB is its
modularity of power (Watt) and energy (Watt-hour), which are
independent of each other, so that they can be expanded
independently depending on the PV solar energy and load capacity.

Eq (2-4), the relation between Vanadium Concentration with the
SOC is established to design a competitive model of cell equivalent
voltage estimation.
During charging, the SOC increases with time and during
discharging the reverse happens. Inside the positive half-cell the
2+
[VO+
2 ] increases during charging whereas [VO ] reduces due to
oxidation and inside the negative half cell the [V 2+ ] increases
during charging whereas [V 3+ ] reduces due to reduction process.
During the discharge process, an inverse phenomenon occurs inside
the two half-cells. Therefore, we can deduce the following
relationship from the above phenomenon[18], [19] :
Positive Half Cell:
2+
[VO+
(5)
2 ] = K ∗ SOC[V] and [VO ]
= K ∗ (1 − SOC) [V]
Negative Half Cell:
[V 2+ ] = K ∗ SOC[V] and [V 3+ ]
(6)
= K ∗ (1 − SOC)[ V]
Where:
k is proportionality constant and [V] is the total Vanadium
concentration (mol.L−1 )
From the Eqs. (5) and (6) we can finally establish the mathematical
relationship between SOC and the equivalent cell Potential EStack :
Ecell,eq = E + − E −
(7)

1) 𝑬𝑺𝒕𝒂𝒄𝒌 Estimator
The basic idea of the VRFB stack estimation model is obtained
from the Nernst potential equation. In equation (1) in section 1, the
cell equilibrium potential was discussed on the basis of the two halfcell potentials (positive and negative).
To develop a model for estimating the open-circuit voltage of a
battery, the equation Eq can be used. Calculate in more detail using
the following equation (1).

Ecell,eq = E 0+ −

2RT
SOC
(9)
ln {
}
F
1 − SOC
Then the VRFB stack open circuit potential is calculated by:
(10)
E
= 𝑛 ∗ {𝐸

[VO2+ ]
RT
ln {
}
[VO+
F
2]

𝑐𝑒𝑙𝑙,𝑒𝑞(𝑎𝑡 50% 𝑆𝑂𝐶)

+

(2)

2RT
SOC
ln (
)}
F
1 − SOC

Where:
The cell equilibrium potential Ecell,eq = 1.39 V as mentioned in [18].

In the negative electrode side:
[V 2+ ]
RT
(3)
E − = E 0− −
ln { 3+ }
[𝑉 ]
F
Where:
E + = Positive electrode potential (Volts)
E − = Negative electrode potential (Volts)
R = Universal gas constant (8.3144J K −1 . mol−1 )
T = Ambient temperature (K)
[VO2+ ]= Concentration of VO2+ (mol.L−1 )
+
−1
[VO+
2 ] = Concentration of VO2 (mol.L )
2+
2+
−1
[V ] = Concentration of V (mol.L )
[V 3+ ] = Concentration of V 3+ (mol.L−1 )
Now taking H + concentration to be constant (Corcuera et al. [18]
have assumed [H + ] as 1 mol to eliminate its effect on the Nernst
Potential).
According to the above assumptions, Eq (2) can be replaced by;

E+ = E0+ −

(8)

Ecell,eq = E 0+ − E 0− +

𝑠𝑡𝑎𝑐𝑘

In the positive electrode side:
[VO2+ ]
RT
E + = E 0+ −
ln {
}
+
[VO+
F
2 ][H ]²

RT
1 − SOC
ln {
} − E 0−
F
SOC
RT
SOC
−
ln {
}
F
1 − SOC

(4)

Figure 6: 𝐸𝑠𝑡𝑎𝑐𝑘 Schematics in Matlab/Simulink

2) Flow Pump model
The most important parameter to model the flow pump is the
electrolyte flow rate (Q). The flow rate again depends on three
factors namely Stack current (IStack ), SOC (estimation model will
be discussed) and electrolyte capacity (N).

5

International Conference on Innovations in Energy Engineering & Cleaner Production IEECP21
The flow rate is directly proportional to Stack current (IStack ) and
inversely proportional to SOC and electrolyte capacity (N). The
mathematical expression of flow rate (Q) based on which the pump
has been modelled is given in Eq. (2):
IStack
(11)
Q=
cm3 sec −1
N ∗ SOC
The electrolyte capacity (N) is also dependent upon some chemical
parameters [20]expressed as :
N = ne ∗ c ∗ F A s cm−3
(12)
Where:
𝑛𝑒 = No. of electron transferred/mol
c = Vanadium concentration in the electrolyte (mol L−1 )
F = Faraday’s constant (96,485 C mol−1 )
Here the total vanadium concentration (mol L−1 ) is assumed to be
constant as 1.6 mol L−1 for simulation.
Considering the pressure drop in flow pipes and the stack, head loss
and finally the mechanical power consumption of the pump is
calculated based on the equations and assumptions of Zhang et al.
The pump power loss and the pump controller circuit [21] losses are
represented by a controlled current source (IParasitic ) and a shunt
resistance (R Parasitic ).
The pump internal resistance and the auxiliary control circuit
resistance are clubbed into a single resistance which is
approximated as 13.889V based on the literature of Barote et al.
[22], [23].

ΔSOC =

ΔE
Istack ∗ Vstack ∗ t
=
Ecapacity
Prating ∗ t rating

ΔSOC = Istack ∗ Vstack ∗ C

(15)

(16)

The inputs are two variable parameters ( Istack ; Vstack ) and one
constant block (C). With the help of a discrete time–integrator block
in Matlab the SOC of the battery is accumulated and thus it is
computed at each cycle based on the previous SOC, depending on
the input values.
An important issue in battery modeling is transient behavior. The
ability of the system to respond quickly to fast changes is especially
important for power smoothing applications. In a VRB battery, the
transient effects are related to electrode capacitance

The relation between the variables (IParasitic with Istack and SOC)
involved in the flow pump model subsystem is shown in Fig. 4.

Figure 8:SOC Estimator Schematics in Matlab/Simulink

IV. SYSTEM CONFIGURATION
A. Model description

Figure 7:Flow Pump Model Schematic in Matlab/Simulink

3) State of Charge model (SOC)
The State of Charge of the Battery VRF is estimated by dynamically
updating its value for every time step. The SOC of the system can
be defined as seen in Eq. 13
𝑆OC =

Current Energy in Battery
Total Energy Capacity

(13)

SOC is changed based on the power delivered/absorbed by the cell
stack. So, each time step the SOC is tracked it can use the previous
SOC obtained to determine the future SOC value. The change in
SOC is implemented as seen in [14, Eq. (14-16)].
𝑆OC(t + 1) = SOC(t) + ΔSOC

(14)

The proposed system model includes three main subsystems: solar
PV panels, MPPT controller and DC-DC boost converter, VRFB
storage.
1) Assumptions for Vanadium Redox Flow Battery
• Energy storage system has capacity of 10 kWh. The system
contains two stacks with power rating of 1 kW each. Stack
output voltage is 48 V
• Single cell voltage is 1.0 V, current density is at 0.1 A cm-1,
the bipolar plate thickness is 0.6 cm, and the end plate
thickness is 10 cm.
• The cell voltage-current relationship is based on Nernst
equation and the cell internal resistance. No activation overpotential and concentration over-potential are taken into
consideration.

2) Battery Power Density and Energy Density
First, the stack volume was calculated. We assume a 10 kWh energy
storage battery contains two stacks. Two stacks (Nstack =2) have
power rating (Pstack ) of 1 kW. Voltage of each stack (Estack ) is 48
V. Two stacks are connected in series. The stack current (Istack ) is:
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Istack =

Pstack
1000
=
= 10.4A
Estack ∗ Nstack 48 ∗ 2

(17)

If the cell voltage of a single cell (Ecell l) is 1.0 V, then the number
of cell (Ncell ) in a stack to produce stack voltage of 48 V is:
Estack
(18)
Ncell =
= 48
Ecell
We assume the thickness of a bipolar plate is 0.6 cm and the
thickness of endplate is 10 cm, then the stack length Lstack is:
Lstack = [L𝑏𝑖𝑝𝑜𝑙𝑎𝑟 ∗ (Ncell + 1)]
(19)
+ (2 ∗ L𝑒𝑛𝑑𝑝𝑙𝑎𝑡𝑒 )
Lstack = 50 𝑐𝑚

(20)

If the cell is operated at current density (icell ) of 0.1 A cm−2 , then
the cell cross section area (Astack ) is:
Istack
(21)
Astack =
∗ 1.4 = 146 cm2
icell
Stack volume (Vstack ) is:
Vstack = Lstack ∗ Astack = 7 Liter
(22)
Total Volume of two stacks is 14 Liters.
The volume of electrolyte storage is calculated as follows. For a
100% discharge- charge battery, the volume of electrolyte
(Velectrolyte ) for positive electrode or for negative electrode can be
calculated from equation (23).
Istack ∗ tcharge
(23)
C ∗ Velectrolyte =
nrxn ∗ F
Here “C” is the reactant concentration, “t charge “ is the charge time
in seconds, “nrxn “ is the equivalent of reaction (nrxn =1), and “F”
is Faraday constant (96500 Coulomb/equivalent). For C = 2 M, the
volume of electrolyte needed for 10 hr charge-discharge is 187 liters
and the total electrolyte volume is 374 liters.

Figure 9:The monthly ambient temperature and horizontal solar
radiation
The photovoltaic system was installed on the rooftop (Fig.10) of the
Faculty of Science and Technology, Beni Mellal, Morocco. It
consisted of three mini-stations of 2kWp photovoltaic for each one,
distinguished by the three silicon technologies: Monocrystalline
(mc-si), Polycrystalline (pc-si) and Amorphous (a-si). Each ministation of both monocrystalline and polycrystalline types formed by
eight panels of Sunmodule plus SW 255 Wp from Solarworld. The
modules, which are included 60 solar cells connected in series, have
a yield of 15% under standard test conditions [24].
Every string is connected to the 3-phase Sunny Boy 2500HF
inverter. The Amorphous Silicon mini-station consists of 12 panels
of NEXPOWER NT_155AF 155 Wp forming two strings joined in
parallel. Each string is formed by connecting 6 modules in series.
Both strings are linked to a 3-phase Sunny Boy 2500HF inverter.
The unshaded modules were fixed with a tilt angle of 30°, facing
south at an azimuth angle of 0°. [25]
More details can be illustrated in Table.3

The volume of the stack is about 3.6% of the system. Majority of
the battery volume is electrolyte. For a 10 kWh energy storage and
1 kW stack, the stack power density is 69 W/L and battery power
density is 2.6 W/L. The battery energy density is 26 Wh/L.

3) PV PLANTS DESCRIPTION
A. Meteorological conditions
Fig. 9 shows the monthly ambient temperature and the monthly
horizontal solar radiation. The reported average annual ambient
temperature is 19.11°C. The recorded maximum value of
temperature is 29.21 in July and the lowest value was 9.24°C in
January. The monthly global horizontal irradiance ranged from 98.9
kWh/m2 in January to 240.4 kWh/m2 in July.

Figure 10:The three PV plant
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Tableau 3:Electrical characteristics
Modules
Module nominal power (W)

mc-si
255

pc-si
255

a-si
155

Module nominal open circuit
voltage (V)

37.8

38

85.5

Module nominal voltage at
maximum power (V)

31.4

30.9

65.2

Module nominal short circuit
current (A)

8.66

8.88

2.56

Module nominal current at
maximum power (A)

8.15

8.32

2.38

Temperature coefficient of
power (per K)

-0.450%

-0.410%

-0.280%

Temperature coefficient
open circuit voltage (per K)

-0.300%

-0.310%

-0.320%

Temperature coefficient
short circuit current

0.004%

0.051%

0.070%

V. SIMULATION RESULTS AND DISCUSSION
The initial value of SOC of the battery was set to 90% as shown in
figure 12. Since the battery is discharging through a 2.6 kW
resistive load the SOC was dropped from 0.9 (initial set value) to
0.898 in a time interval of 2 sec.

Figure 12:SOC of the VRF battery

Tableau 4:Geographic coordinates, mean temperature and global
horizontal irradiation

At 90% SOC, the calculated stack1 voltage of the VRF battery from
Eq. 10 was found to be 30.04 V which is same as shown in figure 8
and the stack1 voltage is discharged to a value of 30.01 V at 0.898
SOC as from the Eq.10.

Beni Mellal
Latitude
Longitude
Average temperature
Overall horizontal irradiation
(kWh/m² /year)

32°20’ North
6°21’ West
23,47
2392,87

To extract maximum power from the solar PV array, Perturb and
Observe algorithm is used for its simplicity in implementation. The
algorithm performance is tested under a practical irradiance profile.
A suitable DC-DC boost converter is designed in
MATLAB/Simulink to track the maximum power from the solar
PV array. The aim of maintaining high dc link voltage at the PCC
(point of common coupling) is to minimize losses. The
MATLAB/Simulink model of the DC-DC boost converter is shown
in figure 11.

Figure 11:MATLAB/Simulink model of DC-DC boost converter

*
Figure 13:Stack Voltage of VRF Battery
The output voltage from the VRF battery is shown in figure 14. Its
average value was found to be 28.217V.

Figure 14:Output voltage of the VRF Battery
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Figure 15:Schematic Schematic of the proposed system in MATLAB/Simulink

VI. CONCLUSION
The proposed work has demonstrated the performance of VRFB
storage. The VRFB storage state of charge (SOC) is kept within an
operating limit of 10% to 90% to avoid deep discharge and thus
lengthening the battery lifetime.

Figure 16:Flow rate pump
From the flow rate calculated from the flow pump model, the
current absorbed by the current control source (I_parasitic) of stack
1 was found to be 0.23 A (calculated from Eq. 11) and the value of
flow rate is 16.98 as shown in figure 16.

This paper has successfully established a VRFB model in Matlab /
Simulink environment considering the influence of flow rate, flow
pump loss and parasitic loss. A SOC estimation technique for
dynamic updating of the VRFB is proposed. The simulation results
show that the VRFB can deliver 2.6 kW - 3.4 kW of active power to
the resistive loads with a deviation of 0.063%. The simulated value
matches the calculated value. The discharge characteristics of the
VRFB, such as a decrease in SOC and the battery voltage transition
over time, were also observed.

Figure 17:Load current of the VRF Battery
The VRF battery is discharged to supply 2.6kW power to the
resistive load with a load current of 45.7A as shown in figure 17.
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Resistive
Load

2.6 kW

3.4 kW

N of Cell

I VRFB

V VRFB

E Stack

I Stack

10
20
30
40
50
10
20
30
40
50

14.8
29.34
43.91
58.49
73.06
18.99
37.66
56.36
75.06
93.76

14.23
28.21
42.23
56.24
70.25
13.97
27.69
41.44
55.19
68.94

15.02
30.04
45.06
60.08
75.1
15.02
30.04
45.06
60.08
75.1

19.76
45.7
70.9
96.09
121.3
26.38
58.83
90.55
122.3
154

Flow Rate
pump
7.318
16.93
26.26
35.59
44.92
9.77
21.79
33.54
45.28
57.03

2012.
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Vibration Characterizations of motor-gear-rotor
system with considering the lateral-torsional-axial
coupling effect
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Abstract
To investigate the dynamic responses of high-speed motorgear transmission system in the electric vehicle, the nonlinear coupled lateral-torsional-axial vibration model of
motor-gear-rotor coupling system is developed based on the
engagement of gears under various excitations. Firstly, the
electromagnetic radial and tangential forces of the permanent
magnetic synchronous machine are analyzed by finite
element method, and the influences of the extracted
electromagnetic radial and tangential force with considering
the slot effect and magnetic saturation effect is presented.
Furthermore, the dynamic characteristics of the motor-gearrotor coupling system with the effects of the time-varying
mesh stiffness, electromagnetic excitations and gear
eccentricity are analyzed. The simulation results reveal the
phenomenon that torsional vibration displacements are larger
than those in lateral and axial directions, which is more
obvious than the model without motor coupling. Meanwhile,
the vibrations due to the time-varying mesh stiffness, gear
eccentricity, slot effect and magnetic saturation effect are
distinguished at different operation speed. Additionally,
nonlinear motions are observed due to the electromagnetic
excitations, including limit cycles and jumping phenomena
for the motor rotor and gears. The research results lay a
foundation for dynamic characteristics and fault diagnosis of
the high-speed motor-gear transmission system for the
electric vehicle.
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Introduction:
Permanent magnet synchronous motors (PMSM) have
been widely used in electric vehicles (EV) because of its
inherent quietness and high efficiency. The NVH problem of
electric vehicles includes not only the Permanent magnet
synchronous motors, but also the gearbox. The powertrain of
an electric vehicle is shown in Figure 1, And a mechanism
diagram suitable for electric vehicle powertrain is shown in
Figure 2. The fixed coordinate system Ai-xiyizi(i=1,2) is
established in the ideal center Ai of the driving and driven
gear, and the fixed coordinate system Bi-xiyizi(i =1~4) is
established in the ideal center Bi of the bearing. The rotation
center coordinates of the main and driven gears are O1(x1,
y1, z1) and O2(x2, y2, z2) respectively, and the centroid
coordinates are G1(xg1, yg1, zg1) and G2(xg2, yg2, zg2). And the
dynamic meshing model of the gear rotor system is shown in
Fig. 3.

Fig. 1. Structure of the electric powertrain.

Fig. 5. No1 bearing displacement curve in X direction.
Fig. 2. Gear - rotor transmission system static model.

Fig. 6. No1 bearing displacement curve in Y direction.

Fig. 3. Dynamic model of gear-rotor transmission system.

Results:
1.Using JMAG-Designer 2D finite element simulation,
the torque curve of motor is extracted, as shown in Figure 1.
And the extracted torque will act on the non-linear coupled
lateral-torsional-axial vibration model, the subsequent
simulation will also confirm the coupling effects between
motor and gear.
Fig. 7. No1 bearing displacement curve in Z direction.

3. Limit cycles and jump phenomena for the motor rotor
and gears are analyzed in this paper. Due to the coexistence
of electromagnetic excitations and bearing excitations, jump
phenomena will appear. As the non-linear coupled lateraltorsional-axial vibration model is a nonlinear system, the
motion characteristics of drive shaft gear center is shown in
Fig. 8, the driving gear vibration are clearly dominated by the
nonlinear limit cycle motion induced by the magatic motor
forces and bearing excitations.
Fig. 4. Motor torque curve.

2. In this paper, the vibration response of the system is
preliminarily calculated when the speed of the driving gear is
n1=1485r/min. The motor - gear coupling effects are the most
obvious on bearing b1, and the vibration displacements in
three directions of bearing b1 are analyzed here. Fig. 5, Fig.
6 and Fig. 7 respectively show the displacements in X, Y and
Z directions.
Fig. 8. Limit

cycle motion.

Conclusion：
1. Compared with other models, the non-linear coupled
lateral-torsional-axial vibration model takes more

nonlinearity factors into account. Due to the lateral-torsional
coupling effects of helical gear system, the torsional vibration
displacement in the transmission system is obviously larger
than the lateral and axial vibration displacement. With the
increasing of speed, the vibration displacement increases
significantly, and the frequency amplitude fluctuates
obviously.
2. Nonlinear motions are observed due to the
electromagnetic excitations, including limit cycles. Limit
cycle vibrations occur in this model, the results due to the
dominance of the tangential component of the dynamic
magnetic force over the bearing damping.
3. Further research will be conducted of the nonlinear
phenomena of the electric driving system, and the
corresponding results of this research can be applied to
electric driving system of vehicles.

1.
2.

3.
4.

Highlights：
The influences of the extracted electromagnetic radial
and tangential force with considering the slot effect
and magnetic saturation effect is presented.
The dynamic characteristics of the motor-gear-rotor
coupling system with the effects of the time-varying
mesh stiffness, electromagnetic excitations and gear
eccentricity are analyzed by the new coupling model.
Nonlinear motions are observed due to the
electromagnetic excitations, including limit cycles
and jumping phenomena for the motor rotor and gears.
The results of this research can be applied to electric
vehicles.
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Abstract: The problem of the purchasing power of the
population plays a dominant role in the economy of the republic
as a factor influencing the number of important indicators of the
country. The results of this work are given in this work. authors of
studies on the definition of the dynamics of development of the
living standards of the population of the Kyrgyz Republic for the
last 20 years. It is clear that under the conditions of a low level of
national income per capita, a large value has a reduction in the
cost of impact on energy installations. It is also established that
the main criterion for the wide realization of energy installations
among the population is an increase in the share of energy
produced by installations based on renewable energy sources in
the overall energy balance.
Keywords: budget, income, power plants, energy,
renewable energy sources, life level.
1. INTRODUCTION
The National Development Program of the Republic of
Kyrgyzstan provides for an increase in the level and quality of life
of citizens by ensuring sustainable economic growth leading to the
creation of conditions for full employment of the population,
receiving high and stable incomes, the availability of a wide range
of social services, compliance with high living standards in a
favorable health and environment [1-3].
The most important indicator characterizing the state of
living standards of the population and the labor market is wages.
In 2020 the average monthly nominal wage increased by 4.9
percent compared to the previous year. Real wages in 2020
compared to 2015 increased by 20.1 percent, with an increase in
the average monthly nominal wages for this period by almost 1.3
times. According to the results of an integrated sample survey of
household budgets and labor force, annually conducted in all
regions of the republic, in 2020. monetary incomes per capita in
nominal terms were 1.4 times higher than in 2015. As in previous
years, the most important source in the formation of monetary
income is income from labor activity, both in urban settlements
(77.9 percent) and in rural areas (65.3 percent). The second most
important source in the income formation of the population living
in rural areas was income from the sale of products of personal
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subsidiary plots, the share of which decreased from 21.9 percent in
2015 to 15.2 percent of all income in 2020. The share of social
transfers in the structure of the population's income decreased
from 16.2 percent in 2015. up to 15.8 percent - in 2019. The share
of consumer spending in the structure of cash expenditures in
2019 accounted for 84.5 percent, payment of taxes - 8.6 percent,
other expenses - 6.9 percent. These data were obtained through an
integrated sample survey of household budgets of Kyrgyzstan.
Over the past five years in the social sphere of the state,
there has been a noticeable increase in the main indicators of the
standard of living of the population. So, in 2015-2020 per capita
money income of the population of Kyrgyzstan, according to a
sample survey of household budgets, increased 1.4 times.
Kyrgyzstan belongs to the developing countries, i.e.
reducing property inequality is one of the most important areas for
improving the standard of living, since at present in the republic
there is a high level of stratification of the population by property
and social characteristics. Over the past five years, the number of
the poor in the republic has decreased from 50% in 2003 to 25.6%
in 2018. This trend is encouraging to move towards progress.
The standard of living of the population of the Kyrgyz
Republic over the years of sovereignty has been characterized
ambiguously [1]. The general standard of living of the population
is influenced by the gross domestic product per capita, the
consumer price index, the deficit (surplus) of the state budget and
their dynamics (table 1).
Table 1. Ratio of growth (decline) rates of gross domestic
product, consumer price index and budget deficit (surplus) of
the Kyrgyz Republic
№
Indicators
1995 2000 2005 2010 2015 2020
1
Growth (decline) in
12 9,5 10,0 -0,5 5,1 5,6
gross domestic product
per capita
2 Consumer goods and
76 101,8 95,8 101, 106,5 101,5
services price index
7
3 Deficit (surplus) of the
- 0,86 18,5 4,8 4,2
budget

Along with the purchasing power of the population, the
standard of living also depends on the level of poverty of the
population. At present, poverty is not amenable to precise
definition; a family lives in poverty when its basic needs exceed
the means available to meet its needs. In recent years, there has
been some progress in overcoming poverty.
Unfortunately, the growth of incomes of the population
does not yet provide normal standard consumption. In this regard,
it would be advisable to find new non-traditional ways to improve
the standard of living, based on real and substantiated principles of
improving the social situation of the population.
The minimum consumer budget for a month, established
by the Decree of the Government of the Kyrgyz Republic dated
August 30, 2018, was 7492.6 soms per person, while per capita
income in the same year was 4739.4 soms, i.e. the lack of the size
of the consumer budget per capita indicates the need to increase
the level of consumption (in prices of the National Bank of the
Kyrgyz Republic as of April 15, 2021 at the rate of $ 1 = 84.80
soms). The main welfare of the population is housing and
providing it with vital equipment.
In rural areas, more than 90% of families live in separate
apartments or single-family houses. At the same time, the quality
of living conditions in most settlements does not correspond to
modern requirements, i.e. low level of arrangement of utilities (hot
water supply, electrification, gasification, untreated drinking
water, etc.).
In raising the standard of living of the population, an
important place is given to employment and the reduction of
unemployment. Employment is the provision of work for the ablebodied population, the creation of an opportunity to earn a living
and the maintenance of the labor initiative of citizens, assistance
and encouragement in the development of their ability to
productive creative work.
The state of employment directly affects the income of
the population, the structure of which, depending on the type of
activity of people, can change (wages, income from
entrepreneurial activity, social transfers, receipts from the sale of
agricultural products, feed, livestock, income from property and
other cash receipts). According to the data of the National
Statistical Committee of the Kyrgyz Republic, the average per
capita income in households is shown in table 2.
Table 2. The structure of workers 'and employees' incomes in
1995-2020 (in %)
Income indicators 1995 2000 2005 2010 2015 2020 2020 by
1995,
in %
Cash income
100 100 100 100 100 100
100
including:
1. Remuneration
42,1 39,5 61,0 61,4 64,9 69 164,3
2. Social transfers
18,4 8,3 9,4 13,6 16,2 16,4 89,1
3. Property income 1,5 1,5
0,6 0,5
33,3
4. Income from the 37,4 50,2 19,7 17,3 14 10
26,7
sale of agricultural
products
5. Others
0,6 0,5 9,9 7,7 4,3 4,1
683

As you can see from the table. 2, in recent years, income
from labor activity has grown 1.6 times, and other incomes - 6-7
times.
Cash income of the population is spent mainly (about
80%) on consumer spending - the purchase of food, industrial
goods and payment for services, tax. The rest of the costs are
distributed between the costs of purchasing livestock, poultry,
agricultural implements, fodder and other means for running a
personal subsidiary farm.
Consequently, in the current prevailing socio-economic
conditions, the involvement of renewable energy sources in the
overall balance of energy consumption is of great economic and
social importance for Kyrgyzstan.
However, for these reasons, the widespread
implementation of expensive metal installations and a tangible
solution on this basis to energy, economic and social problems in
Kyrgyzstan is impossible.
2. METHODOLOGICAL BASIS OF RESEARCH
Analysis of the data shows that the level of well-being of
the population is also characterized by the provision of durable
items for cultural and household and economic purposes. This
indicator indirectly reflects the level of well-being of the
household and its cash income for a certain period of time.
According to the survey, in 2020. on average, there were 111
televisions, 92 refrigerators, 79 washing machines, 14 tape
recorders and 39 electric vacuum cleaners per 100 households. On
average, each household had two cell phones and one in four had a
car. Half of all items of cultural, household and economic
purposes were things with a service life of up to 10 years, which
include computers, television and radio equipment and electrical
household appliances. Durable items such as furniture and
vehicles had a lifespan of more than 10 years.
The above data allows us to conclude that the population
of Kyrgyzstan is able to purchase and use for economic needs
power plants of small capacities operating on renewable energy
sources.
Therefore, the development of inexpensive installations
based on renewable energy sources and their widespread
implementation among the population is of great importance.
As you know, the annual energy demand (𝐸) of the
country can be estimated by the expression [2]
𝐸 = 𝐸𝑜 𝑁
(1)
where 𝐸𝑜 − is the average energy consumed by one person;
𝑁 - is the number of inhabitants of the country.
The average energy consumed by one person here
includes the energy needed in the production sector, in the service
sector and in everyday life. The standard of living in the country,
which obviously depends on the average energy consumed by one
person, can be, as a first approximation, estimated by the value of
the national income (𝑆) per capita:
𝑆 = 𝑓1 𝐸𝑜
(2)
where 𝑓1 - is a coefficient, a non-linear function of many
parameters. It can be seen as the efficiency of using energy for the
production of living goods. Therefore, it is desirable that its value
be as large as possible.
From (1) and (2) we get:
𝐸=

1
𝑓1

𝑆𝑁

(3)

The above expression refers to energy derived from
conventional sources.
When using renewable energy sources along with traditional
sources, the consumed energy consists of energy from traditional
sources 𝐸𝑡𝑟 (electricity, coal, oil products, natural gas, etc.) and
from renewable sources 𝐸𝑣 (solar, wind energy, biomass energy,
etc.) [4-13]
𝐸 = 𝐸𝑡𝑟 + 𝐸𝑣
(4)
In turn, 𝐸𝑣 can be considered as the energy generated by
the used installations on renewable sources:
𝐸𝑣 = 𝑛𝐸𝑢
(5)
where 𝑛 - is the total number of used (sold) installations on
renewable sources; 𝐸𝑢 - average (conditional) energy generated by
one conditional installation.
If 𝐶𝑜 is the cost of one conventional installation on
renewable sources, which generates a conventional value of
energy 𝐸𝑢 , then the total cost of all installed installations will be
𝑛𝐶𝑜 .
Obviously, the total number of implemented installations
is also proportional to the national income:
𝑛𝐶𝑜 = 𝑓2 𝑆
(6)
𝑛 = 𝑓2

𝑆

(7)

𝐶𝑜

where 𝑓2 - is a coefficient, also a non-linear function of many
parameters and depending on the popularity of solar power plants
among consumers, their competitiveness with devices based on
traditional energy sources. Then
𝐸𝑣 = 𝑓2

𝑆
𝐶𝑜

𝐸𝑢

[2].

[3].
[4].

[5].

[6].

[7].

[8].

[9].

(8)

So, the total amount of energy consumed by the country
will be equal to
𝐸 = 𝐸𝑡𝑟 + 𝐸𝑣 =
𝐸 = 𝑆(

1
𝑓1

1
𝑓1

𝑁 + 𝑓2

𝑆𝑁 + 𝑓2
1

𝐶𝑜

𝐸𝑢 )

𝑆
𝐶𝑜

𝐸𝑢

[10].
(9)

Expression (9) considers the cost of power plants
installed in renewable energy sources, as well as the possibility of
population settlements in the acquisition of these facilities for
household needs.
3. EXCLUSIONS
Thus, from this expression, we can draw the following
conclusion that in conditions when the level of national income
per capita 𝑆 is low, it is of great importance to reduce the cost of
solar plants 𝐶𝑜 in order to make them widely sold among the
population and increase the share of energy generated by
renewable sources 𝐸𝑣
in the overall balance of energy
consumption.
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Abstract
The Sun is the main source of energy on our planet. For several
billion years, biological systems have acquired the unique ability to
efficiently convert energy from the sun through photosynthesis. The
study of photosynthesis is a topical area of scientific research that
will make it possible to solve the problem of obtaining
environmentally friendly energy from water.
In photosynthesis, the source of electrons is water, the oxidation
of which produces electrons, protons and molecular oxygen.
Oxidation of water takes place in photosystem II (PS-II). X-ray
structural studies showed that the PS-II molecule consists of one or
two subunits. The latter includes 108 electro-photoactive molecules,
has 2 clusters with a spatial configuration in the form of a “chair”,
the chemical composition is Mn4CaO5. Manganese and calcium
atoms in the cluster do not interact with each other, forming
chemical bonds only with oxygen. The Mn4CaO5 cluster contains 4
water molecules, two molecules each of Mn in position 4 and Ca,
forming a complex as Mn4O5Ca(H2O)4. Analysis of the PS-II
structure indicates that the components of the enzyme molecule
form charge-transfer complexes (CTC) with each other and form a
semiconductor structure that performs light-harvesting and electron
transport functions.
Based on the structure of PS-II, the mechanism of the generation
of H+, O2↑, e- ions from water as a result of photoenzymatic
reaction can be described with a high degree of certainty. The energy
of light from light harvesting molecules and their complexes
migrates along the semiconductor structure of PS-II into the active
center of the biocatalyst. This is accompanied by conformational
changes in Mn4O5Ca(H2O)4 cluster, the consequence of which is the
breaking of chemical bonds of water and the formation of atomic
oxygen and 2 protons. Atomic oxygen in an aqueous medium forms
hydrogen peroxide. Catalytic oxidation of hydrogen peroxide by the
Mn4+ ion leads to the formation of oxygen, hydrogen ions, and heat
is released in the reaction H2O2 – 2e-→O2↑+ 2H+ + 23.5 kcal. Mn4+
is reduced to Mn2+ and then oxidised to Mn4+ by transferring the
reducing equivalents of PS-I. Two protons in water form
hydroxonium ions by the reaction H+ + H2O → H3O+, which are
electrochemically reduced to molecular hydrogen by the scheme
2H3O+ + 2e- → 2H2O + H2↑. Thus, the PS-II cluster is the key
structural formation providing water splitting and hydrogen and

T.N. Khavaza
Center of physical-chemical methods of
research and analysis
Al-Farabi Kazakh National University
Almaty, Republic of Kazakhstan

oxygen production by solar energy conversion. In addition, it was
found that PS-II cluster, as a crystal, does not lose its ability to split
water under the action of light quanta. It should be added that a
catalyst of similar qualitative composition Ca(MnO4)2, is used for
hydrogen peroxide decomposition in space jet technology.
Keywords:
photosynthesis,
semiconductor, CTC.

photosystem

II,

cluster,
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Abstract
Biodiesel (BD) is an environmentally friendly, alternative
energy source. It has a number of advantages over petroleum diesel:
it is fire-safe, has a higher flash point, and has minimal toxic
emissions during combustion.
It is most promising to produce BD in supercritical (SC)
conditions, above the critical point of methanol or ethanol. A mobile
flow-through SC unit was designed, which included tanks for initial
product, flow-through reactor (FTR) with a heating element, cooler,
separator, high pressure pump, control unit, pressure regulator, FTR
made of thick-walled stainless-steel tube bent in the form of a spiral.
A gas burner was used as the heating element and was controlled by
an HMI PLC SCADA automation system. HMI PLC SCADA
system was used to input technological parameters, as well as to
provide acquisition and processing of data of peretherification
reaction. A significant advantage of the developed mobile flowthrough SC unit was its small size, high capacity and environmental
safety.

F.M.Gumerov, S.V.Mazanov, S.A. Soshin
Department of "Theoretical Foundations of Heat Engineering"
Kazan National Research Technological University
Kazan, Russian Federation

rate constant occurs. The reaction rate constant increased by a
factor of 85 when the temperature was raised from 200°C to 350 °C.
Thus, a high temperature was necessary to overcome the energy
barrier. It was obtained that the rates of the transesterification
reaction under subcritical conditions were two orders of magnitude
lower than under supercritical parameters.
Keywords: biodiesel fuel, supercritical unit, flow-through
reactor.

Investigations were conducted on optimization of technological
parameters of OB production flow-through SC unit operation. At the
description of processes occurring in an FTR, the kinetic model
which included a number of assumptions has been accepted. As a
model isothermal ideal displacement reactor (IDR) was considered
as a model in which the volume of the reaction mixture did not vary
along the entire length of the flow reactor and there was no reverse
and radial transfer of substances. The substance flow in the IDR only
proceeded in the longitudinal direction, similar to a piston. The
residence time of all components of the reaction mixture in the IDR
was constant. The simplified kinetic model did not take into account
the formation of intermediate compounds. The reaction order in
terms of alcohol pressure was taken as 1, and the transesterification
process was described by one irreversible reaction of the first order.
As a result of calculations values of effective rate constants of
transetherification reaction depending on molar ratio of alcohol to
oil were obtained. The rate constant of reaction was determined by
the method of least squares, by comparing experimental data on oil
conversion with calculated data. Values of effective rate constants
of reaction depending on temperatures in the interval 320-380 °C
were used for determination of activation energy Еа of supercritical
transetherification of oil at various ratios of mixture - ethanol/oil,
using Arrhenius equation. It is obtained that the system has to
overcome an energy barrier beyond which an increase in the reaction
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Abstract
Off-cut wood pieces are often dumped by sawmills as they are
considered to be wastes in the wood industry. A certain portion
of timber has to be removed also due to inadequate length of
sawn timber material. Finger jointing technique is used to
eliminate wood defects which weaken the strength of sawn
wood plank and unused short pieces can even be used for
obtaining defect free longer lengths of timber. A study was
undertaken to evaluate the tensile strength performance and
major failure modes of the finger-jointed productions. A finger
profile of 13 mm finger length, 4 mm pitch and 1 mm tip width
were used in the study. The sections were joined using PVAc
adhesive. BS 373: 1957 and BS EN 15497:2014 were used as
standards for tests. The test for tensile properties were
performed using Universal Testing Machine (UTM 100 PC)
with loading plate moving speed of 01mm/min. Load vs.
displacement variation was obtained and maximum load
was identified to calculate ultimate tensile strength for
evaluating the major failure modes. Density and major
finger joint failure modes were also investigated.
The major failure mode of the finger- jointed seven timber
species subjected to a tensile test was mainly due to glue line
failure (47.14%), followed by wood grain failure (24.28 %) and
fiber failure(15.71%). The least failure mode was recorded as
weak finger joint (12.85 %). The highest mean finger joint
strength was obtained from Grandis (50.23 N/mm2) timber
species and least mean finger joint strength was recorded in
Kumbuk (16.88 N/mm2) timber species.
There is no
considerable relationship between Density and the failure
occurrence of finger-jointed timber species. This results would
be benefited for finger-jointed furniture manufacturing
industry for sustainable use of wood waste.
Keywords: Finger joint, tensile strength, Failure mode, Glue line
failure
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I. INTRODUCTION
Timber is an excellent material for use in roofs and other
construction works, furniture, interior decorations, doors, window
frames, paneling, partition boards, floorings, wood carvings and
musical instruments etc 1]. Nearly 450 species of wood are found
in the forests in Sri Lanka, and the timber made from this wood is
used in both structural and non-structural applications.
Timber is a renewable natural resource, which can effectively
reduce climate change. Timber processing generates enormous
amounts of timber residues and these timber residues can be used
to lessen the effects of climate change 2]. Trees sequester carbon
during their life, pulling carbon dioxide (CO2) from the atmosphere
and storing it in their mass. For every kilogram of wood grown, 1.5
kg of CO2 is removed from the atmosphere 3]. Storing CO2 in
wood could therefore be considered as an effective means of
mitigating climate change, though wood also releases CO2 when
they used t as fuels 4]. Quantitative characteristics and behavior
of timber are determined by its mechanical properties. These
mechanical properties are important because they can significantly
influence the performance and strength of the timber used in
structural applications 5]. The strength of wood used for timber
depends on the species of the wood and the effects of some of the
growth characteristics of the wood 6].
Off-cut wood is currently one of the wastes dumped by sawmills
and as they failed to fully utilize the wood supply. Waste sawn
timber material of furniture factory and short length of sawn timber
are also big problem in timber industry. However, some of this
wasted wood is already being used as fuel wood for boilers in
sawmills and also for bread baking. To further suggest ways to
minimize the waste, by applying a jointing system, this utilizes the
finger- jointed techniques. Using this method, waste timber planks,
trimmings and edgings can be used as Finger- jointed boards and
furniture in sustainable way.
Finger joint is a sustainable, eco-friendly and economically viable
concept for furniture industry. It ensures the sustainable utilization
of small wood cut pieces which removed as waste 7]. Engineered
wood, including finger joint lumber, can meet the new demands
and is recognized as providing a high quality, dependable and costeffective alternative to traditional building products 8].
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The finger joint timber manufacturing is considered to be a viable
solution for minimizing the waste generation in furniture
manufacturing activities. Type of glues applied for the joining
process of finger joint is one of the key factors which determine
the strength of the product.
This study was undertaken to determine the major failure modes of
the finger- jointed timber species under tensile test. Finger length
of 13 mm is commonly used finger type in Sri Lankan furniture
manufacturers.

The specimens were prepared defects free heart wood sawn woods
and dimensions of the sample prepared for tensile tests shown in
Figure2.

MATERIALS AND METHODS
For the experimental tests, samples made of timber that is
commonly used in Sri Lanka and collected from the southern and
central provinces of Sri Lanka were made from the following
species of wood (Table 1).
Table 1. Wood species selected for the study
Common name

Grandis
Jack

Botanical name
Eucalyptus grandis1
Aartocarpus heterphyllus2

Kumbuk

Terminalia arjuna

Mahogany

Swietenia macrophylla

Pine

Pinus caribaea1

Satin

Chloroxylon swietenia2

Teak

Tectona grandis2

2

1-Central Province, 2-Southern Province
Finger- jointed samples were prepared from defects free sawn
wood timber to calculate tensile strength properties. Finger joint
specimens were made at finger joint factory at Boossa in the State
Timber Corporation (STC). Finger-jointed timber specimens
were made with constant finger geometry as 13 mm Finger
Length, 1 mm Tip width, Tp gap 0.5 mm and 4 mm finger
pitch. Finger joint geometry is shown in Figure 1.

Figure 1. Geometric parameters of finger joint
(L is the finger length, B is the tip thickness, S is the tip gap, P is
the pitch, α is the slope, and H is the finger depth).
The highest mean tensile strength was obtained from PVAc-SWR
glue type used in finger joint production in Sri Lanka. 9,10]. Glue
was applied in one face of joint. Thus, polyvinyl acetate (PVA)
adhesive was used as bonding agent (Glue type) for finger- jointed
samples. Assembling pressure of 6 MPa was used in this study
according to recent finger joint study by Min-ChyuanYeh et
al.(2011) and Juvonen 11,12].

Figure 2. The dimensions of the samples prepared for tension test.
The density values were calculated for seven timber species using
following equation (Eq. 01). Dry weight of the timber samples was
taken by placing in 1050C at the electric oven for period of 48
hours 13].
Density = Weight of oven dry wood (kg)
Volume of wood (m3)

(Eq – 01)

Determination of basic density was done based on the green
volume and oven-dry weight using a water displacement method.
Moisture contents were measured using moisture meter.
Ten replicates were made for each timber species. Samples which
were placed in normal room temperature conditioned showed good
structural performance compared to hot and wet conditioned 14].
BS 373: 1957 and BS EN 15497:2014 were used as standards for
tests. 13,15]. The test for tensile strength were performed by
Universal Testing Machine (UTM 100 PC) Experimental setup
was shown in Figure 3.

Figure 3. Experimental set-up of tensile test

Determination of the Tensile strength
Maximum load act in timber section was taken into calculation.
Equation 2 was used to calculate the Tensile strength.
Tensile strength of timber
Maximum Load

=Average cross section area of specimen N/mm2
(Eq – 02)
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RESULTS AND DISCUSSION
Table 2 presents the Density values of seven timber species at 12
% moisture content level.
Table 2. Dry density values of timber species
Timber species
Density (kg/m3)
Grandis

570 ± 5

Jack

645 ± 3

Kumbuk

750 ± 4

Mahogany

570 ± 3

Pine

460 ± 2

Satin

975 ± 5

Teak

720 ± 5

Figure. 4. Glue line failure of the finger-jointed specimen under
tensile test
1200
1000
800
600
400
200

Density
GLF%x 10

0

The average densities of the seven species of wood in their
descending order were 975 kg/m3 for Satin; 750 kg/m3 for
Kumbuk ; 720 kg/m3 for Teak ;645 kg/m3 for Jack, 570 kg/m3 for
Grandis ; 570 kg/m3 for Mahogany and 460kg/m3 for Pine.
The failure modes of the finger-jointed timber species subjected to
the tensile test were placed into 4 categories in this study; Finger
broken, Glue line failure, wood grain failure and fiber failure.
Table 3. Failure occurrence of finger-jointed timber species
Timber
species

Finger
broken
%

Glue
line
failure
%

Wood
grain
failure
%

Fiber
failure
%

Mean
Strength
(N/mm2)

Grandis
Jack
Kumbuk
Mahogany
Pine
Satin
Teak
Total %

10
20
30
20
10
12.85

40
30
50
70
80
60
47.14

50
20
60
10
10
20
24.28

30
10
40
10
20
15.71

50.23
36.06
16.88
35.77
17.04
21.13
36.48

Figure. 5. Relationship between Density and the Glue line failure
(GLF) %
Relationship between density and the glue line failure is shows in
Figure 5. According to the Fig. 4, there is no considerable
relationship between Density and the failure occurrence of fingerjointed timber species. A previous research study revealed that
denser woods have more fibers per unit area, but the influence of
other natural or anatomical characteristics of the wood can
interfere, in order it’s not possible to say that relationship
between density of the piece influences on tensile strength is a
rule for all wood species 18]. The another previous research study
was done by Min-Chyuan Yeh et al. ( 2011) based on the brokenfinger failure mode, emphasized that there was no difference
between horizontal and vertical joint formation of finger-jointed
lumber 11]. To minimize glue line failure, usage of sharp saw
blades and remove dust from joint surfaces can be used, because
precise and clear finger cuts are very important for finger joint
production.

The highest mean tension strength was Grandis, significantly lower
than all other species. Grandis finger joint specimen shows the
highest average tensile strength followed by Teak, Jack,
Mahogany, Satin, Pine, while the lowest was the Kumbuk. It was
also noted that finger-jointed Kumbuk samples failed in tension
not due to in glue line failure but also other failure modes: 60 %
wood grain failure, 30 % finger broken failure and 10 % fiber
failure. The major reasons for failure of Satin finger-jointed
samples were glue line failure (80 %). Singh et al (2016) was
conducted research, to assess the tensile strength of finger jointed
sections of Eucalyptus spp. and average value of maximum tensile
stress of finger jointed samples is 23.5 N/mm2 16]. But present
study shows average value of maximum tensile stress of finger
jointed Grandis is 50.23 N/mm2. Similar trends was reported by
Awan et al.(2012) as maximum tensile stress value for E.
camaldulensis was 59.93 N/mm2 17].

CONCLUSIONS

According to Table 3, finger-jointed timber specimens failed in
tension with different modes depending on the wood species.
There were 47.14 % of finger-jointed specimens that failed due to
glue line failures (Figure 4) followed by 24. 28 % of wood grain
failure and 15.71 % of fiber failure and 12.85 % of finger broken
failure. The major reasons for failure of finger-jointed timber
species were glue line failure except, Kumbuk.

It is suggested that usage of sharp saw blades and remove dust
from joint surfaces is necessary to improve the structural
performance of the finger-jointed lumber, because precise and
clear finger cuts are very important for high strength and quality
finger joint production.

According to the results following conclusion can be drawn from
this study.
The major failure mode of the finger- jointed seven timber species
subjected to a tensile test was mainly due to glue line failure
(47.14%), followed by wood grain failure (24.28 %) and fiber
failure (15.71 % ). The least failure mode was weak finger joint
(12.85 %).
The highest mean finger joint strength was obtained from Grandis
(50.23 N/mm2) timber species and least mean finger joint strength
was recorded in Kumbuk (16.88 N/mm2) timber species. This
results will find of this study useful for industrial application and
help to produce high quality finger joint production using waste
timber planks.
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Abstract
Effective removal of textile dyes is important in
environmental remediation especially for decontamination of
wastewater. Herein, we report the synthesis of mesoporous silica
nanoparticles (MSNs) from paddy husk with varying
concentrations of surfactants, Cetyltrimethylammonium
bromide (CTAB), and Polyethyleneglycol (PEG) by sol-gel
synthesis method. Ratios of the surfactants CTAB: PEG were
varied as 2:0 (MSN1),1:1 (MSN2), 0:2 (MSN3). MSNs were
characterized by scanning electron microscope (SEM),
Brunauer-Emmett-Teller surface area analyzer (BET),
Thermogravimetric analyzer (TGA), and X-ray diffractometer.
According to the SEM images, MSNs of all the combinations
were aggregated with spherical and irregular shaped
nanoparticles. MSNs synthesized with a 1:1 surfactant ratio
showed more spherical nanoparticles. BET surface areas of
MSN1, MSN2, and MSN3 are 468.35, 95.94, 177.46 m2/g,
respectively. TGA curve indicated that desorption of the
physisorbed water was completed at 125 °C. The effect of dye
removal by the MSNs was studied on the adsorption of
methylene blue (MB). Effect of dye concentration (5-30 mg/l),
adsorbent dosage (5-20 mg), pH of the medium (2-10), ionic
strength of the medium (0-6g/l NaCl), presence of a heavy metal
(Pb2+- 0-500 mg/l) and temperature (25-55 °C) on MB
adsorption was studied. At all the varied parameters, the
adsorption efficiency of MB varied as MSN1> MSN3> MSN2,
being similar to the trend of the surface area. The percentage of
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MB adsorption decreased with increasing MB concentration
while it increased with increasing adsorbent dosage. The highest
efficiency of MB adsorption was obtained at pH 10 and it
decreased with increasing ionic strength and increasing
concentration of heavy metal ions. The maximum percentage of
MB adsorption resulted at 55 °C. Therefore, it can be concluded
that the MSNs synthesized using only CTAB as the surfactant is
an effective adsorbent in removing textile dyes from wastewater.
Keywords: Silica nanoparticles, Cetyltrimethylammonium
bromide, Polyethyleneglycol, Methylene blue

I.

INTRODUCTION

Pollutants are being released into the water reservoirs causing
serious problems. Pollutants such as heavy metals, pesticides,
fertilizers, hydrocarbons, biphenyls, detergents, oils, greases,
pharmaceuticals etc.[1], [2] are released due to rapid
industrialization. Among them, the release of dye molecules has
critically impacted aquatic ecosystems as well as human health by
causing
allergies,
neurological
disorders, hypertension,
cardiovascular diseases, and pulmonary diseases once absorbed
through various pathways [3]–[5]. Dyes that are not readily
biodegradable are released to water reservoirs by the runoffs from
various industries such as textile, pharmaceutical, paper, plastic,
food, pulp, etc. One of the main sources of dye waste is the textile
industry.
Many
methods
including
Adsorption[6],
coagulation/flocculation [7], Ion exchange [8], electrochemical
processes [9], advanced oxidation processes [10], and bacterial
biodegradation [11] have used to remove the dyes from wastewater.
Adsorption is a promising wastewater treatment method as it could
be applied to remove almost all the pollutants, and the method is
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inexpensive and easy to operate. In general, adsorption is the process
where the substances are accumulated at a surface or an interface.
Activated carbon (AC) is widely used to remove heavy metal ions
and organic pollutants due to the high surface area resulted from the
large micropore and mesopore volumes.[12], [13] In addition to AC
adsorbents like carbon nanotubes,[14] zeolite,[15] sawdust,[16]
seed shells,[17] maghemite nanoparticles,[18] clay material,[19]
etc. have been used for wastewater purification. However, the
blockage of micropores of activated carbon by macro dye molecules
makes it more difficult for large dye molecules to diffuse into the
internal pore structure of activated carbon, limiting its applicability
[20]. Mesoporous silica is a porous material that has been used as an
absorbent due to its unique surface and pore properties such as high
surface area and high pore volumes [21]. In this study, we report the
synthesis of mesoporous silica nanoparticles (MSN) using paddy
husk which is an agricultural waste product. MSNs have been
synthesized by the sol-gel method by using CTAB and PEG as the
surfactants. Synthesized MSNs were used to remove methylene blue
from artificial wastewater is also studied.

II.

the action of both surfactants in equal proportions, NPs are located
well apart from each other producing more spherical NPs. However,
with other surfactant mixtures with different proportions more
irregular shaped NPs have produced indicating that the NPs were
not well separated and during calcination, at higher temperatures,
they were aggregated due to Oswald ripening producing larger and
irregular nanoparticles. However, the used surfactant concentrations
are insufficient to produce well-dispersed uniform NPs.

Methodology

Paddy husk were washed with water to remove the impurities. They
were treated in 2 M Sulfuric acid for 3 hours at 110 °C under
refluxing conditions. Acid treated paddy husk were washed with an
abundant volume of DI water until a neutral pH is achieved. They
were heated in a muffle furnace at 600 °C for 5 hours. Obtained
white colour silica was treated with 4M KOH for 5 hours at 80 °C.
The obtained solution was filtered and surfactants (CTAB and/or
PEG) were added to the filtrate as tabulated below in table 1. The
mixture was stirred for 30 minutes and 0.5 M sulfuric acid was
added dropwise till pH reached 4. Obtained gel was aged for 8 hours
and was washed with DI water until the washings are negative for
Cl- ions. The precipitate was dried and calcined at 600 °C for 5
hours.
Table 1. Surfactant/s added for the synthesis
Sample

% CTAB

% PEG

MSN1

2

0

MSN2

2

2

MSN3

0

2

Figure 1. SEM images of (a) MSN1 (b) MSN2 (c) MSN3 TEM
images of (d) MSN1 (e) MSN 2

B. FT-IR analysis
FT-IR spectra were acquired to study the bonding nature of the
MSNs and effective surface functionalization by the surfactants
(Figure 2). The bands at 1050 and 800 cm-1 is attributed to the SiO-Si stretching and Si-O bending frequencies. The band at 460 cm1 is assigned to Si-O out of plane deformation [23], [24]. The band
at 1620 cm-1 corresponds to C=O vibration of carboxyl, lactonic
and anhydride groups [25]. The peak at 2950 cm-1 is attributed to
the C-H stretching frequency, indicating the presence of CH2 group
suggesting that the MSN surface has been functionalized by PEG
and CTAB used for particle dispersion [26]. A broad band at 3400
cm-1 is assigned to the O-H stretching indicating the presence of
H2O as moisture [24].

Effect of the pH (2-10), dye concentration (5-30 mg/l), adsorbent
dosage (5-20 mg), temperature (25-55 °C), ionic strength (NaCl, 26 g/l) and presence of heavy metal (Pb2+, 100-500 mg/l) on
adsorption of MB to the synthesized MSNs were determined.
Generally, a known weight of MSN was shaken in a 25 ml of desired
concentration of MB for one hour at room temperature.

III.

RESULTS AND DISCUSSION

A. Morphological analysis
Morphology of the synthesized mesoporous MSNs (MSN1 –
MSN3) was studied by SEM and TEM (Figure 1). SEM images
show that spherical and irregular shaped nanoparticles are much
aggregated and are in the range of 220 – 415 nm. MSNs of the
MSN2 sample (Figure 1 (c)) are more spherical compared to the
others. This observation is also supported by the TEM images where
the TEM image of MSN1 (Figure 1 (e)) show more irregular shaped
NPs, and the TEM image of MSN2 (Figure 1 (f)) show more
spherical NPs. Therefore, it is evident that when CTAB and PEG are
mixed in a 1:1 ratio more spherical NPs have resulted. Positively
charged surfactant (CTAB) readily form interactions with the
negatively charged silica. Neutral surfactant (PEG) forms hydrogen
bonds with the hydroxyl groups on the silica surface [22]. Hence, by

Figure 2. FT-IR spectra of the synthesized MSNs.

C. XRD analysis
XRD pattern (Figure 3) shows a broad peak centered at 2θ = 21.5°
indicating the amorphous nature of the synthesized MSNs. Further,
any peaks correspond to crystalline silica were not present
suggesting that during acid leaching of paddy husk metal ions
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associated such as Ca, Mg, K, Fe, Mn have been leached out
preventing the formation of crystalline silica. On the other hand,
calcined temperature (550 °C) is insufficient to produce crystalline
silica.

Figure 3. XRD pattern of MSN1

D. Surface area analysis

(a)

mesopores where the distribution of pore size and shape is not well
defined. BJH pore size distribution curves (Figure 4 (b)) also support
this observation where the board pore size distributions have
resulted. The surface area of the MSNs vary in the order of MSN1>
MSN3> MSN2 of which the highest surface area (468.35 m2/g) was
obtained in MSN1 and the least (95.94 m2/g) resulted in MSN2. The
total pore volume of MSNs varied as MSN1> MSN3> MSN2 as
tabulated in Table 1. Hence, it is evident that with equal proportions
of the surfactants (MSN2) pore network has not been established
properly resulting in low surface area and pore volumes. Surfactants
exist as monomolecular at lower concentrations but at higher
concentrations, they tend to form micelles to decrease the system
entropy. Surfactants driven porous structure is determined by the
concentration of the surfactant, length of the hydrophobic chain,
hydrophilic head group, and the counter ion in the case of ionic
surfactants. Here, in this study, two different surfactants (CTAB and
PEG) with different properties were used. CTAB is a cationic
surfactant and PEG is a neutral surfactant. CTAB interacts with
silica via Coulombic attractions and PEG interacts via Hydrogen
bonds with silica surface hydroxyl groups. CTAB has a hydrophilic
group at the end of the CTAB chain. This end interacts with the silica
surface. CTAB chain is long and CTAB hydrophobic chains repel
each other separating MSNs effectively. At calcination, CTAB
molecules removed creating a well-established porosity and hence a
high surface area as obtained for MSN1 in this study. Each
hydrophilic group of PEG lies in between two -CH2- groups. This
makes the PEG molecules diffuse faster and form the directional
alignment on the surface rather than forming a micelle structure.
Adsorbed PEG molecules on the silica surface could hinder the
growth of the particles through steric hindrance or could lead to the
formation and large silica clusters. Here as PEG 6000 was used
agglomeration effect has taken place rather than the steric hindrance
effect due to high molecular weight. This has led to low surface area
in MSN3 compared to MSN1. CTAB on MSNs is not closely
arranged as they repel each other. PEG molecules easily get inserted
into the loosely adsorbed CTAB layers due to the hydrophobic effect
and dipole –ion interactions that may have generated between two
surfactants. Hence, the repulsive forces between the same charged
particles are reduced and the density of the hydrophobic chains are
increased. Further, oxygen entities of the PEG could get positively
charged due to the interactions with H+ in water. Therefore, this
creates a repulsive force with the CTAB molecules and hence as a
consequence surfactant mixtures disperse the MSNs well forming
more spherical NPs as shown in SEM and TEM images [27].
However, the coexistence of two surfactants affects the development
of the porous structure leading to lower surface area (MSN2)
compared to the MSNs where only one surfactant was used (MSN1
and MSN3).
Table 2. Textural parameters of the synthesized MSNs

(b)
Figure 4. (a) BET isotherms (b) BJH Pore size distribution curves of
MSNs
BET adsorption-desorption isotherms and BJH pore size distribution
curves were collected to study the textural properties including
surface area, total pore volume and average pore size. All three BET
adsorption and desorption isotherms (Figure 4(a)) belong to the type
V with H2 hysteresis loop indicating the presence of disordered

Sample

BET Surface
area (m2/g)

Total pore
volume (cc/g)

Average
pore size
(nm)

MSN1
MSN2
MSN3

468.35
95.94
177.46

0.332
0.076
0.189

1.42
1.60
2.13

E. Effect of different parameters
Effect of pH, dye concentration, adsorbent dosage, ionic strength,
presence of a heavy metal (Pb2+), and temperature on percentage
removal of MB was studied (Figure 5). It could be seen that the
highest % removal was obtained by MSN1, while the least by MSN2
for all the parameters tested. The obtained trend of data variation is
consistent with the pattern of surface area and total pore volume
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variation resulted in surface area analysis. MSN1 has the highest
surface area and total pore volume while MSN2 has the least. Hence,
MSN1 has a high number of active sites for adsorption compared to
MSN2 and MSN3 and the activity of MSN3 is greater than that of
MSN2 due to the same reason. The highest percentage removal of
MB was obtained at pH 10 and the % removal increased with
increasing pH. At pH 2 only 13.55% of MB was removed and
80.94% was removed at pH 10 by MSN1. MSN2 and MSN3 also
show the same trend with varying pH. MB molecules are positively
charged and has a high affinity to the negatively charged silica
surfaces. However, at low pH values H+ ions also readily adsorb to
the silica surface. Therefore, at low pH values, there is a competition
between H+ and MB molecules. Adsorption of H+ ions is high
compared to the MB as the H+ readily adsorb due to their small size
and occupy the adsorption surface and due to the steric hindrance
adsorption of MB molecules is less. However, at high pH values
adsorption of MB is high because the abundant positively charged
species is MB.

using 20 mg and only 57.14% removal was resulted with 5 mg of
MSN1. With increasing, adsorbent dosage % removal of MB
increased as high adsorbent weights of all three MSN due to the
presence of more adsorption sites.

Figure 7. Effect of adsorbent dosage on dye removal by MSNs
The presence of ionic salts affects the adsorption of MB to silica
surface where reduced adsorption was obtained with NaCl in the
medium (Figure 8). Ionic salts interfere with the adsorption process
in two mechanisms. According to the first mechanism, Na+ compete
with positively charged MB molecules to the adsorption sites
resulting in low adsorption of MB due to the steric hindrance. The
second mechanism explains that an increased ionic strength
compress the double electric layer and lead to electrostatic repulsion
of MB from the surface [28]–[30]. MSN1 has removed 66.80% of
MB without added NaCl but with 6 g/l NaCl in the medium only
53.23 % of MB has been removed. Similarly, the % removal of MB
has decreased with increasing NaCl concentration in all MSNs
studied.
Figure 5. Effect of pH on dye removal by MSNs
Effect of dye concentration on % removal was determined in a
concentration range of 5-30 mg/l (Figure 6). MSN1 was capable of
removing 73.64% of 5 ppm MB in one hour while only 32.82% was
removed by when 30 mg/l of MB was used.% removal of MB
decreased with increasing dye concentration by all synthesized
MSN. As the weight of the adsorbent is constant, the number of
adsorption sites is the factor that limits the adsorption. Therefore, at
high dye concentrations though more dye molecules are present
sufficient number of adsorption sites are not available for adsorption
resulting in low % removals.

Figure 8. Effect of ionic strength on dye removal by MSNs

Figure 6. Effect of dye concentration on dye removal by MSNs

The effect of the presence of heavy metal on the removal of MB by
MSN has been tested by using Pb2+ as the heavy metal ion (Figure
9). Positively charged metal ions and MB compete to the silica
surface available and as Pb2+ are small in size compared to MB,
more Pb2+ adsorb to the negatively charged silica surface and MB
shows comparatively less adsorption due to the steric hindrance. The
percentage of dye removal decreased with increasing Pb2+
concentration in all MSNs studied. The percentage removal of 66.80
% of MB was achieved by MSN1 in the absence of Pb 2+, with 100
mg/l Pb2+ in the medium 51.19 % MB was removed and 38.84%
was removed in the presence of 500 mg/l Pb2+ in the medium.

Adsorbent dosage was varied in the range of 5-20 mg to determine
the effect of the weight of the adsorbent on the % removal of MB
(Figure 7). The percentage removal of 86.47% was obtained by
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Abstract
Fibers have been used in concrete by different researches
since a few decades. Natural fibers are widely used as additive
material in concrete to enhance the strength and mechanical
properties of concrete. It has been observed that by using fiber
reinforced composite (FRC), the weight and manufacturing cost
can be reduced. The purpose of this study is to find out the flaws
in reinforced concrete (RC) columns regarding compressive
toughness and their remedial measures. This paper includes the
state of the art review of behavior of RC columns under
compressive load, role of toughness and available measure to
increase compressive toughness (CT). Analysis of chemical,
mechanical and physical properties of banana fiber is done for
choosing it as suitable fiber. Usage of banana fiber in different
proportions in concrete and its effect towards enhancing the
compressive toughness is also studied. The compressive strength
of concrete by using FRC is reduced in most of the cases but
ability to absorb energy is increased. There are a very less
number of experimental studies present in literature regarding
use of banana fiber in FRC so there is a need of a lot of work on
it. Banana fibers can be used in future studies to enhance
plasticity of concrete and its fire resistance.
Keywords: Banana fiber, Compressive toughness (CT), Fiber
reinforced composites (FRC).

I.

INTRODUCTION

Since past century, concrete has been used as primary engineering
material in construction industry [1]. The concrete with combination
of steel reinforcement is called reinforced concrete (RC) to
withstand whole loads of structure. It is not necessary that the
reinforced concrete structures having high strength always show a
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good structural performance. On the other hand, a material having
higher energy absorption (toughness) provides higher structural
performance when undergoes to failure due to certain reasons.
Ductility is the count of a material that how much it deforms
plastically before happening of fracture. The materials with low
ductility and low strength have low energy absorption whereas the
materials with high ductility and high strength have more ability to
absorb energy. Hence, the materials with later described properties
are more useful for structures [2]. In reinforced concrete structures,
columns as compressive members transfers vertical load to
foundation. Due to increase in axial stresses than capacity of
column, it will fail in compression. There are many types of failures
that can be minimized or controlled by enhancing ability of energy
absorption (toughness) of columns. So there is need to study
behavior of concrete under low toughness and techniques of
enhancement of toughness to increase overall performance and
durability of RC structures.
There are many reasons for applying natural fibers in concrete.
Natural fibers are nature friendly and usually obtained from plants
and trees. They are cheaper and have good mechanical properties i.e.
tensile strength, flexural strength and compressive strength. The cost
of replacement is very low as compared to other concrete materials.
So, they have become popular among researchers. Many types of
natural fibers are present and easily available. Coir, bamboo, rise
husk, banana and jute fibers are some examples of natural fibers.
Concrete columns when undergoes compressive load, a resistance is
present to withstand this load and resist against cracking and failure.
At a point, column starts cracking and then deforms completely.
According to British standard BS EN 12390-3:2019, the concrete can
withstand the strain of 0.0035 and the steel present in RC structures
starts yielding at a strain of 0.002 that can increase than concrete.
When axial stress value exceed the certain limit then it causes
increase in strain limit of concrete. Hence, as a result of this, concrete
will fail suddenly by sudden crushing of concrete. If this particular
section is properly reinforced it will provide warning before failure
phenomenon. Sometimes columns due to eccentric moments caused
by unbalanced loads are subjected to bending moments along with
axial forces. Axial compressive stress and bending stress act, by
adding the effect resulting final stress in that particular section.
Failure of column due to these additive stresses will happen as
explained earlier. The designers should keep in mind the load
combinations and possible alternative loading effects. We need to be
alert while having deviations in span.
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The flaws of columns under compressive loads can be overcome by
using appropriate fiber materials as additive for enhancing overall
structural compressive member’s strength and toughness [3].
Columns may take an extra time in fracture as fiber can take load
while experiencing compressive load. The purpose of this study is to
analyze the behavior of RC columns under axial loads and the
available ways to increase compressive toughness by taking into
count the state of the art literature. Chemical, physical and
mechanical properties of banana fibers are studied to choose banana
fiber as suitable fiber. The feasibility and existing studies related to
the usage of banana fiber in RC columns and expected performance
due to banana fiber reinforced RC columns and improved toughness
is also discussed.

FLAWS IN RC COLUMNS REGARDING
COMPRESSIVE TOUGHNESS

II.

Concrete is a brittle material and have lower ductility in comparison
with steel [4]. Column is compression member of RC structure which
transfers load to foundation. Axial load of structure is applied on
column, eccentric moments also join and transformation of combined
effect happens [5]. Corrosion in RC columns results in reduction of
performance degradation in member strength and ductility. The unretrofitted eroded columns failure mode is converted from flexure
failure to shear compression failure [6]. When column experiences
compression load the concrete cover spalls out resulting in reduction
of durability and toughness [7]. By the consequences of this
phenomenon, durability and performance is compromised in long
terms in worse conditions [8] [9] [10]. Concrete and reinforcement
withstands stresses when columns are axially loaded. In unfortunate
conditions, if the area of cross-section of column is less as compared
to the loads, the column can be failed without going any lateral
deformation. As steel of column and concrete has reached the yield
stress. This failure is due to the crushing effect of material.
Vertical elements like columns are subjected to cyclic loading. In the
compression members, the higher stresses are generated near
connections. The lack of links in the areas where shear stresses are
high cause failure of columns. If toughness of the column which is
under cyclic load is less, then it will suddenly collapse. Columns are
usually designed against considering the effect of shear, axial and
bending forces but sometimes due to irregularities in structure, effect
of torque can be observed. Columns have reinforcement around the
section and considered as rigid. However, if torsional effect crosses
the limits then columns can collapse. Low toughness will cause
sudden deformation while collapsing. The engineered cementious
composites (ECC) behavior was determine under pure compression
load by testing. Results were combined in terms of load deformation
curves, ductility and toughness. It was observed that the failure mode
was sudden due to low toughness but toughness can be increased by
using ECC skin [11].

III. AVAILABLE

MEASURES TO ENHANCE
COMPRESSIVE TOUGHNESS
The effect of content of fiber on flexural and compressive strength
by appropriate tests was found. It was observed that the mechanical
properties were enhanced along with first crack and failure strength
by enhancing the amount of fiber in concrete mixture. Concrete has
brittle nature and this nature induces micro cracking, due to
penetration of intruding agents the service live of concrete may be
reduced causing durability issues. Carbon nanotubes result in
reduction of micro cracking by enhancing cement paste matrix.
Hence it increases the toughness and durability resistance [12].
Recycled aggregate has been used along with fibers by researchers
to check the properties of concrete made by recycled aggregate. For
this purpose recycled aggregate (RA) was used from 0% to 100%
and fiber 0% to 1%. Results revealed that the hardened properties of
this concrete were somehow less than the conventional concrete that
can be due to presence of old mortar in RA. On the other hand,
compressive strength increased marginally but the split tensile
strength increased by 43-52% and flexural strength 35-44%. There

was a considerable increase in compressive toughness of concrete
[15].
The stress-strain graph by varying content of RA and fibers is shown
in figure 1. It was observed that the failure in graph for the concrete
without fibers is sudden and post-peak toughness is little. However,
the failure in concrete that has fiber content is gradual with significant
amount of toughness [14] [15]. It was concluded that the addition of
fibers enhanced the peak stress ration from 1.091 to 1.112 and peak
strain ratio from 1.49 to 1.56. The overall value of peak strain ratio
was increased by 50-60% and peak stress ratio is increased by 9-11%.
It is clear from table 1 that the compressive toughness (total energy
absorbed) is considerably increased [13]. This Toughness can be
increased by using fibers in concrete. So, the structure will show
gradual failure pattern instead of sudden failure. [16] Conducted a

Figure 1. Stress-strain graph of recycled aggregate (RA)
with and without fiber [13].
study one the effects of fiber towards the enhancement of
compressive toughness. This study concluded that by the addition of
fibers there was a slight increase in compressive load but post-peak
compressive ductility was greatly enhanced. The compressive
toughness values were calculated for 0.5% and 0.75% addition of
fibers. Compressive toughness increased by three to six times. The
increased compressive toughness was due to the bridging effect of
fibers towards micro-cracking. Due to the bridging effect of fibers,
propagation of micro-cracking to macro-cracking reduced. Hence,
material withstand more load instead of sudden deformation and
ability to absorb energy and toughness increased.
Table 1. Toughness index with and without fibers [13]
Specimen ID

Total Energy (KJ/m3)

Toughness index

RA-0%

76.23

5.04

RAF-0%

384.34

-

RA-50%

57.52

5.74

RAF-50%

330.17

-

RA-100%

44.85

5.73

RAF-100%

257.10

-

IV. SELECTION

OF SUITABLE FIBER

Many kind of natural and artificial fibers are present for use during
construction. Each fiber has own characteristics. Fibers are usually
use to enhance the properties of concrete. At one side if fibers
enhance properties of concrete, it’s not necessary to enhance all
properties. Some properties remains same and some properties are
enhanced considerably to take desired results. Natural fibers
increase tensile and flexural strength of concrete. It has been
observed that compressive strength is reduced by usage of natural
fibers in most of the cases. There is an important factor of absorbing
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energy is increased by natural fibers [16]. As a result of this the
plasticity of concrete is enhanced. Concrete takes more fracture
time as compared to the normal concrete made by simple mixture of
cement, sand, aggregates and water. The Mechanical properties of
Banana Fiber-reinforced virgin and recycled High-Density Poly
Ethylene (HDPE) were determine in terms of tensile and flexure
properties. During this study results concluded that the improvement
occurred in tensile modulus and reduction in tensile strength.
Furthermore, the reasonable increase in flexural strength and
flexural modulus was observed [17].
Natural fibers are divided into two major categories the one is
animal fibers and other is plant fibers. Chicken feathers, cocoon silk,
spider silk and wool are some examples of animal fibers and used
for biomedical applications. Composites prepared by natural fibers
are eco-friendly, light in weight with considerable strength. The
important factors that make natural fibers superior to artificial fibers
are minimal health hazards during preparation, low cost, good
thermal and acoustic insulation, biodegradable, good specific
strength and modulus and ease of availability. Fibers are sometimes
treated with different chemicals to obtain better strength results [18].
Plant fibers contain jute, coir, banana, bamboo and coconut etc.
Banana fiber is natural fiber with good mechanical properties [19].
It has good thermal conductivity and thermal resistance [20]. It has
strong moisture absorption and light in weight. Table 2 contains the
chemical properties of banana fiber. Table 3 shows the mechanical
and physical properties of banana fiber [22] . It has been observed
that the treatment of banana fibers with 6% NaOH concentration for
optimum treatment and immersion time is 2 hours. This process
yields the 12.45 GPa tensile modulus whereas 371 MPa tensile
strength and 3.96 MPa interfacial shear strength. As concentration
of NaOH increases the tensile strain also increases. Mechanical
properties of banana fiber deteriorate significantly when
concentration of NaOH increases beyond 6% [22].

Table 4. Comparison of mechanical properties of different
plant fibers [30]

Jute

Density
(g/cm3)
1.35-1.45

Tensile Strength
(MPa)
393-773

2

Pineapple

1.44-1.56

170-727

3

Banana

1.30-1.35

503-790

4

Cotton

1.50-1.60

287-587

Sr. No

Natural Fibers

1

EXPECTED FEASIBILITY, USABILITY
AND PERFORMANCE

V.

Due to the increase of environmental, social and economic issues,
there is need for sustainable and low cost construction. Dumping of
agricultural waste like banana fiber is a matter of concern and it may
cover large part of agricultural land. The other way which is often
adopted is burning of agricultural waste, which is also not a healthy
practice [24]. It causes global warming. The utilization of this
agricultural waste (banana fiber) can enhance the properties of
concrete and ability to absorb energy is also increased. Banana fiber
is feasible to be used in concrete because it has no impacts on human
and environment. Hence, it is a sustainable light weigh material for
cleaner production and sustainable development. Banana fibers can
be used in reinforced concrete columns to enhance their compressive
toughness and other properties [25]. It changes the brittle nature of
concrete to ductile behavior [26]. Micro-cracking is one of the major
flaw in concrete [26]. Micro-cracks under the application of loads
are converted to macro-cracks. So, the structure fails. Microcracking can be bridge by usage of banana fibers in concrete. Varied

Table 2. Chemical properties of banana fiber [22]
Sr. No

Constituents

Banana Fiber

1

Cellulose (%)

63-64

2

Hemi cellulose (%)

6-9

3

Lignin (%)

5-10

Table 3. Mechanical and physical properties of banana fiber
[22]

1

Mechanical and Physical
Properties
Density (g/m3)

2

Tensile Strength (MPa)

529-914

3

Tensile Modulus (GPa)

24-32

4

Elongation (mm)

2-2.5

Sr. No

5

Fiber Diameter

(m-4)

Banana Fiber
1.25-1.35

50-250

Different natural fibers and their properties are present in Table 4.
The low density and higher tensile strength of banana fiber make it
superior than other described fibers. Because concrete is weak in
tension and strong in compression. The usage of banana fiber may
provide better strength properties as well as compressive toughness.

Figure 1. Crack bridging mechanism of natural fibers used
in concrete [28].
length banana fibers can be used to bridge micro as well as macrocracking in concrete as shown in figure 2. Due to addition of fibers
in concrete, the stresses may transfer to upper and lower portion of
crack surface in concrete. So, there can be reduction of stress in
cracks tip. By this phenomenon, the cracks propagation to macrocracking can be controlled up to some extent. Concrete will
withstand more load [27]. Hence, the ability to absorb energy and
finally the toughness will increase.
Concrete spalls out under the effect of elevated temperatures and
failure of concrete columns may happen. Usage of fibers in concrete
RC columns may lead to decrease in spalling phenomenon up to
some extent [29]. The overall performance of concrete depends
upon the compressive, tensile and flexural strengths of concrete. It
has been observed that utilization of natural banana fibers lead to
increase in all strength parameters with reduction of cement content
which is not environment friendly. Performance of concrete is also
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enhanced by fibers and adverse ecological effects are also
minimized. This is the need with the growing age to find out new
materials which are sustainable, enhance performance without
compromising strength properties. Natural fibers are more feasible
than artificial fibers like steel fiber because they are easy to mix and
handle. Natural fibers are fire resistant and found useful to
earthquake prone area. Because they have good response under
seismic loadings. Concrete columns made up of reinforced concrete
and banana fiber may provide better properties than simple RC
columns with less ecological effects and cleaner production.

VI. CONCLUSIONS
Fibers have great influence on the properties of concrete columns.
Flaws in concrete and ways of improvement are studied. Analysis of
banana fiber’s mechanical chemical properties is done for choosing
it as a suitable fiber in this study. The expected feasibility of RC
columns made up of fibers and their expected performance is also
taken into count. By conducting this study following conclusions
can be drawn:
•

•

•

•

•

By addition of fibers, compressive strength may be
compromised but considerable increase in compressive
toughness is observed.
The specimen without fiber content showed sudden failure
with small value of post-peak toughness. On the other
hand, specimen of concrete with fiber exhibited a
significant post-peak toughness and a gradual failure.
The overall value of peak strain ratio is increased by 5060% and peak stress ratio is increased by 9-11% by
addition of fiber.
Due to the use of banana fibers in concrete columns,
micro-cracking can be reduced along with propagation of
micro-cracks towards macro-cracks, toughness can be
increased and material can continue to withstand load.
Toughness can be increased by using ECC skin.

The above outcome is favorable indicating the enhancement of
performance of concrete columns. Banana fibers can be used to
increase the toughness of RC columns and as a result of this overall
durability can be enhanced.
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Abstract
Solar photovoltaic (PV) panels experience long-term
performance degradation as compared to their initial performance,
resulting in lower like-per-like efficiencies and performance ratios.
Manufacturers of solar photovoltaic modules normally guarantee a
lifespan of more than 20 years. To meet such commitments, it is
important to monitor and mitigate PV module degradation during
this period, as well as beyond, to recognize maintenance and repair
needs. Solar PV modules degrade over time, becoming less
effective, less reliable, and eventually unusable. The effects of
transient and performance loss rates on the output performance of
polycrystalline silicon (p-Si) solar PV modules are the focus of this
study. PV modules' electrical performance and solar energy
conversion efficiency change as solar irradiance and ambient
temperature change. A rise in ambient temperature or a decrease in
solar irradiance, for example, all result in a reduction in
performance.
Large variations in operating conditions due to uncontrollable
external parameters such as cloud movement and wind velocity, as
well as changes in factors external to PV systems such as unexpected
shading, inverter problems, and control failures, may trigger
transient performance changes on PV modules output. The data used
in this analysis were from the Warrenpoint site location of the
Electric Supply Board (ESB) for the years 2016-2020. Clear days in
winter, spring, summer, and autumn were caused by a rise in daily
sunshine hours in February, May, June, and September, according
to the output performance. Due to the highest amount of solar
irradiation at the site location, these days saw an increase in PV
output generation. According to the performance loss rates, the
median degradation rates in 2016 (4.5%/year to 14%/year) and 2017
(0.1%/year to 5.2%/year) are 8.40%/year and 3.87%/year,
respectively. This means that the degradation rate is greater than
1%/year, the hazardous probability is between 90% and 100%, and
a severity of 10 is given (With an associated failure of corrosion in
solder bonds). 2018 (-7.5%/year to 2.5%/year), 2019 (-16%/year to
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-23%/year), and 2020 (-5.1%/year to -10% /year) had median
degradation rates of -2.75%/year, -18.23%/year, and -5.2%/year,
respectively. This shows that the degradation rates are less than 1%
per year, and their hazardous probabilities range from severity rank
9 to 1, or 80% to 70% to 0% safety risk. All of these factors have a
negative impact on PV output performance.

Keywords: Transient, Performance loss rates, PV output
performance, Degradation rates.

INTRODUCTION
Solar PV panels experience long-term performance degradation
resulting in lower like-per-like efficiency and performance ratios
when compared with their initial performance [1]. Also, there are
some transient effects (such as PV ambient temperature, wind
velocity, shade, and dust particles) that reduce the output
performance of the solar PV panels [2]. Reducing rates of PV
module degradation aims to maintain the efficiency of solar PV
systems [3]. As manufacturers usually guarantee the life span of PV
modules for more than 20 years [3], it is, therefore, necessary to
track and mitigate the degradation of PV modules over this period
both during and beyond this period knowing degradation behavior
is essential for operation, maintenance, and repair [1]. Most
significantly, many PV module failures and, performance losses are
caused by the gradual accumulation of damaged PV modules due to
long-term outdoor exposure in harsh environments. This outdoor
environmental stress is known as weathering [4]. To put a check on
the outdoor installed PV modules, there is a need for accelerated
tests. Outdoor testing of PV modules may take a longer time to be
accomplished and it is impossible to wait up to 20-25 years to
introduce a new PV module. Hence, it is important to develop and
use accelerated tests to quantify or measure up the new PV modules
[5]. Such accelerated stress tests are thermal cycling, humidityfreeze, damp heat, mechanical load (both static and dynamic), and
ultraviolet exposure [5]. When a PV module fails to generate power,
such failure will be seen as a reliability issue while a decrease in
output of a PV module is caused by environmental degradation such
as corrosion and it is classified as a durability issue. Therefore, the
durability and reliability issues may eventually lead to PV module
failure [4].
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A.

PV Durability and Reliability Issues

The best way to deal with the PV reliability issues is by the use of
the bathtub reliability curve (see Figures 1 (a) and 1 (b)) to find the
physics of failure for each mode [6]. The bathtub reliability curve
of a PV module is a graphical model made to represent the failure
rate of a group of PV modules over some time. The curve helps the
PV manufacturers to predict when failures occur on the PV module
and possibly identify the root causes of the failure and possible ways
of preventing them [4]. The bathtub reliability curve describes the
failure rate of the PV module as a function of in-service life.
Therefore, the curve consists of three essential parts, namely: Failure
mode A (infant mortality), failure mode C (normal life), and failure
mode B (end of life wear-out).
Failure mode A: Failure mode A is the early life failure (also,
known as infant mortality) that normally occurs in the first 1-2 years
of a PV module’s life. Failure mode A occurs at the initial stage of
the module's life cycle. The cause of failure mode A may be due to
fundamental design faults, processing issues, errors in
manufacturing, or inappropriate installation [4]. Therefore, Passing
IEC 61215 or 61646 qualification tests are not proof that a PV
module has been tested and shown to be durable and reliable rather
the IEC environmental stress test protocols are designed primarily
to test the period of early life failures (infant mortality) (see Figure
1 (b)) [6].
Failure mode C: Failure mode C is the constant (random) failures
(also, known as normal life). This is the second part of the failure
mode that occurs within the lifespan of the PV module. It is called
the “constant (random) failures” because the failures in this mode
are usually predictable and homogeneous. This failure mode usually
occurs within this period when the stresses of the module have
exceeded the strength of its weakest component. The cause of this
failure mode is a result of unexpected environmental stress or load
issues. For instance, when a PV module exceeds its capabilities it
can suffer from a normal life failure (failure mode C).
Failure mode B: Failure mode B is the last part of the curve known
as the end of life for the PV module (also, known as the end of life
wear-out). In this failure mode, the curve rises steeply as many of
the PV modules simply reach the point where they failed due to
simple age or wear and tear. Failures of this kind are reasonably
predictable.

B. Distinguishing Transient
Performance changes from longerterm degradation
PV module output varies with solar irradiance and module
temperature. It is also affected by shading, rain, and dust [7],[8]. All
these variations are transient on a variety of timescales and/or
reversible. Degradation refers to the loss of output due to physical
degradation or damage to the PV cell, the effects are not reversible
[1]. It refers to effects that will ultimately require the replacement of
a PV cell for the system to return to its initial performance. The
transient effect caused by an increase in PV cell ambient temperature
can lead to reductions in output and efficiencies [2]. Degradation is
measured by changes in mean efficiency and/or performance ratio
over the long term as illustrated indicatively in Figure 2 [1]. It can
also be observed in perturbation caused by cell failure in the currentvoltage (I-V) curves for an array [1].
Individual module degradation can be attributed to intrinsic property
changes in the PV materials caused by external effects such as:
▪
Potential induced degradation (PID) [9]; and
▪
Light-induced degradation (LID) [10].
The outdoor operation of cells as part of a module in an array means
mechanisms external to the solar cell such as corrosion in

interconnections and solder bonds play a significant role in
performance degradation [3]. This makes it important to determine
the degradation rates under outdoor operational conditions rather
than indoor testing of isolated modules. [3], classified the major
difficulties in evaluating degradation rates of PV modules from real
operational data into:
•
Large fluctuations of the operational data due to
uncontrollable external parameters such as weather
conditions like solar radiation, rain, cloud movement,
wind velocity, and ambient temperature together with
unexpected changes of factors external to PV systems
such as unexpected shading, inverter problems, and
control failures.
•
systematic ‘degradation’ in the measurement of
PV module operational performance caused by control
sensor drifting with time as a result of electronic aging of
components such as the drifting of irradiance sensors. The
energy output of a PV system depends on weather
conditions [11], [12], [3]. The degradation rate of silicon
PV modules is around -0.7% per year of maximum power
rating [11]. Reducing rates of PV module degradation aim
to maintain the efficiency of solar PV systems [3]. As
manufacturers usually guarantee the life span of PV
modules for more than 20 years [3], it is, therefore,
necessary to track and mitigate the degradation of PV
modules over this period. Both during and beyond this
period knowing degradation behavior is essential for
operation, maintenance and repair.

C. Degradation Rates of Photovoltaic
Modules
The study of annual degradation rates of recent crystalline silicon
PV modules was carried out by Tetsuyuki and Atsushi [13]. Six
crystalline silicon PV modules connected to an electric power grid
were analyzed. Three indicators were used for the annual
degradation rates of the different crystalline silicon PV: energy
yield, performance ratio, and indoor power. The performance of the
module was evaluated from electricity output measurements taken
over 3 years. The following trends were found in the three
indicators; energy yield: 0.0, -0.4% per year, 0.0, 0.1% per year,
1.5% per year and 0.5% per year, performance ratio: 0.0, -0.4% per
year, -0.1% per year, 0.0, 1.4% per year and 0.5% per year and
indoor power: 0.1% per year, -0.3% per year, 0.2% per year, 0.0,
0.7% per year and 0.6% per year were similar. The performance of
the newly installed PV modules was found to decrease by over 2%
as a result of initial light-induced degradation (LID) after installation
[13].
The power output of an outdoor PV module has been shown to
reduce as a result of thermal cycling causing crack formation
between solders and metals [14]. Dunlop and Halton [7] studied the
degradation of PV modules in outdoor conditions for 22 years. They
monitored the electrical power outputs of monocrystalline silicon
(m-Si), polycrystalline silicon (p-Si), and amorphous silicon (a-Si)
modules. They found an 8% to 12% decrease in maximum power
output of the PV modules (Pmax) after 20 years of outdoor exposure.
Their research showed that about 80% of the reduction was due to
corrosion and the remaining 20% was attributed to dust
accumulating on the PV modules. An experimental study of
degradation modes and their effects on the PV module was
conducted after 12 years of field operation [15]. Their investigation
found that degradation led to annual reductions in output power
ranging between 2.08% and 5.2%. Short circuit current (Isc) is
reduced by between 2.75% and 2.84% annually. The open-circuit
voltage (Voc) was found to be the least affected, with annual
reductions ranging between 0.01% and 4.25%. The existence of only
one highly degraded PV module in a PV system reduces daily output
from Takatoshi et al, [16]:
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i. 19.8 kWh to 18.7 kWh during sunny days;
ii. 11.3 kWh to 10.8 kWh during partly cloudy
sunny days; and
iii. 5.5 kWh to 5.3 kWh during cloudy days.

D. Analysis of Risk Priority Number
(RPN) on the Severity of PV Failure
Modes
Failure Modes and Effects Analysis (FMEA) finds the effect of each
failure mode and its causes on the system, according to the severity
(S), occurrence (O), and detect-ability (D) [17]. The IEC 60812
standard has assumed a different range of S, O, and D for a PV
system, which is helpful to identify the particular single failure mode
based on RPN for the particular PV system and operating
environment conditions [17]. A measurement of RPN is therefore
expressed in (1) [17]:
RPN = S×O×D
(1)
Where:
S is the severity, which is a non-dimensional number. Severity
determines the single failure mode, which strongly affects the PV
system performance.
O is the occurrence, which depends on the probability of occurrence
of a defect in the PV system during the exposure time.
D is the detection, which technology or instrument can identify the
failure modes in a PV system during its exposure time.
The severity rank of failure mode depends on the degradation rate
per year and safety issues. It is very difficult to find out the severity
rank of a particular failure mode, as the degradation of a PV module
is a cumulative sum of many factors [18],[19]. The highest rank in
the severity given according to the safety issue probably insulation
resistance failure, de-lamination, and burn mark occurs in the PV
module, it is a threat or hazard to person or either property [17]. The
severity number from 9 to 10 related to safety issues and the highest
degradation factor, whereas the numbers from 8 to 1 depending on
the performance degradation factor. In the present study, the severity
rank performs according to References [20],[21]. The rank of
severity has been given by Pramod et al [17] in Table 1.

MATERIALS AND METHODS
A.
Site Location and Climate
Description
The location chosen for this study is based on the Electricity Supply
Board ESB) site located at Upper Dromore Road, Warrenpoint,
Northern Ireland at 54.115551oN latitude and 6.263654oW
longitude. The City of Warrenpoint acquires its power from the ESB
public grid, which is shared with other residential and industrial
consumers.
(https://www.google.com/maps/place/Newry+BT34+3PN,+UK/@
54.1132142,6.2642131,248a,35y,44.92t/data=!3m1!1e3!4m5!3m4!1s0x4860da
664698253b:0xd3507b57cb2eea3!8m2!3d54.1150048!4d6.2630492 )is used to identify the site location.

B. System Monitoring and Data Acquisition
The data acquisition system used in this research consists of two
SMA STP-20000TL-30 inverters each with a 20 W sensor box and
a data logger. The sensor box measures the total solar radiation on
the solar PV modules in-plane. The sensor box and the inverter have
been connected to the data logger and the power injector. The data
recording was set at 15 minutes (quarter-hour) intervals in the data
logger and was extracted directly from the Excel spreadsheets to the
computer and then analyzed using the MATLAB and Excel software
tools.

RESULTS

A. Transient (Partial Shading) Effect in Solar
Cells
I. Description of System
In this study, a system description of distributed circuit simulations
of a PV module under partial shading conditions is presented. The
PV module is connected to a variable DC voltage source converter
(VSC) to quantify the I-V and P-V characteristics curves. A
MATLAB SIMULINK is used to model the circuit: (i) as three
strings of 20 series-connected cells parallel to bypass diodes which
allow current flow when cells are shaded or damaged with a standard
irradiance of 1 kWm-2 applied to String 1 (cells 1-20) while (ii)
partial shading is applied to String 2 (cells 21-40) with an irradiance
of 0.3 kWm-2 and (iii) String 3 (cells 41-60) with an irradiance of
0.6 kWm-2 as shown in Figure 4.

II.

Simulation Process

The model is therefore simulated and at the end of the simulation,
the I-V and P-V characteristics curves were plotted. When the PV
module is connected to the voltage-sourced converter (VSC) it
makes it difficult for the Maximum Power Point Tracking (MPPT)
algorithm to converge at the highest peak. The global maximum
power point (GMPP) indicated in the red circle of Figure 5 is 334 W
at the maximum current of 5.29 A. The resultant characteristics of
the PV array are shown in Figure 5. The P-V curves generate three
peaks under partially shaded conditions (see Figure 5).

III.

Simulation Results

Figure 6 shows the variation in the solar PV cell string and bypass
diode used to reduce the shading effect. In string 1 (i.e., cells 1-20),
the bypass diode (with blue color) has zero current. This is because
string 1 solar cells do not have any shading effects. While in String
2 (i.e., 21-40 cells) and String 3 (i.e., 41-60 cells) solar cells had
shading effects. It is noticed that the current flow is above zero. This
shows that the bypass diode works.

B. Inverter Percentage Conversion Loss
When the inverter converts the DC energy from the solar PV system
to AC energy, some energy is lost, which could be due to the cable,
PV module, or inverter. As shown in Table 2, this is estimated as
inverter percentage conversion loss using equation (2) and the
values vary according to the number of energy losses from the
inverter given by (3).
𝐷𝐶 𝐸𝑛𝑒𝑟𝑔𝑦−𝐴𝐶 𝐸𝑛𝑒𝑟𝑔𝑦
Inverter percentage conversion loss =
× 100%
𝐷𝐶 𝐸𝑛𝑒𝑟𝑔𝑦

(2)
Ƞinverter =

𝐸𝐴𝐶
𝐸𝐷𝐶

×100%

(3)

Where: Ƞinverter is the inverter efficiency that is the ratio of output
energy (AC energy) to input energy (DC energy) multiply by 100%.

C. Yields, Array Capture, and System Losses
Table 3 displays the daily DC array, AC final, and reference yields,
DC array capture, and AC system losses of the PV system as
measured at quarter-hourly intervals using the ESB Warrenpoint
system. These were obtained from the system measurement and
analyzed using (4), (5), (6), (7), and (8). In December and May, the
monthly daily DC array, AC final, and reference yields, DC array
capture, and AC system losses ranged from 0.46 to 4.72 h/day, 0.45
to 4.63 h/day, 5.2 to 16.41 h/day, 4.74 to 11.69 h/day, and 0.01 to
0.09 h/day, respectively. The average annual daily DC array, AC
final, and reference yields, DC array capture, and AC system losses
were 2.32 hours per day, 2.30 hours per day, 8.83 hours per day,
6.51 hours per day, and 0.02 hours per day, respectively. Figures 7
(a) and 7 (b) show the DC array, AC final, and reference yields of a
monthly daily PV system as obtained from the ESB Warrenpoint
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system, as well as the AC system loss. The DC array capture loss
could be due to transient effects (such as shading, dust, wind
velocity, ambient temperature, or module temperature) [2],
corrosion of solar cell connections, or degradations.
𝐷𝐶 𝐸𝑛𝑒𝑟𝑔𝑦 (

YA,day =

𝑘𝑊ℎ
)
𝑘𝑊𝑝

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑎𝑦𝑠 𝑖𝑛 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛

(4)

𝑘𝑊ℎ
)
𝑘𝑊𝑝

𝐴𝐶 𝐸𝑛𝑒𝑟𝑔𝑦 (

YF,day =
YR,day =

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑎𝑦𝑠 𝑖𝑛 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛
𝑆𝑜𝑙𝑎𝑟

𝑘𝑊ℎ
𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 ( 2 )
𝑚
𝐺𝑆𝑇𝐶 (𝑘𝑊𝑚2 )

(5)
(6)

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑎𝑦𝑠 𝑖𝑛 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛

Lc,day = YR,day – YA,day
(7)
Ls,day = YA,day-YF,day
(8)
Where:
•
YA,day: daily array yield, that is, the ratio of the DC output
energy (kWh) to its module capacity (kWP) from a solar
PV array over a total number of days in operation [22].
•
YF,day: daily final yield, that is, the ratio of the AC output
energy (kWh) to its module capacity (kWp) from a solar
PV array over a total number of days in operation [23].
•
YR,day: daily reference yield, that is, the ratio of total daily
in-plane solar irradiation (kWh/m2) its reference solar
irradiance (GSTC).
•
Lc,day: daily DC array capture loss, that is, the difference
between the DC array yield (YA,day) and the reference
yield (YR,day).
•
Ls,day: daily AC system loss, that is, the difference
between the final yield (YF,day) and array yield (YA,day).
DC array yield and AC final yield are plotted as a function of solar
irradiance in Figure 8 (a-b) using quarter-hourly (15-minute)
interval data. Figure 8 (c-d) shows that the DC array yield and AC
final yield are both linearly proportional to solar irradiance. Figure
8 (a-b) depicts sublinear behavior caused by a transient effect like
shade/shadow cast, overcast period, or average inverter efficiency
loss (about 0.6%) over the PV field. As a result, at low solar
irradiance levels, both DC array and AC final yields are either zero
or very low due to inverter losses as well as PV generator low
irradiance losses.

D. Measurement of Solar Irradiance
Figures 9 and 10 depict various views of the ESB Warrenpoint site
solar irradiance, as well as a solar power calendar based on the plane
of array solar irradiance averaged for each quarter-hourly period
between March and May 2016. March and May were chosen
because of their peak clearness indices. It has been observed that
March 13, 14, and 22 and May 13, 16, 27, and 31 are clear days,
whereas other days such as March 9, 10, 11, 12, 15, 16, 17, 18, and
22, and May 8, 12, 14, 17, 23, 24, 29, and 30 are partly cloudy, and
other days such as May 1, 2, 3, 4, 5, 6, 7, 9, 10, 11, 15, 18, 19, 20,
21, 25, 26, and 28, and March 1, 2, 3, 4, 5, 6, 7, 8, 10, 19, 20, 21, 23,
24, 25, 26, 27, 28, 29, 30, and 31 are overcast. As a result of the peak
daily clearness index found in May, there are clearer days in May
than in March.

E. Measurement of Output Performance
The daily incident solar radiation for any given location is
determined by the sun's path across the sky and the amount of cloud
cover in the area (Trueblood et al., 201346). Figure 11 (a-d) depicts
daytime power profiles at quarter-hourly (15-minute), half-hourly
(30-minute), and hourly (60-minute) intervals for three days in each
season: a clear day, an overcast day, and a middle day. The clear
day, as defined here, is the day of the season with the greatest
amount of solar irradiation, resulting in a parabolic curve (see Figure
11 (a-d)); the overcast day is a day with the least amount of solar
irradiation, resulting in distortions from perfect parabolic shapes

(see Figure 11 (a-d)); and a middle day is a day with the median
amount of solar irradiation, resulting in partial parabolic curves. The
chosen days of power profiles span the months of each of the four
seasons (winter, spring, summer, and autumn) (see Figure 12).
Figure 12 shows that the clear days (as seen in Figure 11 (a-d)) in
winter, spring, summer, and autumn were caused by an increase in
daily sunshine hours in February, May, June, and September.
Because of the highest amount of solar irradiation at the site
location, these days were generally characterized by an increase in
PV output generation. The median increase in daily sunshine hours
occur in January, April, July, and October during the winter, spring,
summer, and autumn. As a result, PV output generation was
moderately high. The overcast day was generally characterized by
low solar irradiation due to a decrease in daily sunshine hours, as
seen in December, March, August, and November (see Figure 12).
As a result, the overcast day generates less PV output. The autumn
and winter daily profiles, on the other hand, are more extended, with
higher output generation at midday, but they have fewer total hours
than the summer and spring profiles, which have more hours of
daylength. Because PV panels are more efficient at lower
temperatures, output generation is higher during clear days in the
spring than during clear days in the summer [24]. The middle day
demonstrates that PV output generation can vary throughout the day,
owing to cloud movement.

F. Performance Variations
I. Weather-Corrected Performance Ratio
(PR)
The performance ratio (PR) is a metric used to evaluate solar
photovoltaic installations. PR normalizes the output of the PV
system to its installed capacity and the available solar irradiance at
the site of installation, allowing a comparison of the performance of
systems with different installed capacities in different geographical
locations [25]. 3-5 years of data are required to capture seasonal
variations [25]. Because the performance ratio is affected by the
module and ambient temperature of the system's site location due to
variation with changes in meteorological conditions, it is important
to measure or quantify this variation and show how it can be
removed or reduced by using the two methods described below [26],
[27]:
o Traditional calculation of PR (uncorrected PR) using
equation (9):
PRuncor r=
o

PRcorr =

∑ 𝑃𝐴𝐶_𝑡
𝐺𝑃𝑂𝐴

∑𝑡[𝑃𝑆𝑇𝐶 (

𝐺𝑆𝑇𝐶

)]

= PRSyst. =

𝑌𝐹
𝑌𝑅

× 100%

(9)

Modifications of uncorrected PR through temperature
normalization to produce a temperature-corrected PR to
become a weather-corrected PR using (10):
∑ 𝑃𝐴𝐶_𝑡
∑𝑡[𝑃𝑆𝑇𝐶 (

𝑚×12

𝐺𝑃𝑂𝐴
𝐺𝑆𝑇𝐶

)(1+

𝛿
(𝑇
))]
100 𝑐𝑒𝑙𝑙_𝑎𝑣𝑔−𝑇𝑟𝑒𝑓

(10)

RD =
× 100%
(11)
𝑐
%TLosses = PRuncorrected – PRcorrected
(12)
Where: PRuncorr: uncorrected performance ratio; PRcorr: corrected
performance ratio; PAC: measured AC electrical generation (W);
PSTC: summation of installed modules (49920 Wp);
GPOA: measured plane of array (POA) irradiance (W/m2); t: data
collection time (15 mins.); GSTC: irradiance at standard test
conditions (STC) (1000 W/m2); Tref: reference temperature
(25oC);Tref: reference temperature (25oC); 𝛿 : Temperature
coefficient for power (-0.4%/oC);
RD: Degradation rates (%); %TLosses: Percentage temperature losses;
m and c are the slope and vertical intercept of the linear trend line of
the PR versus time (months) plot respectively.
As a result, the weather-corrected PR from 2016 to 2020 is analyzed
using the annual PR regression method, and performance data is
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sorted for solar irradiance levels greater than 700 Wm-2, as proposed
by Quansah and Adaramola in their works [25]. (11) Is used to
compute the degradation rates (RD) [25].
Figures 13-17 show annual PR regression graphs for five years
(2016-2020) for both temperature-corrected PR and uncorrected PR.
Table 4 and Figure 18 show the annual uncorrected system PR,
temperature-corrected system PR, degradation rates, and percentage
of temperature losses from 2016 to 2020. Figure 17 depicts a
decrease in PV power output over time due to the performance loss
rate or degradation rate. It can be seen using error bars and the
Severity ranking of failure mode proposed by Pramod et al [17].
According to Figure 17 and Table 4.
The median degradation rates in 2016 (4.5% /year to 14%/year) and
2017 (0.1% /year to 5.2%/year) are 8.40% /year and 3.87%/year,
respectively. This demonstrates that the degradation rate is greater
than 1% per year, and the hazardous probability is between 90% and
100%. [17]. This is assigned a severity of 10 (with an associated
failure of corrosion in solder bonds) [28] and a severity of 10 (with
an associated failure of EVA discoloration) [29].
The median degradation rates in 2018 (-7.5%/year to 2.5%/year),
2019 (-16%/year to -23 %/year), and 2020 (-5.1%/year to 10%/year) are -2.75%/year, -18.23%/year, and -5.2%/year,
respectively. This demonstrates that the degradation rates are less
than 1%/year and that their hazardous probabilities range from
severity rank 9-1 or 80% - 70% to 0% safety hazard [17]. EVA
discoloration, metallization of the front side grid, de-lamination
between EVA and solar cell, glass weathering, de-lamination
between EVA and solar cell, oxidation of antireflecting coating, cell
metallization and hotspot, surface soiling, corrosion in solder bond,
and de-lamination, junction box degraded could all be associated
failures here [17].

Figure 1 (b): Multiple failure modes overlap of solar PV modules
[4].

Figure 2: Degradation of Solar PV system [1].

CONCLUSIONS
Since environmental factors such as humidity, dust accumulation,
and wind velocity are agents of transient and performance loss rates,
it is important to minimize or reduce these effects by inspecting the
proposed geographical location before the installation of solar PV
systems. Because of the diversity of climates, it is essential to
broaden the optimization considerations to achieve a more
significant result. Instead of using standard methods for installing a
solar PV system, it is important to consider dominant factors such
as wind directions and speeds, which have transient effects on solar
PV system output performance. Since solar cell output performance
degrades as cell temperature rises due to thermal degradation, it's
critical to maintain the surface of a solar panel at a temperature that
doesn't exceed its standard test conditions (25oC). Air- or watercooling techniques may help to alleviate the problem of overheating
caused by an increase in solar irradiance and high temperatures on a
solar panel. Therefore, using the characteristics of an anti-reflecting
material to increase the output performance of a solar PV panel is
recommended.

Figure 3: Location and Satellite view of ESB site situated at Upper
Dromore
Road,
Warrenpoint,
Northern
Ireland,
UK
(https://www.google.com/maps/place/Newry+BT34+3PN,+UK/@
54.1132142,6.2642131,248a,35y,44.92t/data=!3m1!1e3!4m5!3m4!1s0x4860da
664698253b:0xd3507b57cb2eea3!8m2!3d54.1150048!4d6.2630492).

Figure 1 (a): Using Bathtub curve to explain PV Durability and
Reliability Issues [4].
a.

b.

Figure 7: Monthly daily yields, DC array capture, and AC system
losses of ESB Warrenpoint system.
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Figure 4: PV module connected to a variable DC voltage
source converter (VSC)
(https://uk.mathworks.com/help/physmod/sps/ug/partialshading-of-a-pvmodule.html;jsessionid=9479da359d71d0f731ea5a9a6d64)

Figure 8: Quarter-Hourly data for AC Final yield and DC Array
yield.

Figure 5: I-V and P-V characteristics curves of a PV system

Figure 6: Shading effect of PV current (with yellow color line) and
diode current (with blue color).
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Figure 9: Measured solar irradiance profiles for each day in March
2016.
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Figure 11 (a): Power output profiles of selected days during the
winter season.

Figure 11 (d): Power output profiles of selected days during the
autumn season.

Figure 11 (b): Power output profiles of selected days during the
spring season.

Figure 12: A chart showing power profiles of selected days in
winter, spring, summer, and autumn in 15 minutes, 30 minutes, and
60 minutes sensor configuration period of ESB Warrenpoint system.

Figure 11 (c): Power output profiles of selected days during the
summer season.
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Table 1: Severity ranking of failure mode [17].
S/N Severity

Rank

1.

Degradation rate should be >1.0%/year with safety, 10
hazardous probability in the range <90−100>%
2.
Degradation rate should be <0.9–1.0>%/year with 9
safety, hazardous probability in the range <80–
90>%
3.
Degradation rate should be in the range <0.8– 8
0.9>%/year with safety, hazardous probability in the
range
<70–80>%
4.
Degradation rate should be in the range <0.7– 7
0.8>%/year with safety, hazardous probability in the
range
<60–70>%
5.
Degradation rate should be in the range <0.6– 6
0.7>%/year with safety, hazardous probability in the
range
<50–60%> %
6.
Degradation rate should be in the range <0.5– 5
0.6>%/year with safety, hazardous probability in the
range
<40–50> %
7.
Degradation rate should be in the range <0.4– 4
0.5>%/year with safety hazardous probability in the
range <30–40>%
8.
Degradation rate should be in the range <0.3– 3
0.4>%/year with safety hazardous probability in the
range <20–30>%
9.
Degradation rate should be in the range <0.2– 2
0.3>%/year with safety hazardous probability in the
range
<10–20>%/
10. The degradation rate should be <0.1–0.2>%/year 1
with no safety hazard
Table 2: Monthly DC Energy and AC Energy, inverter efficiency,
and percentage conversion loss of quarter-hourly system
measurement obtained from the ESB Warrenpoint System.
Inverter
DC
AC
Inverter
Percentage
Energy
Energy
Efficiency (ƞ) Conversion
Month
[MJ]
[MJ]
(%)
Loss (%)

Figure 10: Measured solar irradiance profiles for each day in May
2016.

January

2763

2720

98.40

1.6

February

1978.6

1975.3

99.80

0.17

March

8640.2

8543.1

98.90

1.12

April

17810.3

17802.16

99.95

0.046

May

26092

25595

98.10

1.51

June

20628

20606.5

99.90

0.104

July

20980

20940

99.81

0.191

August

18320

18291

99.84

0.158

September

12990

12838

98.82

1.17

October

8121

8062

99.27

0.73

November

4540

4531

99.80

0.2

December

2540

2526

99.45

0.55

Total

145,403.1

144,430.1

Average

12,116.9

12,035.8

99.42

0.629
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Table 3: DC array, AC final, and reference yields, DC array capture,
and AC system losses of quarter-hourly measured ESB Warrenpoint
system.
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Abstract
Biomass conversion into bio-oil by pyrolytic technology is one of
the most promising alternative to convert the biomass into useful
products and energy. The development of bio-oil from biomass has
attracted a great deal of interest not only because of the environment
pollution but also because of the rapid depletion of the fossil fuel
reserves. In the present work a microwave pyrolysis of Triplochiton
scleroxylon sawdust commonly name Ayous is used for bio-oil and
biochar production. Several power varying from 500-650 Kw,
reaction time in the range 15-25 min and the amount of Wave
absorber values from 10 to 30% were considered. The response
surface methodology (RSM) combined with Central Composite
design (CCD) is used for modeling and optimizing both the process
bio-oil and biochar yield. The results show that the optimum
conditions are obtained for a reaction power 576.27 Kw, a reaction
time of 28.07 min and an absorption intake 3.19%. Under these
conditions, the predicted bio-oil yield is around 44.8% with good pH
(6.06 ± 0.4) but a very high-water content 25 ± 1.2%. Whereas the
biochar 39.44% is obtained under the conditions: Power 448.8 kw,
an time of 12 min and an absorption intake of 17.11%. The
identification of compounds by GC/MS has identified the con
families of alkanes, esters, alcohols and phenolic compounds at low
and high molecular weights. A global view of these results makes it
possible to say that Ayous bio-oil can be used as biofuel, however
processing operations must be carried out in order to reduce the
water content and its acidity. The biochar can be directly used as a
soil amendment.

Keywords : Triplochiton scleroxylon sawdust, Bio-oil, Biochar,
Microwave-Pyrolysis
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Abstract
This research work aims to examine the opportunity of reexploiting granite wastes to get inventive vinyl ester based
hybrid polymer composites. The foremost advantage of
recycling the granite wastes is low cost and eco-friendly
production. Granite wastes generated by stone processing
units are generally dumped in open lands, which creates
severe environmental complications causing soil, air and
water pollution. Hence, the inculcation of such kind of
industry wastes into the polymer fabrication process can be a
serious solution for sustainable waste utilization. The
examined mechanical properties of the fabricated granite dust
filled hybrid composites are compared with Titania
particulate filled E-glass fiber reinforced polymer composites.
Conventional hand layup technique is prominently exploited
for the fabrication of composite specimens. The granite
dust/titania weight fraction is varied from 5-15 wt. % while
keeping bi-directional E-glass fiber weight fraction as
constant i.e., 30 wt. %. Density and percentage void content
has been determined and also mechanical characterization
such as hardness, tensile strength, flexural strength, impact
strength and inter laminar shear strength of the produced
polymer composite material has been carried out. As far as
incorporation of granite dust is concerned, there has been a
significant improvement in the physical as well as mechanical
characteristics of the fabricated composite material. Also, to
determine the best proxy situation from a finite lot of decision
proxies in terms of various oppugning criteria, TOPSIS
decision making approach is used.
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© 2021 IEECP – SCI-INDEX
DAl : https://sci-index.com/DAl/2021.99101/IEECP/14737971
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I.

INTRODUCTION

The development of particle-filled polymer composites reinforced
with fibers is the need for structural components that are prone to
fracture and cracks by utilization of stone waste such as granite
dust. Granite dust would be a solution not only to control health
issue but also pollution control such as soil, air with reduction on
the dependency on depicted natural resources [1]. Therefore,
reusing the waste is considered to be the most important solution
in the modern world. For composites, the materials are mixed to
reduce shortages and increase characteristic performance of the
materials. The overall economy of these composites are found to
be very low when industrial waste is added to the matrix as
reinforcement [2]. Since, traditional fillers such as metals and
ceramic powders possess high cost, it is important to replace
traditional composite ceramics with other cheap and abundant
wastes such as granite, silica [3] and boron [4] that are available
in abundant form without embracing quality. Granite dust is an
industrial waste material that can be used as a filler in a polymer
matrix [5].
Granite dust is a combination of different oxides with better
mechanical and wear properties [6]. Vikash et.al. [7] in their work
concluded that with the addition of granite particles, the aluminum
alloy composites has improvised hardness and desired strength.
Awad et.al. [8,9] studied the influence of particle sizes and %
content of marble/granite filler on the physico-mechanical
properties and observed that the addition of M/G fillers in the
HDPE composites outstripped its thermal and mechanical
properties. Similarly, the use of Granite dust [10] along with
baggage ash [11] and copper scrap [12] for concrete modification
is quite common among the researchers. Also, the influence of
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granite dust from the fold and thrust belt [13] on the physicomechanical properties of mortar is studied and inferred that
incorporation of granite powder in mortar leads to an increase in
the diffusion properties of fluids due to significant improvement
in porosity [14].
In series to this, hybrid polymer composites is prominently a
varied kind of composite material consisting of a polymer matrix
and two types of reinforcements: fibers and particles. The fiber
reinforcement provides rigidity and longitudinal strength, and the
particles provides tensile strength and impact resistance. One such
work included graphite as a filler and E-glass fibre as a reinforcing
material to fabricate hybrid VE based composites [15]. A review
has also been performed on the mechanical properties of the
polymer composites in terms of hybridization [16] where it was
inferred that it possess better strength-to-weight ratio than most of
the conventional alloys [17]. Similarly, studies on the mechanical
properties of the hybrid polymer composites [18,19] with a
dammar based hybrid matrix [20], based on natural fibers [21]
such as animal-plant fiber hybrid composites [22] has also been
performed.
Along with composite processing and mechanical assessment,
optimization of composite criteria is also very important as far as
the minimization of experimental setup and identification of
parameters that most influence the characterization of the
fabricated composites is concerned [23]. In this order, a multicriteria decision making approach, such as TOPSIS, has been
performed by various researchers in their study. This MCDM
method is found to be very crucial tool for the decision makers to
choose an alternative in discrete problems [24]. Especially,
TOPSIS has become much easier for the users with the help of
computers. Various articles shows the use of decision making
TOPSIS model for finding the optimal reinforcements in CaCO3
and Al2O3 composites [25] and natural fiber composites [26].
In this study, vinyl ester resin was used as the matrix material,
granite dust/titania particulate was used as filler, and E-glass fiber
was used as a reinforcement to obtain titania/granite dust filled
glass fiber reinforced polymer composites. Then characterization
of the physico-mechanical behavior of the obtained polymer
composite material has been prominently performed using
TOPSIS technique.

II.

EXPERIMENTAL DETAILS

A.

Materials and methodology

In the present study, vinyl ester is used for the preparation of
polymer composite filled with granite dust/titania particles and
reinforced with E-glass fiber through the conventional hand layup
method. Vinyl ester as a matrix material imparts magnificent
mechanical properties to the composite material. As a
reinforcement, E-glass fiber is used which is predominantly a
mixture of different oxides (55%SiO2, 18%CaO, 11%Al2O3,
6%B2O3, 5%MgO, and 5% other). Further, titania as a filler
material, is an oxide of titanium [27] and granite dust is a
combination of different oxides that poses excellent mechanical
and wear resistant properties [28]. The notations and chemical
compositions of the fabricated vinyl ester composites is shown in
table 1.
The composition of vinyl ester is varied in correspondence of the
granite dust/titania fillers with three varied weight fractions (5
wt.%, 10 wt.%, 15 wt%) while keeping E-glass fiber weight
fraction constant i.e., 30 wt.%. The vinyl ester resin is mixed with

its corresponding hardener in 10:1 weight ratio. Silicon mold
releasing spray has been applied to remove the composites from a
wooden mold of dimension 340*340*40 mm3 after curing. Before
the removal of the composites from the wooden mold, the load of
40 kg is applied for about 24 hours during the curing of the casted
composites whereas after the removal of composites from the
mold, casted samples are post cured for another 24 hours. The
desired size of the specimens for mechanical/physical tests are cut
using the diamond cutter.
Table 1. Notations and compositions of the composites
Notations
EG-0
EGG-5
EGG-10
EGG-15
EGT-5
EGT-10
EGT-15

B.

Compositions (by weight)
Glass fibre (30%) + Vinyl ester (70%)
Glass fibre (30%) + Vinyl ester (65%) + Granite
(5%)
Glass fibre (30%) + Vinyl ester (60%) + Granite
(10%)
Glass fibre (30%) + Vinyl ester (55%) + Granite
(15%)
Glass fibre (30%) + Vinyl ester (65%) + Titania
(5%)
Glass fibre (30%) +Vinyl ester (60%) + Titania
(10%)
Glass fibre (30%) + Vinyl ester (55%) + Titania
(15%)

Physical Characterization

To examine the composite quality, density and void content has
to be investigated for physical assessment of the fabricated
specimens. For precision assessment, theoretical density and
experimental density are obtained separately using weight
proportion method and Archimedes principle respectively. The
void content is then calculated using a comparative study between
the theoretical and experimental densities. For determining the
experimental density using the Archimedes principle, several
specimens were taken from the obtained composite material and
first weighed in air and then weighed in water using electronic
weighing machine. The formula for determining the experimental
density is:
𝑊𝑎𝑖𝑟
𝜌𝑐 =
* ρwater
….…………… (1)
(𝑊𝑎𝑖𝑟 − 𝑊𝑤𝑎𝑡𝑒𝑟)

Where, ρc = density of obtained composite
ρwater = density of water (gm/cc)
Wair = weight of the specimen in air (gm)
Wwater = weight of the specimen in water (gm)
Void content of the composites is calculated by densities based on
theoretical calculation and experimental investigation using
equation:
ρ −ρ
Vf = t e * 100
………………………… (2)
ρt

Where, Vf = volume fraction of void
ρt = Density of the composite (Theoretical)
ρe = Density of the composite (Experimental)

C.

Mechanical Characterization

In mechanical assessment of the fabricated composites, micro
hardness test of the specimen is carried out using 1/16” indenter
(steel ball) through the Rockwell hardness testing machine and a
preliminary load of 50 kgf. The tensile test has been conducted as
per ASTM D3039-3062 using the digital tensometer apparatus.
The flexural strength and modulus test has also been carried out
for the fabricated granite dust/titania filled vinyl ester based
polymers. Inter laminar shear strength of composites based on
vinyl ester resin (brittle matrix), is determined using a beam shear
test (BST). ASTM D7291 standard has been considered to carry
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out inter laminar shear strength test of the obtained vinyl ester
based polymer composites on the Materials testing machine. The
low speed impact test is also conducted for measuring the damage
resistance using the impact tester as per ASTM D256.

D.

TOPSIS optimization

TOPSIS (Technique for Order Preference by Similarity to the
Ideal Solution) works on the principle of selection of an
alternative which should be “closest in terms of distance to the
positive ideal solution” and “should be farthest in terms of
distance to the negative ideal solution” [29]. This decision making
approach has a very straight forwarded, logical and accessible
concept which has the inherited function of the relative
effectiveness measurement of each option in an understandable
mathematical form.
Assume Z = (Zij) be a matrix consisting of “p” proxies and “q”
criteria, such that we have (Zij)p*q matrix. This matrix is known
as the decision matrix (D). And also let Δ = [Δ1, Δ2... Δn] be a
weight vector, where Zij, Δj ∈ R and Δ1 + Δ2 + + Δn = 1
Criteria can be beneficial i.e., higher is better or Non-beneficial
i.e., smaller is better.
At this point, the various dimensional attribute are converted to
dimensionless attributes so that the criteria can be compared.
Because varied criteria are basically measured in different units,
there is a need to convert the results in the Z scoring matrix to a
standardized scale. These values may be normalized using one of
the very well-known standardized expressions. Some of the most
commonly used methods for calculating the normalized value of
ij n are:
N = nij =

mij
1⁄2

2
[∑M
i=1(mij ) ]

……………….. (3)

Weighted normalized matrix (Vij ) is the result of multiplying the
normalized matrix by its associated weight (Δj) calculated by
entropy method.
Vij = Δj × 𝑛ij

……………........ (4)

Where, Δj is the weight assigned to j-th criterion, i.e.,
Δ1+Δ2…….+Δj = 1.
For determining the positive ideal solution (A + ) and the negative
ideal solution (A − ) for the normalized matrix based on weights of
the criteria, the following expression holds true:
A + = (V1+ , V2+ … . VN+ ),
A − = (V1− , V1− … . VN− )

……………….. (5)

where,
(mini Vij ), if j is beneficial criteria
} and
V+j = {
(maxi V+i ), if j is Non-beneficial criteria
(mini Vij ), if j is beneficial criteria
} for j=1, 2….N
V-j = {
(maxi V+i ), if j is Non-beneficial criteria

Now, by using these positive ideal and negative ideal solutions,
separation measures are to be determined.
For this, the distances measured using Euclid geometry of each of
the proxies are calculated in terms of the positive ideal and the
negative ideal solution:
2

+
D𝑗+ = √∑N
j=1(Vi − Vij ) , and
2

−
D𝑗− = √∑N
j=1(Vij − Vi ) , for i=1, 2….M

………...... (6)

Finally, the overall relative closeness of the proxies is calculated
and then they are arranged in subside relative to their relative
closeness and assigned rankings. The overall relative closeness
(Pi*) of the proxies is calculated as:
Pi ∗=

D−
i
−
D+
i +Di

III. RESULTS
A. Physical

, for i = 1, 2 … . M ……………… (7)

AND DISCUSSION

Assessment

In the present study, theoretical and experimental densities of the
granite dust/titania filled E-glass fiber reinforced vinyl ester based
polymer composites is evaluated and the corresponding weight
percentage of void content has been examined and represented in
the Table 2.
The incorporation of granite dust particles resulted into the
increment in density of the composite, thus, increases the
percentage of void content. The similar effect is also shown by the
titania filled glass fiber reinforced polymer composites with the
incorporation of filler content. The void fraction of composites are
evaluated from the difference between the expected and the
observed density of each sample. This table clearly depicts that
with the incorporation of filler particulates, increasing amount of
voids are noticed. This may be because of the inner-fiber spacing
been decreased. It is clear that a good composite should have a
small void fraction. However, the presence of void is inevitable,
especially when fabricated through hand lay-up manual
technique.
Since void fraction also depends on type of filler used, granite
filled polymer composites show lesser percent of void content
than that of titania filled composites.

B. Influence of

Particulate on Hardness

The hardness of the polymer composite effectively show an
increment trend as the weight fraction of the granite dust and TiO2
particulate increases, as shown in fig. 1. The composites (EGT-5,
EGT-10 and EGT-15) with titania particulate content is found to
exhibit Rockwell hardness in the strict range of 47 HRB for EGT5 to 71 HRB for EGT-15 while the composites (EGG-5, EGG-10
and EGG-15) with granite dust content exhibits Rockwell
Hardness in the range of 43 HRB for EGG-5 to 61 HRB for EGG15.
The average hardness of granite and TiO2 powder is usually
higher like any other type of oxide ceramic and their incorporation
increases the hardness of the composite.The minimum hardness is
examined for unfilled composite, i.e., EG-0 and maximum
hardness is examined for 15 wt.% TiO2 particulate filled
composite material.
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Table 2: Theoretical/Experimental densities and % void content with notations

Notations

Compositions (by weight)

Calculated
density
(g/cc)

Formulated
Density
(g/cc)

Voids content
(%)

EG-0

Glass fibre (30%) + Vinyl ester (70%)

2.12

2.23

4.93

EGG-5

Glass fibre (30%) + Vinyl ester (65%) + Granite (5%)

2.23

2.35

5.11

EGG-10

Glass fibre (30%) + Vinyl ester (60%) + Granite (10%)

2.32

2.48

6.45

EGG-15

Glass fibre (30%) + Vinyl ester (55%) + Granite (15%)

2.45

2.62

6.49

EGT-5

Glass fibre (30%) + Vinyl ester (65%) + Titania (5%)

2.35

2.52

6.74

EGT-10

Glass fibre (30%) + Vinyl ester (60%) + Titania (10%)

2.48

2.68

7.46

EGT-15

Glass fibre (30%) + Vinyl ester (55%) + Titania (15%)

2.52

2.76

8.70

The flexural modulus is found to be showing increasing trend with
granite dust/titania addition in the vinyl ester produced
composites (fig. 5).

80

Hardness (HRB)

70
60
50

40
30
20
10
0
0

5

10

15

Filler content (wt.%)
Titania particulate

Granite dust

Figure 1 Hardness Variation with filler content

C. Influence of

Particulate on Tensile and
Flexural Strength

Figure 2 Tensile strength Variation with filler content

From fig. 2, it is clearly depicted that tensile strength of the hybrid
vinyl ester based polymer composites shows a declining trend as
far as the incorporation of both titania and granite dust filler is
concerned. Such an unexpected behavior of the Bi-directional
fiber reinforced composites may be inferred to one of the possible
explanation that surface defect and voids have preferably strong
impact on the strength of the fabricated composites. The declining
trend of the tensile modulus with the incorporation of granite
dust/titania particulate in the polymer composites is depicted in
the fig. 3. The decrement in the tensile modulus with addition of
filler content is may be due of poor adhesiveness of the filler with
the matrix material and void formation at the filler – matrix
interface.
Fig. 4 prominently indicates that flexural strength of the
composites is a function of filler content, i.e., with the addition of
the TiO2/granite dust , the flexural strength of the fabricated
material composite increases. The formation of micro cracks
during the formation of the composites through hand lay-up
technique, results in the stress release over a large area provided
by the flexural loading, leads to increment in the flexural strength.

Figure 3 Tensile modulus Variation with filler content
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Figure 6 Impact strength Variation with filler

Figure 4 Flexural strength Variation with filler content

E. Influence of

Particulate on ILSS

Figure 5 Flexural modulus Variation with filler

D. Influence of

Particulate on Impact

Strength
The determination of overall energy absorbed during the fracture
of the granite dust/titania filled vinyl ester composites is carried
out using a low velocity impact tester as per ASTM D256. The
outcome of the impact strength test is shown in fig. 6. The graph
clearly infer the fact that there is a serious positive change in the
damage resistance or impact strength of the fabricated composite
with the addition of filler content, i.e., TiO2 particulates as well
as granite dust.
It is seen from the test graph that with the incorporation of granite
content, the impact strength of the unfilled vinyl ester polymer
composite improves effectively by about 10-20% as expected.
High deformations loads are required for many structural
composite and marine applications. Therefore, the usability of a
composite material for such applications must be identified not
only by its general design parameters, but also by its energy
absorption capacity.

ILSS (MPa)

Laminated composites are most susceptible to stratification
between the fiber/matrix interfaces to which a tangential stress is
applied. Inter laminar shear stress strongly depends on the matrix
prioritized mechanical properties in the construction of laminated
composite materials. ILSS shows significant improvement from
14.76 MPa for EG-0 composites to 16.67 MPa and 16.49 MPa for
EGT-10 and EGG-10 respectively, and then declines to 15.69
MPa and 15.37 MPa for EGT-15 and EGG-15 composite
specimen respectively.

17
16.5
16
15.5
15
14.5
14
13.5
0

5

10

15

Filler content (wt.%)
Titania particulate

Granite dust

Figure 7 Variation of inter laminar shear strength with filler
The possible reason behind this behaviour can be attributed to
high void content for 15 wt.% granite dust/titania powder filled
vinyl ester composites. From fig. 7, it is clearly depicted that inter
laminar shear strength shows variation for both granite dust/titania
particulate in a very identical fashion as reportedly observed by
Patnaik et. al. [30] for fly-ash and SiC filled glass reinforced
polyester based composites.

5

International Conference on Innovations in Energy Engineering & Cleaner Production IEE CP21

F. TOPSIS

based on TOPSIS technique. For selection of individual
alternatives and identification of their rankings, the decision
matrix (Table 3), the normalized matrix (Table 4), the weighted
normalized matrix (Table 5), positive and negative ideal solutions
(Table 6), separation measured values (Table 7), relative
closeness values and finally the rankings (Table 8) for the
respective alternatives are tabulated below.

Optimization Assessment

The TOPSIS method is an empirical and convenient method for
selection of alternatives and identification of their respective
rankings. Due to the high flexibility of the TOPSIS concept,
additional extensions for better choice in different situations is
now possible. In fact, TOPSIS is used to solve many theories and
the real world issues.
In this work, all the fabricated granite dust filled composite
materials are compared with titania particulate filled composites

Table 3. Decision Matrix (D) Of Fabricated Composites
Hardness
(HRB)

Impact
stren.
(kJ/m2)

Void
con. (%)

Tensile
stren.
(MPa)

Tensile
modu.
(GPa)

Flexural
stren.
(MPa)

Flexural
modu.
(Gpa)

ILS stren.

0

30

21.51

4.93

540

8.92

330

6.99

14.76

G05

43

23.63

5.11

515

8.7

359

7.27

15.61

G10

58

30.46

6.45

490

8.52

373

7.59

16.49

G15

67

32.81

6.49

475

8.39

392

7.98

15.37

T05

47

26.34

6.74

520

8.76

363

7.31

15.81

T10

61

34.57

7.46

505

8.67

380

7.67

16.67

T15

71

34.91

8.7

483

8.44

397

8.03

15.69

Composites

(Mpa)

Table 4. Normalized Matrix

Composites

Hardness
(HRB)

Impact stren.
(kJ/m2)

Void
content
(%)

Tensile
stren.
(MPa)

Tensile
modu.
(GPa)

Flexural
stren. (MPa)

Flexural
modu.
(Gpa)

ILS stren.
(Mpa)

0

0.204252

0.274666

0.279596

0.404603

0.39065

0.336044

0.34961

0.353468

G05

0.292761

0.301737

0.289804

0.385872

0.381015

0.365575

0.363615

0.373823

G10

0.394887

0.388951

0.3658

0.36714

0.373132

0.379832

0.37962

0.394897

G15

0.456162

0.418959

0.368068

0.355901

0.367439

0.39918

0.399126

0.368076

T05

0.319995

0.336342

0.382246

0.389618

0.383643

0.369648

0.365615

0.378613

T10

0.415312

0.441433

0.42308

0.378379

0.379702

0.38696

0.383621

0.399208

T15

0.483396

0.445774

0.493404

0.361895

0.369629

0.404271

0.401627

0.375739
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Table 5. Weight Normalized Matrix

Composites

Hardness
(HRB)

Impact
stren.
(kJ/m2)

Void
content
(%)

Tensile
stren.
(MPa)

Tensile
modu.
(GPa)

Flexural
stren.
(MPa)

Flexural
modu.
(Gpa)

ILS stren.
(Mpa)

0

0.097374

0.059151

0.067803

0.005138

0.001147

0.00786

0.005554

0.003709

G05

0.139569

0.064981

0.070279

0.0049

0.001119

0.00855

0.005777

0.003923

G10

0.188256

0.083763

0.088708

0.004662

0.001096

0.008884

0.006031

0.004144

G15

0.217468

0.090225

0.089258

0.00452

0.001079

0.009336

0.006341

0.003863

T05

0.152552

0.072433

0.092697

0.004948

0.001127

0.008645

0.005809

0.003973

T10

0.197993

0.095065

0.102599

0.004805

0.001115

0.00905

0.006095

0.004189

T15

0.230451

0.096

0.119653

0.004596

0.001086

0.009455

0.006381

0.003943

Table 6. Best & Worst Solutions

Solution
Positive Ideal
Solution(A+)
Negative Ideal
Solutions (A-)

Hardness
(HRB)

Impact
stren.
(kJ/m2)

Void
content
(%)

Tensile
stren.
(MPa)

Tensile
modu.
(GPa)

Flexural
stren.
(MPa)

Flexural
modu. (Gpa)

ILS
stren.
(Mpa)

0.230451

0.096

0.067803

0.005138

0.001147

0.009455

0.006381

0.004189

0.097374

0.059151

0.119653

0.00452

0.001079

0.00786

0.005554

0.003709

Table 7. Separation Measures of Attributes

Table 8. Relative Closeness and Composite Ranking

Composites

Dj+

Dj-

Composites

Pi*

Rank

0

0.138098

0.051853

0

0.272983

7TH

G05

0.096069

0.065215

G05

0.404348

6TH

G10

0.048661

0.099118

G10

0.670718

4TH

G15

0.025744

0.12773

G15

0.83226

1ST

T05

0.085114

0.062838

T05

0.42472

5TH

T10

0.047597

0.108199

T10

0.694491

3RD

T15

0.051853

0.138097

T15

0.727017

2ND

IV. CONCLUSION
Some of the conclusions were drawn through mechanical
experimentation as below:1. The granite dust filled E-glass fiber reinforced vinyl ester based
polymer composites are fabricated successfully using the hand
lay-up fabrication technique and compared with the

experimentation results of titania particulate filled E-glass fiber
reinforced hybrid polymer composites.
2. It was inferred that with the inclusion/incorporation of granite
dust as well as titania particulates in the polymer composites, the
mechanical properties, i.e., density and void content, hardness,
flexural strength and modulus, impact strength and ILSS shows a
significant improvement in the characteristics.
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3. Incorporation of granite dust/titania particulate only affected
tensile strength and modulus in the negative declining fashion.
4. TOPSIS decision making approach has been predominantly
employed to determine the ranking of the fabricated polymer
composites and it was inferred that granite dust filled hybrid
polymer composite with 15% wt. is ranked 1ST and unfilled
polymer composite specimen is ranked 7TH among all the
composite specimens.
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I. INTRODUCTION
Abstract
The brick masonry structures are mostly used in the construction
industry for building up to two stories in the world. The unreinforced
brick masonry structures performed not well during past
earthquakes, which causes economical and human life losses.
Confined brick masonry structures are proposed as reinforced brick
masonry structures, which are now mostly used in developing
countries. The seismic performance of the confined brick masonry
structure is very important to withstand the structure while hit by the
strong ground motion of earthquakes to reduce the economic losses
as well as losses to human lives. The purpose of the work to
construct the structures to avoid collapse of the structures during
strong ground motion to reduce losses and use proper techniques,
material to construct the structures with seismic load resistivity as
well as economical. For the seismic performance of confined brick
masonry structures, different research papers were studied to
understand the effect of the stiffeners on brick masonry structures
during strong ground motion. The papers studied including the
analytical work on confined brick masonry structure, effects of past
earthquakes on unreinforced and reinforced brick masonry
structures, and Laboratory testing evaluation of the performance of
confined/reinforced brick masonry structures while testing on
shaking table by applying strong ground motion. The vertical and
horizontal stiffeners used in brick masonry structures show
improvement in the strength of the brick masonry structures and
enhance the ductility of the brick masonry structures whiles testing
on a shaking table with strong ground motion. From studies, it has
been concluded that the reinforced concrete stiffeners improved the
brick masonry structure's properties like strength, ductility, and
avoid collapse of the structure during strong ground motion with
peak accelerations. It has been also observed that during the past
earthquake the reinforced/confined brick masonry structures
performed well as compared to unreinforced brick masonry
structures.
Keywords: Confined brick masonry structures, seismic
performance improvement, strength increase, ductility enhancing.

The brick masonry structures especially unreinforced masonry
structures are commonly used in many developing countries. The
unreinforced brick masonry structures cause heavy damages in the
past earthquake of the Hindu Kush earthquake 2015 of the
magnitude of 7.5, which result in 280 fatalities and substantial
damages to 109,123 buildings [Najif]. The failure of the
unreinforced masonry structures is due to the seismic force
resistance deficiencies, which cause heavy damages to the
structures. For improving properties of unreinforced brick masonry
structures, French Structural Engineer Paul Cottancin proposed the
stiffeners provision method at the end of the 20th century (Edgell,
1985).
Confined masonry structures are widely used in the construction
industry in the world, especially in Asia. Confined masonry
structures are the basic structure of masonry with the provision of
reinforced concrete columns and beam at a proper location like at
corners, around openings, intersections, and places whether suitable
and required to provide. The basic function of tie-columns in
confined masonry structures is basically to improve the strength and
ductility of the masonry structure or wall.
The confined masonry structures show better performance instead
of masonry structures as observed in past earthquakes of Pakistan,
Indonesia, Chili, and Haiti where the losses to property and life were
mostly due to the collapse of masonry structures. The masonry
structures were mostly used in past because of unawareness of
enough knowledge. The provision of reinforcing stiffeners to brick
masonry structures made the structures on the safe side to avoid
heavy damages during the strong ground motions.
This paper is focusing on the improvement of seismic load
resistance of the masonry structures by using different kinds of
techniques and materials to enhance the stability of the structure as
well as made structures economical. The work on literature review
gives different techniques and materials which improve the seismic
capacity of the structures. The techniques and materials selecting for
confining of the structures must be enhanced the strength or seismic
properties of the structures as well as make the structure economical
by selecting cheap materials and easy method of construction of the
structure.

II. CONCEPT OF CONFINED MASONRY
(CM) STRUCTURES
IEECP’21, July 29-30, 2021, Silicon Valley, San Francisco, CA – USA
© 2021 IEECP – SCI-INDEX
Dů : https://sci-index.com/DAl/2021.99101/IEECP/14737977

Masonry construction is used for a longer time and still in many
developing countries it is using because of the economic
construction type. For proper construction of the confined masonry
construction, it is necessary to understand the nature of confined
masonry structures. To clear the concept about confined masonry
structure we will know about what is confined masonry structure
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and how it distributed or transfer the load. Masonry structures can
be confined in different ways and materials like providing reinforced
concrete tie-beams and tie-columns, timber material and can be
reinforced by proving reinforcement in hollow bricks and poured
with concrete. The most commonly used are tie beams and tie
columns. For confining brick masonry structure horizontal and
vertical reinforced concrete stiffeners can also be used which variate
in size and reinforcement for different seismic zone and soil profile
types [Mehran].

A. What is Confined Masonry
Confined brick masonry structures are some of the most commonly
used structures in America, Europe, and Asia. In a confined brick
masonry structure basically, the unreinforced brick masonry
structure is confined by the provision of the horizontal and vertical
reinforced concrete beams and columns, which is also known as tiecolumns and bond beams. These columns and beams have enhanced
the ductility of the structure and improve the lateral resistance of the
structure to earthquake loadings and hold the brick masonry walls to
avoid disintegration of the walls during earthquake lateral forces.

Figure 2. A typical Confined Masonry building of two-story
[Blondet,2005]

B. How Confined Masonry Structure Different
then Reinforced Masonry Structure
In confined brick masonry construction, the reinforcement is
provided in confining elements like tie beams and tie columns while
in reinforced masonry construction, the reinforcement is provided in
brick masonry. For reinforced masonry construction the brick
masonry used clay or concrete hollow inside for provision of the
reinforcement as can see in figure 3 and figure 4. The confinement
of the masonry structure is not only limited to the reinforced
concrete stiffeners but also can be used steel, timber, and other
similar kind of confining members, but here we are focusing on
using reinforced concrete tie-beams and tie-columns as confining
element of the masonry structure.

Figure 1. Confined Brick Masonry Walls [Nasir]
Confined masonry structure consists of basically the following
structural and non-structural elements as given below.

a) Slab
In confined masonry structures, the floor slab and roof slab
transferred vertical loads to the masonry walls to be transferred to
the foundation properly. In a confined masonry structure, the slab
behavior can be considered as a horizontal beam member in the
structure.

b) Confining Beams and Columns

Figure 3. Confined Masonry Structure Construction in Indonesia
[Meisl]

The confining elements like tie beams and tie columns provide to
masonry walls are avoid disintegration of the masonry walls and
withstand the structure vertically during the earthquake.

c) Masonry Walls
Masonry walls in confined brick masonry structures are usually
transferred loads from roofs and slabs to the foundation through a
plinth beam. Masonry walls behave as a vertical load carry member
of the structure as well as resist lateral forces.

d) Plinth Beam or Plinth Band
Plinth beam or plinth band provide below the masonry and walls and
above the foundation which transferred the vertical load from
masonry walls to foundations.

e) Foundations
The Foundation of the confined brick masonry structure is basically
the lowest structure member which transferred the load of the
structure from plinth to ground.

Figure 4. Reinforced Masonry Structure Construction in Canada
[Bill McEwen]
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C. How Confined Masonry Structure Different
then RC Frame Structure
The confined masonry structure is totally different than the
reinforced concrete Frame structure because of the construction
procedure and transferring the vertical load to the foundation as well
as in resisting the lateral seismic load. In confined masonry
structure, the seismic lateral load resisting and transferring load to
foundation from slab to beams and columns and beams to columns
than from columns to foundation, while in confined masonry
structure mainly the vertical load from slab transferred to brick
masonry walls and from there to the foundation through plinth beam
or band. The main differences between confined masonry structures
and reinforced concrete frame structures are given in table-01.
Table 1. Comparison between Confined masonry and RC
Frames Structures Construction
Types

Confined Masonry

RC-Frames

Load
Carrying

In confined Masonry
construction the vertical
load is basically carrying
by masonry walls as well
as the lateral load is also
carrying by masonry
walls.

In RC Frames the
vertical load is carrying
by Beams and columns
from slab to foundation
as well as lateral load is
also resisting by Frame
members.

Foundation
Construction

In confined masonry
Strip footing and plinth
beam
or
band
constructed below the
masonry walls

In RC Frames isolated
footing, raft/mate, strip
footing, pile footing
and combined footings
are constructing below
columns.

Super
Structure
Construction

1. Construct
masonry
walls first.
2. Construct vertical tie
columns.
3. Then construct tie
beams on tie columns
and masonry walls.
4. At the end construct the
slab and roof.

1. First, construct the
columns.
2. Then
construct
beams and slab/roof.
3. Then construct the
masonry walls

B. Peru Earthquake
The earthquake magnitude of 7.9 hit Pisco, Peru, which causes
approximately 519 peoples to death and 1090 injuries. After the
earthquake, it was found that confined masonry structures
performed well as compared to unconfined masonry buildings.
Some confined masonry structures collapse as well due to the soft
story effect and also confined masonry building up to six stories
performed well. The confined masonry structure which performed
well in the earthquake up to six stories may be due to the proper
confinement of the brick masonry structures. However, most of the
confined masonry structures show better performance with little or
no damages [EERI, 2007].

C. Central Java Earthquake
Central Java earthquake occurred in May 2006, which hit Java
island, Indonesia with a magnitude of 6.3 killed 5,176 peoples and
approximately 154,000 houses destroyed completely while 260,000
suffered from damages of different natures. However, the confined
masonry structures performed well as compared to unreinforced and
partially reinforced structures during the earthquake [EERI, 2006].

D. Chile Earthquake
The Chile earthquake occurred in 1985, which caused up to 66,000
buildings to collapse completely and damaged 127,000 houses.
13,500 houses out of 84,000 houses were confined masonry
structures from 3 to 5 stories in height. However, the confined
masonry building performed well generally as compared to
unreinforced masonry buildings during the earthquakes.

E. Pakistan Earthquakes
Pakistan is located in the most active seismic region and hit by
different disastrous earthquake-like the Quetta earthquake, Makran
earthquake and Azad Kashmir earthquake as shown in table number
02.
Table 02. Major Disastrous Earthquakes in Pakistan

III. SEISMIC PERFORMANCE OF CM
STRUCTURES

Date

Affected Area

Mw

Depth
(km)

12-25-2015

Gilgit Baltistan, Khyber
Pakhtunkhwa

6.3

212.5

9-24-2013

Awaran District, Balochistan

7.7

14.8

1-18-2011

Dalbandin, Balochistan

7.7

101

10-8-2005

Azad Kashmir, Balakot

7.6

15

A confined masonry structure is introduced basically for the
improvement of a brick masonry structure to avoid disintegration of
the masonry walls. The confined masonry structure should perform
well during the strong ground motion. Seismic performance is
observed in the different past earthquakes which show that confined
masonry structure performs well as compared to the unreinforced or
unconfined masonry structure.

2-27-1997

Balochistan

7

10

12-31-1983

Gilgit-Baltistan

7.2

214

11-28-1945

Makran Coast, Balochistan

8.1

25

A. Bam Earthquake

5-31-1935

Ali Jaan, Balochistan

7.7

-

The earthquake occurred in December 2003, which hit the historical
city Bam, Iran with a magnitude of Mw 6.7 causes too many losses
to the economy and human lives. During the earthquake, most of the
buildings collapse due to which approximately forty-five thousand
people lost their lives. The brick masonry structures collapses fully
while the newly constructed confined and reinforced brick masonry
structures perform well and save human lives.

All of the earthquakes were disastrous but the Azad Kashmir,
Balakot earthquake was the deadliest earthquake of Pakistan which
killed more than 79,000 peoples and 65,308 were injured and other
extensive damages occurred. At least 32,335 buildings were
collapsed and a village in Muzaffarabad completely destroyed while
in Uri 80 percent of the town was destroyed [RPERA]. These
damages occurred due to the unawareness of the proper design
guidelines and using of poor construction materials.
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F. Comparison
From the seismic performance of the different structures during the
past earthquake it has been observed that the places with a large
number of unreinforced masonry structures suffered more than the
places with a greater number of well-confined masonry structures.
This means that the confined masonry structures perform well as
compared to the unreinforced masonry structures. As can be seen
that the earthquake magnitude of the Chile earthquake was more
than the Indonesia earthquake but more losses to the structure have
occurred in Indonesia as compared to Chile because of the
construction of the well-confined structure in Chile as compared to
Indonesia. These studies show that the confining elements like the
provision of tie-beans and tie-columns hold the masonry walls in
positions and enhanced the lateral resistance of the masonry walls to
resist the seismic forces during the earthquake.

IV. SUSTAINABLE BUILDING
Sustainable building is the building that can improve and maintain
the quality of life and harmonize within the environment in the
region throughout the entire building life-cycle. In developing
countries mostly construction is doing to construct economical
buildings and the building can sustain itself during the earthquake
loading. For sustainable building, research is in progress to use
different sustainable techniques and materials to maintain the
desired level of quality and performance of the building after seismic
loading of earthquakes.

than the wall without plaster while the plaster of fiber mixed shows
further enlacement in the lateral resistance of the walls. These
materials were suggested to use to increase the seismic resistance of
the structures and made the construction work economical as well
by using local and natural materials for the improvement of structure
sustainability. The addition of natural fibers in concrete and plaster
enhances the lateral resistance of structure as well as reduces waste
material pollution.

V. SUGGESTED IMPROVEMENTS IN CM
STRUCTURES CONSIDERING
SUSTAINABILITY ASPECTS
The confined masonry structures perform well as compared to
unreinforced masonry structures as observed in the past
earthquake that occurred in different countries. But it is observed
that due to the unavailable of awareness in people of developing
countries still people constructing unreinforced masonry
structures. For improving the performance of confined masonry
structures the following suggestions are given.
1.
2.
3.
4.

A. Sustainable Techniques
Sustainable techniques are the techniques used to construct the
building to make the structures sustainable during earthquake
loadings. Different researching techniques were used to enhance the
masonry structure properties which contribute to the lateral load
resisting capacity of the structures. The most commonly using the
technique is the construction of vertical and horizontal columns,
which sizes are proposed for different seismic zones and soil profile
types to efficiently and economically construct the confined
masonry structures [Mehran, 2020]. The effect of confining element
checked on masonry structures and evaluate the properties of
unreinforced and reinforced masonry structures, which shows that
confining of masonry structure gives an easy approach to enhance
the lateral load resisting properties of masonry structures [Mehran,
2017]. So, by using different techniques we can achieve seismically
sustainable structures which can resist and withstand earthquake
loadings. The most feasible and economical solution is providing the
vertical and horizontal stiffeners at the required location of the
structures which intern sustainable and economical solution.

B. Sustainable Materials
The seismically sustainable structures cannot be achieved without
knowing and using efficient and good quality materials. For making
structure seismically sustainable research scholar proposed a
different kind of materials to be used to enhance the masonry and
confined masonry structures lateral load resisting capacity. For this
purpose, plaster with natural fibers used for mortar free interlocking
wall, which show improving the lateral resisting of the wall by using
a different kind of natural fibers like sisal, rice straw [Furqan, 2018,
2020]. Now a days different kinds of natural fibers, synthetic fibers,
artificial and industrial fibers are using in concrete to enhance the
concrete properties which in result enhancing seismic load resisting
properties of structures. The very unique natural coconut fibers and
their ropes used in concrete members like beams, columns and
mortar free interlocking construction and testing under seismic and
dynamic loadings which result very effective for improving the
lateral load resisting capacity and can be very useful in the
construction of seismic regions [Majid, 2014, 2016, 2017]. As these
materials are used in concrete which shows a positive response of
the structure while testing for the required properties. The plain
cement plaster show increase in lateral resistance of the structure

5.
6.
7.

The proper footing of confined masonry should be
constructed.
Vertical stiffeners or tie-columns should be provided
at each corner of the building and rooms.
Tie-columns should be provided around the opening
of the doors and windows.
Tie beams should be provided above openings of
doors and windows.
The tie columns and tie beams should be connected
and anchored properly.
Floor to floor should be properly constructed to avoid
soft-story effects.
It would be better to limit confined brick masonry
construction to the low-rise building of two to three
stories.

By following the above steps and suggestions we can avoid the
collapse of confined masonry structures and can reduce economic
and human life losses. It has been learned from this literature review
that we can be reinforced or confined the masonry structures by
using different materials like timber, steel, reinforced concrete, and
fiber reinforced concrete. The confining of the masonry structure
basically enhances the seismic performance of masonry structures
to reduce the losses during the earthquake. The reinforced concrete
gives more sustainable structures as compared to other materials
using for confining of the structures. The study gives us to properly
understand of the concept of confined masonry construction and
how it different then reinforced and frame structures.

VI. CONCLUSIONS
As in the past earthquake, it has been observed that unreinforced
brick masonry structures cause a lot of losses to the economy and
human lives due to totally collapsed of the structures while on other
hand confined masonry structures and reinforced masonry perform
well during the earthquake which reduces the losses to the economy
and human lives. As comparing the earthquakes, it seems that the
chile earthquake cause little damages to structures as compared to
Java, Indonesia earthquake. This is because of the confining
structures in Chile and well-designed construction houses while in
Indonesia the damage occurred due to unreinforced construction.
So, it has been concluded that,
1.

2.

The confining and reinforcing of the brick masonry
structures enhanced the ductility of the masonry structures
and hold the brick masonry wall in position and avoid
disintegration of the masonry structures.
The confined masonry structures have more lateral
resistance to seismic forces as compared to unreinforced
masonry structures due to enhancing the lateral resistance
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of the masonry structures by providing tie-columns and tie
beams.
3. For better performance of the confined masonry
structures, the tie-columns should be provided at all
intersections of the masonry walls and provided around
the openings of the doors and window and similar large
openings.
4. Similarly, provide the tie beams at seven feet height of
each story or above the opening of doors and windows
level throughout the structure’s walls.
5. It is concluded as well that the confined masonry shows
better performance up to 2 and 3 stories of the buildings.
By following proper design guidelines of confined masonry
structures and provide enough reinforcement according to the
requirement of the structure we will be able to reduce the effects of
the earthquake forces on structures and as a result will be able to
reduce economic losses and save human lives.
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Abstract
The quality of work and strength factors are directly dependent
upon the concrete’s property of workability. The objective of this
study is to assess the workability of specimens having a 9.4%
quantity of used petrol engine oil (UPEO) and varying the
proportions (0.0%, 0.5%, 1.0%, 1.5%, 2.0%, and 2.5%) of banana
fibers (BF). For this purpose, the slump cone test method is adopted
to investigate workability. Proportions for the UPEO and BF are
added by taking the mass of cement. The values of the slump of all
admixed specimens are compared with normal plain concrete. The
addition of UPEO and BF have done by taking the percentage of the
mass of cement. It is observed from the results that the addition of
UPEO increases the value of slump. On the other hand, the influence
caused by the BF is the reduction of the slump value. This study
concluded that the workability of concrete depends upon ingredients
and admixed additional raw materials which are needed use to
achieve the specific property. This study contributes towards the
development of sustainable construction material with improved
properties of concrete.
Keywords: Admixture, Banana Fibers, Concrete’s Workability,
Fiber Reinforced Concrete, Used Petrol Engine Oil

I. INTRODUCTION
The trend of the addition of natural fibers as reinforcement, to
enhance the mechanical properties of the concrete, is increasing in
developing countries. This growing interest in the utilization of
natural fibers within the concrete is key to an issue which is less
workability of concrete [1]. Workability is an important factor that
controls the strength and quality of the mix. Workability reduces due
to the addition of fiber within the concrete. An increase in the value
of lignocellulose natural fibers, like banana fibers (BF), results in
an increment in water absorption properties [2]. More water
absorption property of fiber within the fresh reduces the slump value
of concrete. The addition of all types of agricultural natural fiber
IEECP’21, July 29-30, 2021, Silicon Valley, San Francisco, CA – USA
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significantly may decrease the property of workability [3]. Increase
in the quantity of natural fiber within the indicated reduction in the
slump of fresh concrete [4]. In the laboratory or at construction sites,
the workability of concrete is determined by performing the concrete
slump test during the construction work process [5, 6]. The
workability property of concrete relies on the slump test and its
value. Workability is normally controlled by the raw ingredients and
w/c used for the mix design. The addition of natural fiber plays
important role in the reduction of the slump of concrete. To
overcome this situation, plasticizers and superplasticizers are
incorporated to overcome the issue of less workability.
Used petrol engine oil (UPEO) can be used within the concrete, as a
chemical admixture. Used engine oil does not leave a significant
adverse effect on the load deflection and ultimate load behavior of
flexural members [7]. Used engine oil can be added as an airentraining agent in concrete. Utilization of UPEO did not leave
worse the strength of hardened the concrete, but, caused an increase
in a slump and air-entrained percentage of the fresh concrete [8].
Used engine oil approximately fulfills all the characteristics of type
A water-reducing admixture according to ASTM standard C494 [9].
On the other hand, the researchers investigated the additive
influence of agricultural waste/fibers on the properties of
composites [10]. By the addition of jute fibers in concrete, resistance
against impact loading improved [11]. Now a days, the combination
of the fibers and admixture is being used to investigate and improve
the properties of the construction materials. It was observed that the
strength and ductility with combined addition of fibers and
admixture were more than compared to composite prepared by the
only addition of admixture [12]. Mechanical properties of
cementitious composite enhanced by the addition of nanotube
admixture and nano-fibers [13]. Many researchers performed
investigations on the fresh properties and observed improvement in
the hardened properties of concrete admixing the fibers and
admixture simultaneously [14–16]. There are several studies
reported on the workability and enhancement of strength and
mechanical properties of the concrete by incorporating artificial
fibers and admixture during the production of the concrete [17–19].
The toughness index and energy absorption properties were
enhanced to resist the cracking with the usage of fibers and
admixture in the concrete at the same time [20]. Workability helped
in assessing and reducing the risk of segregation of lightweight
aggregate concrete having steel and polypropylene fibers [21]. The
good mechanical properties can be achieved of composite composed
of fiber and mineral admixture by considering the workability
property of the fresh concrete [22].
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Several studies can be found on the workability of artificial fiber
reinforced concrete having some amount of admixture. But there is
very limited research work on the workability of natural fibers and
chemical admixture. This so natural fiber can be affected by
chemical fiber due to its acidic/basic properties. To the best of the
authors’ knowledge, no work has been reported on workability of
concrete made by the BF as reinforcement and UPEO as an
admixture. As workability plays important role in the hardened
properties of concrete. So, it is required to investigate the
workability of the concrete made of natural fibers and waste
chemical materials as an admixture like UPEO. To evaluate the fresh
properties of concrete, different mix designs are casted having the
varying proportion of BF and a fixed amount of the UPEO. Both BF
and UPEO’s contents are added by taking the mass of the cement
being used for the production of the composites. A slump test is
performed to analyze the workability of the fresh concrete. The
undesirable workability of concrete is a deviation from the desired
properties of concrete. Other than the basic ingredients can affect
the workability of concrete adversely. A low slump means less
workable concrete. Less workable concrete cannot be placed and
poured into the formwork properly, ultimately leads to a decrease in
the strength and improper shape of members. This study will help in
controlling the workability while using the fibers and admixture. So,
that it cannot be compromised with the desired properties and
modeling of the members. It will also help to think about the
utilization of waste materials and production of the good mechanical
properties by keeping a special focus on the fresh properties of the
concrete.

II. METHODOLOGY
A. Raw Materials
Ordinary Portland cement and Margalla crush along with locally
available sand were used in the production of normal plain concrete.
The maximum size of the aggregate 20 mm used for the
manufacturing of both plain concrete and fiber reinforced concrete
(FRC). For the preparation of FRC, banana fiber was used. The fixed
length of 5 mm of the fiber was used in the preparation of the FRC.
UPEO was used within plain concrete to prepare used petrol engine
oil plain concrete and FRC. Normal temperature tap water used for
preparing the plain concrete (PC), used petrol engine oil plain
concrete (PU) and used petrol engine oil and banana fibers plain
concrete (PUB). PC and PU are prepared with a 0.5 water cement
ratio (W/C) and 0.6 W/C used for the production of all types of
PUBs.

B. Mix Design and Concrete Preparation
For the manufacturing of plain concrete, cement, sand and
aggregates ratio for mix design 1, 2 and 4, respectively, used with a
0.5 water cement (W/C) ratio. The same mix design is used for
producing the used petrol engine oil plain concrete (PU) with a
minor change which is the addition methodology of UPEO. After
the half time of mixing elapsed, the UPEO is added after stopping
the mixture time. To the best of the authors’ knowledge, there is no
specific or standard method available for the mixing of fiber
reinforced concrete, so the layers methodology is used for the
production of all PUBs likewise filling of slump cone by layers with
a little difference. The W/C ratio is increased from 0.5 to 0.6 for the
making of all the PUBs. The increment in the W/C ratio is taken to
ensure acceptable compaction with a workable mix to achieve better
strength could be achieved. In the methodology of mixing of PUB,
1/3 layer of aggregates is placed following by sand with same, fibers
and cement. Then second and third layer is placed in the same
manner of placing the first layers. Water is added in portions to
avoid the bleeding effect in PUBs. After time elapsed for the mixing,
the UPEO is admixed at last. The addition of UPEO is made at last
and after spending some time on mixing is just to avoid the sticking
of UPEO to a specific portion of the concrete or with its ingredients.

Figure 1. Measuring the value of slump of PUB.

C. Workability Test
The slump cone test is used to investigate the workability or consist
of the manufactured PC. The slump test for the PC, PU and PUB is
always performed before the pouring in molds. According to ASTM
standard C143/C143M-15a, a slump cone test is performed to
evaluate the workability of the fresh concrete [23]. Slump cone of a
bottom diameter of 200 mm (8 in), bottom diameter of 100 mm (4
in) and height of 300 mm (12 in) is used to perform the test. The
cone mold should be non-absorbent. Temping rod is hemispherical
from both ends with a diameter of 16 mm (5/8 in) and length not
more than 600 mm (25 in). The cone is filled with three equal
volumetric layers of concrete. After placing the first 1/3 layer,
compaction is done by a total of 25 times randomly dropping
temping rod on the surface of the layer from a height of 25 mm (1
in). Similarly, further two layers of the cone are filled and
compacted with the help of temping rod. Removed the extra amount
of concrete by striking off the temping rod and made it smooth by
screeding and rolling the rod over it. Later, the slump cone is lifted
vertically upward. The cone is placed upside down beside the
concrete of the slump cone’s mold. Temping rod is placed over the
up-turned slump cone in such a way that its length could reach over
the slumped concrete as shown in [Figure 1]. With help of the ruler,
the value of the slump is measured carefully. As per the best of the
authors’ knowledge, there is no such standard test is available to find
out the workability of fresh UPEO-PC and UPEO-BFRC. Hence,
the same procedure and test standard are used for the determination
of the workability of PU and PUB.

III. RESULTS AND ANALYSIS
A. Slump of Fresh Concretes
The values of slump of PC, UPEO-PC and all UPEO-BFRCs is
shown in the fifth column of Table 1. It can be observed clearly that
a 9.4% addition of the UPEO content in the pc caused an increment
in the slump value of the mix [Figure 2]. Even the water cement ratio
(W/C) is kept same for the both PC and PU mix. The value of slump
of PC and PU 36 mm and 40 mm, respectively. As expected, the
addition of UPEO resulted in increment of 11.1% in the value of
slump than the value of PC. These slumps of PUBs are less than the
slumps of PC and PU. The 0.5% addition of BF has reduced
significantly value of slump within the PC. The w/c is increased
from 0.5 to 0.6 for the manufacturing of the all PUBs. The slump of
the PUBs having fiber content 0.5%, 1.0%, 1.5%, 2.0% and 2.5%
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are 23 mm, 19.5 mm, 17 mm, 13 mm and 10.5 mm, respectively.
The slump of the is decreased as much the value of the BF is
increased within the mix [Figure 2].
Table 1. Water cement ratio (W/C) and slump of PC, PU and
all type of PUBs.
Mix
PC
PU
PUB1
PUB2
PUB3
PUB4
PUB5

UPEO’s
addition
(%)
0
9.4
9.4
9.4
9.4
9.4
9.4

BF’s
addition
(%)
0
0
0.5
1.0
1.5
2.0
2.5

W/C
(ratio)

Slump
(mm)

0.5
0.5
0.6
0.6
0.6
0.6
0.6

36
40
23
19
17
13
10

The increase or decrease in optimum length (5 cm) of fiber was lead
to a reduction in the slump of the FRC [24]. It can be observed that
the incorporation of UPEO content enhances the value of slump PU
in comparison with the slump of PC. This indicates the addition of
UPEO can lead to the reduction of the water content (W/C ratio).

Figure 2. Influence of B.F and UPEO contents on slump

B. Ease with Concrete Handling
The ease with concrete handling means easy to place and transport
the concrete, depends upon the workability of the concrete.
Generally, it depends upon the W/C ratio of concrete and the size of
the aggregate. Compared to PC, it is noticed that PU is more
workable and easier to handle having the same w/c ratio. This is due
to the increased slump of the PU. The slump value is affected by the
addition of UPEO in the concrete mix. It is discovered that placing
the PUBs is a little hard than the PC. The ease of handling of PUB
is reduced after the incorporation of the fibers. The handling of the
PUB became difficult as time passed than the PC. This difficulty is
observed due absorption property of the fiber. Handling PUB5 is
much harder than PUB1. This phenomenon has shown that the
incorporation of fiber within the mix has made it harder to handle,
place and transport. This is all due to the reduction in the slump
caused by the increasing value of fiber in the mix. In general,
admixing of natural fibers resulted in the reduction of the slump
value of the mix. The values of PUBs were 10-23 mm. Despite these
low values of the slump, the PUBs were workable, easy to place and
transport and easy with the handling of the concrete but a little hard
to handle than PC. It is experienced that the concrete should be
poured into molds as soon the mixing is done for ease with concrete
handling. As the time duration increased after the mixing, the
handling of concrete becomes difficult. Due to less workability,
difficulty was faced during the compaction. Ultimately, improper
compaction can lead to the opposite direction to the achievement of
desired properties of the composite.

IV. SUSTAINABLE CONSTRUCTION

MATERIALS (USED PETROL ENGINE OIL
AND BANANA FIBERS) AS PART OF
CLEANER PRODUCTION
In the transportation sector, the use of vehicles increasing day by
day. The main part of the vehicle is the engine and needs to be
lubrication for good functionality. These lubricants are needed to
replace after a specific running of motor/engine. Used petrol engine
oil (used engine oil) is more dangerous to the environment than
crude oil as it contains contaminated heavy particles [25]. It doesn’t
only have the contamination of the heavy particle but also polycyclic
aromatic hydrocarbons (PAHs) that are insignificant in the unused
oil. The used engine oil (or used petrol engine oil) badly affects the
male reproductive parameter [26]. As there are tons of waste engine
oil available, it cannot be stored. The used engine oil should be
controlled and avoided its entrance and mixing with the runoff
water. Eventually, it may pollute the river and sea environment and
may cause danger to the water living life. The damping or used oil
needs special treatments which costly. On the other hand,
agricultural waste is growing day by day. It has been observed that
about 21% of greenhouse gas is emitted by agricultural waste. The
adverse effects of agricultural waste on the eco-system, human
health and aquatic life have necessitated the appropriate dumping.
Dumping of this waste covers a large part of precious land and also
this is dangerous to human health [27]. The other method to dump
the agricultural waste is to burn it. When a large amount of the
agricultural is burnt up it releases a large amount of heat making
which is dangerous to the global environment and can boost the
global warming effect.
Many researchers had utilized agricultural waste differently in the
research works related to the development of sustainable
construction materials. Agricultural wastes, like coconut fibers and
ropes made of these fibers, were used to develop a sustainable
construction material and cleaner production [28]. This design of
utilization of UPEO and BF for the development of construction
material is eco-friendly as it helps in the dumping of agricultural
waste and engine lubricant waste. The dumping of agricultural waste
is a cost-effective task and required a lot of valuable lands. As it
cannot be dumped in the sea or river to avoid pollution of the aquatic
environment. Normal concrete releases a large amount of heat
during the sintering process [29]. This effect can be minimized by
the replacement of some amount of cement by UPEO [9]. Improved
properties material can be developed by using agricultural
waste/fibers in concrete instead of dumping. Seismic performance
of FRC with added ropes of coconut fibers (agricultural waste) was
improved as compared with the normal plain concrete [30, 31]. It
was reported that sustainable concrete developed of agricultural
waste, coconut fibers, helped in the reduction of the thickness of
road making compared with normal concrete [32]. This made it
economical as well as the number of costly materials is reduced due
to reduction caused in the volume due to thickness. Fiber reinforced
concrete made by natural fibers has comparable properties with
synthetic fiber reinforced concrete in terms of strength. It depends
upon the properties of fiber, like orientation, size and the
manufacturing techniques [33]. This study helped in developing a
sustainable construction material by using waste materials as raw
materials. The dumping and recycling of mentioned above materials
are uneconomical as well. So, the use of these materials as raw
materials helped in the development of sustainable construction
material and cleaning of the environment from the severe materials
and in controlling the economy factor.

V. CONCLUSIONS
Used petrol engine oil plain concrete (PU) and used petrol engine
oil and banana fibers plain concrete (PUB) are inspected to evaluate
the effects of used petrol engine oil (UPEO) and banana fibers (BF)
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on workability. For the making of PU, 9.4% of UPEO content by
mass of cement is admixed in ingredients of normal concrete during
the time of mixing. And for the production of the PUBs fixed
amount of UPEO and varying proportions of fibers are used. The
length of fiber is kept 5 cm and the addition of fiber is made on the
base of the percentage mass of cement. The workability of concrete
helps in its proper placing. Segregation of concrete can decrease the
strength of the concrete adversely. A good workable mix also
reduces the vulnerability of the segregation of concrete. The
following conclusions are drawn:
•
•
•
•
•
•

By the incorporation of 9.4% of UPEO, increased the slump
value by 11.1% as compared to that of PC retaining w/c ratio
same.
Incorporation of banana fiber 0.5%, 1.0%, 1.5%, 2.0% and
2.5% in the mix has shown slumps of 23 mm, 19.5 mm, 17 mm,
13 mm and 10.5 mm respectively.
An increase in fiber content within the mix causes a reduction
in the slump of the PUB.
Compared to PC, the workability of PUB reduces with an
increase in the content of banana fibers.
As much as the mix is less workable, the concrete handling
goes harder.
With the increase in workability of PU, the handling of mix
become easier compared to PC.

From the above-mentioned results, workability highly affects the
handling of concrete. The addition and quantity of the natural have
shown a significantly adverse effect on the workability of the
concrete. The use of the UPEO only has resulted in an increase in
workability and concrete handling. So, a less W/C ratio is required
to achieve high workability while adding UPEO to the mix.
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Abstract
Individuals can exchange real-time information thanks to the
vast spread and reach of social networks. This active
participation with the corporate data, as emails, documents,
databases, business processor history, etc and content published
on the Web, as age and contact details, reviews, comments,
photos, images, videos, sounds, texts, famous cookies, or ecommerce transactions, exchanges on social networks, are very
important. Data recovery from different sources can be a
difficult task. A timely and correct assessment of an event
currently under discussion is critical to the effectiveness of the
used method. This information, collected in the Web can then be
updated. Various ways are developed to automate this necessity,
due to the extraction and analysis of correct social media
content. Alleviation methods do not adequately incorporate
these approaches. It may be necessary to reveal them in order to
make further progress, particularly in the areas of energy
efficiency and cleaner production.
Keywords: Big data, Clean energy, Cloud computing, Deep
learning, Energy efficiency, Smart Data
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INTRODUCTION

Social media has been increasingly pervasive in our daily lives
in recent years. They have emerged as a viable resource for
disseminating, detecting, tracking, and extracting information in
order to better manage events [1,2]. Because of its ability to deliver
a message to a potentially wide audience, social networking is used
to acquire and transmit accurate and timely information. However,
the massive amount of information provided during times of crisis
event can make collecting relevant and actionable information even
more challenging.
Recent events have used social media to allow the afflicted
public to immediately submit a vast amount of event information,
allowing managers to make speedly accurate and judicious
decisions. The comparison of all Big Data models is shown in Table
I. Using social media to convey timely information during
catastrophes has become commonplace in recent years [2]. Major
events can result in millions of messages being shared on social
media. Researchers are paying more attention to the relation
between social media, awareness and resilience [1,3,4]. Numerous
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studies [3,4] for the automated recognition of various types of social
media material have been conducted in recent years.
With the rise of social media, a current event is being debated
across all platforms. In order to acquire a complete picture of the
event, it's critical to collect data from various sources. The
information gathered from various sources has often qualitative
variances. When it comes to recovering information published on
social media, acquiring reasonable, great, and outstanding
situational awareness, and good damage assessment, managers have
an enormous problem. On the web, there are various sources of
information where a current topic can be debated. Several automated
tools [1] have been developed to assist event management in
identifying and filtering useful material that has been posted online.
Only a few studies have concentrated on warning [1,2], education
[5], situational awareness, and assessment, with the great bulk of
research focusing on leveraging social networking as a source of
information for only a few phases of event management.
Databases, log files, online web applications, and social media
networks are just some of the places where data can be found. It can
be tough to work with a range of massive data sources and formats,
as well as data stored locally. Data ingestion is the process of
bringing raw data from several silo databases or files into a data lake
on a data processing platform like Hadoop. A data lake is a storage
repository for vast amounts of unstructured data in its original
format, with data structure and standards defined only after the data
is used. As a result, data lakes have a flat architecture and have
schema-on-read, unlike data warehouses, which store data in a
highly structured repository and employ a relational or dimensional
data model. A data warehouse function called schema-on-write
determines the data structure before it is stored. As a result, data
lakes are more versatile, as data may be quickly updated and rebuilt
to fit various research models. For importing various types of data
into Hadoop, a number of data ingestion technologies are now
available.

II.

BIG DATA
TABLE I.

COMPARATIVE TABLE OF ALL MODELS USING BIG DATA

Models

Identification Usage of Big Data

[6]

Making Sense of Big Data through Human
Computing and Machine Learning

[7]

Decision-Making and emerging Big Data

[8]

Social Networking Data Quality in Big Data

[9]

Big Data privacy in public Social Media
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Big data refers to all the digital data produced by the use of new
technologies for personal or professional purposes [10]. This includes
corporate data (emails, documents, databases, business processor
history, etc.) as well as data from sensors, content published on the
Web (age and contact details, reviews, comments, photos, images,
videos, sounds, texts, famous cookies), e-commerce transactions,
exchanges on social networks, data transmitted by connected objects
(electronic labels, smart meters, smartphones, etc.), geolocated data,
etc [6,9,10]. Big data makes it possible to meet a huge technological
challenge : to store a large amount of data from different channels on
a huge hard drive, easily accessible from all corners of the planet.
Data stored in a safe place and recoverable at any time in the event
of any incident [10]. Massive data duplication is one of the keystones
of the big data architecture. Cloud computing and distributed file
systems (DFS) are among the main storage models currently
available. These data provide very interesting clues about consumer
behavior and market trends. Big data makes it possible to know your
profile, but also your overall behavior: frequency of use of social
networks and of your online purchases, channels used, hours of
connection, etc. Table II shows the comparison of all tehnics and
methods used in various OSN models.
TABLE II. COMPARATIVE TABLE OF ALL TECHNIQUES AND METHODS
(SOCIAL NETWORKING) USED IN VARIOUS MODELS.
Ref

Identification Methods

Used OSN

[11]

Flood Disaster Game-based Learning

Twitter

[12]

Educational Purposes with Special
Reference at the Faculty of Higher
Education

Twitter

[13]

Summarization with social-temporal context

Twitter

[14]

Building a Tweet Summarization Dataset
with a TREC Track

Twitter

[15]

Semi-automated artificial
intelligence-based classifier for
Disaster Response

Twitter

[16]

Summarizing situational tweets in crisis
scenarios: An extractive-abstractive
approach

[17]

Based on Artificial NN (ANN)

Twitter &
Facebook

[18]

Based on Artificial NN (ANN)

All the Web

[5]

Based on FeedForward NN (FFNN)

All the Web

Big data refers to all the digital data produced by the use of new
technologies for personal or professional purposes [10,19]. Table III
shows the advantages and limitations of Big Data.
TABLE III.

BIG DATA ADVANTAGES AND LIMITATIONS

Advantages1

Limitations

Cost Savings

[20]

Time Reductions [21]

Need for talented [21]

Better sales insights

Incompatible tools [22]

Control online reputation

Correlation Errors

Understand the market
conditions
Increased productivity

Costs
Security and Privacy Concerns

Fraud detection

Advantages1

Limitations

Clean energy with Construction
of Global Energy Interconnection
(GEI) [23]

Contents were collected from all online channels tracked
automatically by the Online Listening Tool [24,25] from websites to
social media, such as Twitter, Facebook, LinkedIn, Instagram,
Google+, Youtube and so on. Actually, many networking platforms
allow access to their data via Application Programming Interface
(API) [26].
Big data has opened up new possibilities in a variety of areas,
including science, politics, communication, medicine, meteorology,
ecology, economics, commerce and energy, to name a few.
Researchers, companies and administrations can carry out trend or
predictive analysis, draw up profiles, anticipate risks and monitor
phenomena in real time, thanks to analytical tools and data
modeling.
Big data makes it possible to meet a huge technological
challenge, in storing, in a safe place and recoverable at any time in
the event of any incident, a large amount of data from different
channels on a huge hard drive, easily accessible from all corners of
the planet. Big data is an essential tool for BtoB and BtoC
companies. The data collected helps them to design personalized
marketing campaigns adapted to the needs, preferences and behavior
of consumers. This information helps improve the customer
experience, attract prospects and retain existing customers.
Improved targeting makes marketing campaigns more effective and
reaches the desired segment, the one that is most likely to be
interested in the company's products and / or services. Big data is
also a competitive advantage for professionals who hold a multitude
of data, because they can anticipate changes in behavior and better
understand why consumers have turned to a particular service
provider.
Big data is a valuable tool in vast private and public fields
ranging from online sales to scientific research, including culture,
politics, transport, insurance, the banking sector, industry and
energy. Big data primarily designates masses of data that are too
large, complex and heterogeneous or which change too quickly to
be able to be analyzed and used correctly and quickly, with current
methods of data processing. The smart data goes beyond this simple
notion of large quantity data : it designates the useful and quality
information obtained from masses of heterogeneous data, and for
which we have not only taken into account the technical mastery of
the mass of data but also of the quality, security and protection of
data and its use. Knowledge is thus generated from the data. The use
of this data is based on technologies that make complex processing
possible and thus generate knowledge, a source of added value, and
which will become the foundation of the new data economy. That's
the reason for which big data must be transformed into smart data
[27-30].
Big Data, peuvant être structurée, non structurée ou semistructurée, permet de capturer, stocker, distribuer, gérer et analyser
de vastes ensembles de données avec différentes structures à haute
vitesse. Les données sont générées à partir de diverses sources et
peuvent arriver dans le système à des rythmes différents. C'est grâce
au parallélisme qui permet de traiter ces grandes quantités de
données et grâce à Hadoop qui permet de structurer Big Data et le
rendre utile à des fins d'analyse. Hadoop, étant un logiciel open
source permettant le traitement distribué de grands ensembles de
données, il est conçu pour passer d'un seul serveur à plusieurs
machines, avec une grande tolérance aux pannes [31].

1
https://www.vapulus.com/en/advantages-and-disadvantages-of-bigdata/#:~:text=Big%20data%20is%20a%20term,a%20higher%20false%20di
scovery%20rate.
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A. Smart Data
We produce information every day, in all situations of our life:
whether at our workplace, at the doctor, behind the wheel of our car
or at the baker, via our smartphone, our smartwatch or our computer.
It is textual data, images or sensors. If we consider the fact that this
data can be analyzed, processed and used, then we can really speak
of it as raw material. Because these masses of data, this big data,
contain immense potential. Streaming is a common Internet method
of broadcasting and reading streaming content. It differs from a file
download, which necessitates recovering all of a file's data.
Streaming content, on the other hand, necessitates the use of an
internet connection. Smart Data, a different concept of Big Data, is
based primarily on real-time data analysis. This is a method of data
analysis that analyzes data directly at the source rather than sending
it to a centralized system for analysis. Big and smart data are
transversal technologies, which will prevail in almost all areas of our
life and will change them for the long term. Traditionally, data is
first collected, converted, placed in a database, and processed in
waves. However, with this approach, data is usually out of date when
it is finally analyzed. Table IV shows Smart Data Areas.
TABLE IV.

SMART DATA APPLICATION AREAS.

No

Smart Data
application areas

Smart Data application application

1

Financial services

Fraud detection and prevention

2

3
4
5

Retail

Telecommunicatio
ns industry

Allowing brands to:
- Analyzing the sentiment of their customers,
- and Offering personalized and contextual
promotions
Possibility of
- Better allocating bandwidth based on realtime needs, and
- diagnosing the condition of antennas

Manufacturing

Preventive maintenance

Healthcare

- Monitoring patient vital signs and
- Reducing readmission rates
- Proactive repairing infrastructures, and
- Balancing the power delivered according to
consumption
- Detecting and preventing intrusion attempts
on the network, and
- Predicting the risk of epidemics

6

Oil industry

7

Public sector

8

Transport sector

Possibility of detecting risky conduits

While the term Smart Data refers to an approach to data analysis
that involves analyzing data directly at the source to enable
immediate decisions to be made, without the need to send it to a
centralized system. Processing time is reduced to just seconds. The
term "Smart" refers to the intelligence of this concept, based on the
fact that less data is processed, because statistical models are
responsible for determining which are the relevant variables, namely
the most correlated. For example, an autonomous car cannot wait
for the data to be sent to the cloud and the results to be returned to
the user. In this case, the data must be gathered directly by sensors
so that the processors in the car can analyze it and the results are sent
to the actuators that control the brakes and steering wheel of the
vehicle. If the data is not analyzed immediately, the consequences
can be tragic. Smart Data always combine the analysis of this data
with human intelligence to provide you with comprehensive,
synthesized and useful information for your business. The objective
of Smart Data is first of all to remove uninteresting data for
marketing actions, thus making a first cut in the mass of available
data. The second step is to check the remaining information to
distinguish which is still valid and which is no longer. This action is
based on comparisons with data offered. It also involves the
identification of data useful for a particular campaign. Finally, It can
also be equipped with geographical criteria for sorting information,

in order to highlight data that is only relevant in a specific catchment
area. The presence and listening to social networks are also essential,
because the E-reputation on social networks and the Web in the
customer process are inseparable. Unlike Big Data, Smart Data
makes it possible to control and qualify data. It is used for the
establishment of a coherent marketing strategy. Smart Data can
therefore generate leads and increase sales while building customer
loyalty by providing them with optimal experience and satisfaction.

III. DEEP

LEARNING

In recent years, Deep learning methodologies have achieved
impressive results in computer vision [32], speech recognition,
image processing, Disaster Management [19] and handwritten
recognition of characters, while they is currently in its infancy in
fault diagnosis [33]. Even if training appears to have been effective,
Generative Adversarial Networks (GANs) with finite size
discriminators and generators can struggle with distribution
learning. Table V shows the Comparison of Machine Learning
Technics.
TABLE V.

COMPARING MACHINE LEARNING TECHNICS.
Learning
Type

BasedClass

Limitation

Advantage

Superv
ised

Instance

Suufering
from
dimensiona
lity curse

Distance-based
problems

Superv
ised

Probabilistic

Imputs
Independen
cies

Positive
Probability for all
Classes

Hidden
Markov

Superv
ised

Markovian

SVM

Superv
ised

Deci-sion
Boundary

Algorithm
KNearest
Neighbor
Naïve
Bayesian
Classification

Superv
ised
NN

Non
Linear
Functional
Approximation

With
Markov
Assumption
Definite
Distinction
between
Classifications
Little Bias

Time Series Data
& Memory-less
information

Binary
Classification
Binary Inputs

Clustering

Unsupervised

Clustering

/

Data Grouping
with Distance:
Euclidean,
Manhatan

Ridge
Regression

Supervised

Regression

Low
Limitation

Continus
Variables

Filtering

Unsupervised

Feature
Transfor
mation

/

Data/many
variables to use
Filtering

Restricted Boltzmann computer is a classifier, regression,
subject modeling, collaborative filtering, and feature learning
algorithm. RBM is concerned with the fundamental unit of
composition, which has evolved into a variety of common
architectures and is commonly used in a variety of large-scale
industries. Neuroimaging, Sparse image restoration in mine
planning, and Radar target recognition are all applications of the
Restricted Boltzmann machine.
By using uncorrected label data and its reconstruction errors,
RBM overcomes the issue of noisy labels. The unstructured data
problem is solved by a feature extractor, which converts raw data
into hidden units. The main drawback is that RBMs are difficult to
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train since the most common algorithm, Contrastive Divergence,
necessitates precision sampling from a Monte Carlo Markov Chain.
In addition, the energy of the model has a complicated partition
function, making estimating the log likelihood difficult
In an autoencoder, on the other hand, cross entropy may at least
be tracked. Figure 1 shows the Classification of Deep Learning.
Deep Learning

FeedForward NN

FeedBackward NN

FeedForward NN

Convolutional NN

Residual NN

Radial Basis
Function NN

Kohonen Self
Organizing NN

Recurrent NN

Bi-Directional RNN

LSTM

AutoEncoder

Fully-Connected LSTM

Generative
Adversial N

Bi-Directional
LSTM

Restricted
Boltzman
Machine

Fig. 1. Classification of Deep Learning

When a deeper feedforward NN is created, it can be giving the
model the ability to capture more complex representations, as for
Image recognition tasks (convolutional NNs), Natural language
processing, Bio-informatics tasks.
If it is tried to create a deep NN to model more simpler
phenomena, it is running the risk of over-fitting the data, losing the
ability able to generalize to new examples and factoring the amount
of resources takes to train a deep neural net.
Deep LSTM (DLSTM) and CLSTM are two LSTM variants that
are important. The DLSTM model has a different number of layers
than the LSTM model in general. The extraction of well-defined
temporal data would be impossible with a single-layer LSTM. By
piling more layers, the LSTM model, on the other hand, would be
able to achieve better temporal features, making it better suited to
capturing motion in the time dimension. To ensure that spatial
features are preserved, CLSTM runs the data through convolutional
layers first. The LSTM extracts temporal attributes from the
Convolutionan NN (CNN) output, allowing the model to capture
both spatial and temporal motion. These two variants can also be
combined to create a convolutional deep LSTM, in which the
outputs of a CNN are fed into a multilayer stacked LSTM, which
guarantees a better result at the expense of increased computational
complexity [34].
In comparison to RNN, the BRNN can be trained without the
restriction of only using input data up to a predetermined future
frame. As an example of an unsupervised task, gaps filling in highdimensional time series with complex dynamics, where
unidirectional RNNs have recently been trained successfully to
model such time series, but inference in the negative time direction
is non-trivial [35].
In a number of speech recognition tasks, both Convolutional
NNs (CNNs) and Long Short-Term Memory (LSTM) have
outperformed Deep NNs (DNNs). CNNs, LSTMs, and DNNs have
complementary modeling capabilities, with CNNs excelling at
reducing frequency variations, LSTMs excelling at temporal

modeling, and DNNs excelling at mapping features to a more
separable space. Combining CNNs, LSTMs, and DNNs into a single
unified architecture [36] is an interesting opportunity to carry
advantage of their complementarity.
CNNs present some limitations of temporal modeling [37]. The
traditional models of Bi-directional Long Short-Term Memory
(BLTSM) have encountered some limitations in presentation with
multi-level features, but they can keep track of temporal information
while allowing deep data representations [37]. Sentiment polarity
classification (SPC) on social data is achieved using a Deep Bidirectional Long Short-Term Memory (DBLSTM) architecture with
multi-level function presentation. By using DBLSTM, It can exploit
more level features than BLTSM, while inheriting its temporal
modeling (BLTSM) [37].
The benefits of radial basis function (RBF) networks include
ease of design, good generalization, high input noise tolerance, and
the ability to learn online.
It's possible that the popularity of Kohonen Self-Organizing NN
stems from the fact that it has an easy-to-understand algorithm, is
straightforward to use, and generates nice, intuitive results.
Abiodun et al. (2018) [38] recommend that future research can
focus on combining various ANN models into a single networkwide application, as needed and depending on the characteristics of
the various ANN models.
Neural learning is carried out by Feedforward or Feedback
neural network. In Feedforward, we have supervised learning such
as Feedforward NN itself for classification [5], convolutional NN
[39-41] for image recognition/classification or Residual NN
(ResNets) [42] for image recognition, unsupervised learning such as
Autoencoder [36] for Dimensionality reduction and encoding,
Generative Adversarial Network [42] network for generating
realistic fake data, reconstruction of 3D models or image
improvement and supervised or unsupervised learning such as
Restricted Boltzmann machine [36] for dimensionality reduction,
feature learning, topic modeling, classification, collaborative
filtering or many body quantum mechanics (See Fig. 1).
In Feedbackward, we have only supervised learning such as
Recurrent NN [19,34] for sequences recognition as precise timing,
Bidirectional Recurrent NN [43] for natural language processing,
Long Short-Term Memory [36] for temporal data such as stock
market values over a period of time, video frames, Fully ConnectedLSTM [44] for learning non-linear and complex processes in
hydrological or meteorological modeling and Bi-Directional-LSTM
[45] through time-natural language processing and language
translation. Neural learning can be trained in either
supervised/unsupervised ways by Radial Basic Function Network
[46] for M-means clustering, Least square function, function
approximation and time series prediction or unsupervised ways by
Kohonen Self Organizing Netowork [46] for dimensionality
reduction, optimization problems or clustering analysis.

IV. DISCUSSION

ABOUT APPLICATIONS OF
DEEP LEARNING AND BIG DATA
A. Big Data Application Areas
Smart Data has a wide range of applications (See Table IV). The
judicious use of data may help almost every aspect of society and
the economy. In banking and marketing, big data technologies are
already widely used.
Edge computing and smart data devices are being tested by data
scientists, marketers, and manufacturers to create more money,
improve decision-making, and detect equipment flaws before they
become costly.
When it comes to energy applications, Smart Data can be
valuable in a variety of industries. Thanks to big data technologies
in supporting Construction of Global Energy Interconnection (GEI)
development, clean energy with GEI and its technology innovation
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direction uses Big Data for sharing, fusion, and comprehensive
application of energy related data all over the world [23].

B.

Deep Learning Application Areas

The potential use of industrial data via using Deep Learning
algorithms for energy efficiency and greener production goals has
been explored in the scientific literature [47].
As the benefits of Artificial Intelligence (AI) and Data Science
become more apparent in the energy market, companies are
developing an increasing number of apps and solutions that use AI
to assist their clients in improving their energy efficiency. Deep
Learning analyzes energy usage data to discover consumption
trends, calculate the amount of energy utilized by a specific
household appliance, and provide individualized recommendations
on how to save energy and save money. Artificial intelligence
detects equipment failure in the energy business, particularly on
coal-fired power plants, potentially causing injuries or even death to
workers, by using Deep Learning, sensors, and operational data to
forecast when vital infrastructure will break, allowing for prompt
maintenance and preventing accidents in power plants and power
stations. Deep Learning processes data from smart meters, drones,
and sensors installed on energy assets, as well as weather data, to
anticipate energy demand, system load, outages, and the amount of
renewable energy supplied by solar panels and wind turbines. It aids
global power producing and distribution businesses in anticipating
outages and boosting power flow through their enormous power
networks.
AI-powered real-time management and analysis platforms
connected with on-site equipment, as well as creating intelligent
adaptive controllers linking with motor and other moving parts of
lift systems to deliver both real-time control and maximize
production, were developed to decrease expenses for sending people
to remote locations for oil exploration and production. Energy
businesses might use drone data to conduct virtual inspections of
solar and wind installations (both offshore and onshore) and to
develop AI-powered software that analyzes system drone imagery
and generates actionable reports to track and manage solar asset
health.
Deep learning models trained on an increasing number of
datasets, satellite imaging, and climate physics can help on both
fronts (precise weather and demand forecasts) and help the world
achieve carbon neutrality by 2050 (climate neutrality with accurate
supply-demand matching)2.
Researchers employ a mixed architecture consisting of a
convolutional neural network (CNN) integrated with an artificial
neural network (ANN) to perform French energy demand
predictions using weather data [48]. Our entire energy system's
efficiency must increase. Blockchain, artificial intelligence,
machine learning algorithms, and data software, all of which are
critical, have a lot of potential in terms of minimizing the
intermittency of some renewable energy sources3.

V.

CONCLUSION AND FUTURE WORKS

The study included a wide range of topics, including disaster
management improvements made possible by Big Data and, in
particular, Deep Learning. Deep Learning enables the use of Big
Data to a variety of fields. Humanitarian operations and crisis
management are evolving radically as a result of Big Data and Deep
Learning. This paper retains more energy area. This study examines
Big Data, Cloud Computing and Deep Learning, finding all of their
distinguishing features and classifying Deep Learning architectures.
It concludes with a description of all the advancements in the energy
sector made possible by Big Data, Cloud Computing and Deep
Learning.
Based on the examined literature, certain areas of improvement
for additional research and future research development in Big Data,

2

https://techmonitor.ai/leadership/sustainability/ai-renewable-energy

particularly in Deep Learning, can be given to professionals,
researchers, and novice researchers.
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I. INTRODUCTION

Abstract
In this work, a series of polymer nanocomposites (AAS/KS)
of acrylamide (AM)/ acrylic acid (AA)/ sodium pstyrenesulfonate (SSS)/ 3-Methacryloxypropyltrimethoxysilane
(KH570) modified nano-silica were successfully synthesized via
in situ polymerization. The 1H nuclear magnetic resonance
spectroscopy (1H NMR) confirmed the successful synthesis of
AAS/KS, the morphology of KH570 modified nano-silica (KS)
and AAS/KS polymer nanocomposites were observed by
scanning electron microscope (SEM). And thermal gravimetric
analysis (TGA) showed that the AAS/2.0 wt% KS had better
temperature tolerance than pure polymer (AAS), also the
solution properties of temperature-resistance, salt-tolerance,
shear resistance and viscoelasticity proved the better oil
displacement performance in high temperature and high salt
reservoirs. Furthermore, the oil recovery of AAS/2.0 wt% KS is
9.9% higher than that of the water flooding processes during the
enhanced oil recovery experiment in laboratory. All results
indicated that the AAS/2.0 wt% KS polymer nanocomposite had
tremendous potential application for enhancing oil recovery.
Keywords: Polyacrylamide based ternary polymeride,
Modified nano-silica, Nanocomposites, In situ polymerization,
Enhancing oil recovery.
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In recent years, with the increasing demand for energy, the
exploitations of oil resources have drawn more and more attentions.
In order to meet the energy needs, various methods of enhancing oil
recovery (EOR) have been developed. Chemical enhanced oil
recovery (CEOR) is an interesting topic, because it is beneficial to
develop heavy oil, unconventional oil and remaining oil [1,2].
Among the CEOR technologies, polymer flooding is widely used at
home and abroad. Because the polymer solution with high viscosity
can improve the mobility ratio and enlarge the swept volume,
thereby the water-soluble polymer have attracted great interest from
researchers due to their huge potential properties and wide
applications in oil exploitation [3-5].
Among all of the water-soluble polymer systems, the
polyacrylamide (PAM) and partially hydrolyzed polyacrylamide
(HPAM) are widely used in the polymer flooding technology of oil
fields. Due to the water-soluble polymers have a great capability of
thickening and increasing the viscosity, which causes a decrease in
water/oil mobility ratio, and increasing the sweep area, so as to
enhance oil recovery [6-8]. However, many new problems and
limitations appears in the application of traditional polyacrylamide
in most oil reservoirs of high-temperature and high-salinity
conditions [9]. At high temperature, the amide group (-CONH2) is
easy to hydrolyze, which leads to the viscosity of polymer decrease
rapidly. The hydrolysate usually form precipitates at high salinity,
which sharply reduces the viscosity of the polymer [10]. In addition,
the interaction of metal ions such as Na+ and K+ in the oilfield brines
largely shields the mutual repulsion from the carboxylic groups
along the HPAM skeleton, leading to the polymer coils to collapse
and the hydrodynamic volume to decrease, ultimately lowering the
solution viscosity [11,12]. Therefore, various of functional groups
were introduced into PAM to obtain excellent performance. Such as

1

International Conference on Innovations in Energy Engineering & Cleaner Production IEECP21
the sulfonic acid group, hydrophobic monomer, organic/inorganic
materials, etc. has become a research hotspot [13-15].

All of them were analytical grade, and deionized water was used for
all experiment.

Sodium p-styrenesulfonate (SSS) is a special polymer monomer,
which shows better temperature resistance and salt resistance. So,
SSS is introduced into PAM to enhance the temperature and salt
resistance. The poly (vinyl acetate-dibutyl maleate-acyclic acidsodium p-styrenesulphonate) copolymer emulsion was prepared by
Gong et al. [16], which powerfully proved that SSS had great salt
tolerance and good thermal resistance. The amphiphilic polymer of
sodium p-styrenesulfonate and dodecyl methacrylate with
temperature and salt resistance was synthesized by Peng et al. [17].
Bai et al. prepared poly (acrylamide-sodium p-styrenesulfonateN’,N’-dimethyl octadeyl allyl ammonium bromide) to enhance oil
recovery in high temperature and high salinity Oilfield [18].
Therefore, the addition of SSS into the acrylamide-based copolymer
matrix is beneficial to improve its heat resistance and salt resistance.

B. Methods
a) Preparation of SiO2 nanoparticles and modified

As we all know, the application of nano silica in EOR has been paid
more and more attention by researchers. Because the nano silica has
the very small size, large surface area, high surface energy and the
abundant surface hydroxyls. Due to these outstanding properties of
nano silica, it is introduced into the polymer to improve its thermal
stability, temperature resistance, salt tolerance, viscoelasticity and
the capacity of oil displacement, etc. [19-21]. 3Methacryloxypropyltrimethoxysilane is a silane coupling agent with
alkenyl and long alkyl chains. Therefore, the molecule of KH570
can both modify nano-SiO2, and form water-soluble
hydrophobically
associating
polymer
during
monomer
polymerization. In a word, all the advantages are beneficial to
improve the comprehensive properties of the polymer.
Consequently, the KH570 modified nano-SiO2 polymer
nanocomposites has a great contribution to EOR.
In this work, we synthesized a novel polymer nanocomposite
(AAS/KS) based on acrylamide (AM)/ acrylic acid (AA)/ sodium pstyrenesulfonate (SSS)/KH570 modified nano-silica (KS). The
AAS/KS polymer nanocomposite was characterized by 1H nuclear
magnetic resonance spectroscopy (1H-NMR), thermal gravimetric
analysis (TGA), and scanning electron microscope (SEM). The
thickening performance, temperature resistance, salt resistance,
shear resistance and viscoelasticity of samples were studied. Also,
the oil recovery of AAS/2.0 wt% KS is 9.9% higher than that of the
water flooding processes during the enhanced oil recovery
experiment in laboratory. All of these outstanding performances
proved that AAS/KS polymer composites would be very promising
to EOR.

II. EXPERIMENTAL
A. Materials
The unmodified sodium montmorillonite (Na-Mt) with a cationic
exchange capacity (CEC) of 100 mmol/100 g was supplied by the
Huai An Saibei Technology Co. Ltd., Zhangjiakou, China. Sodium
chloride (NaCl, 98%), Calcium chloride (CaCl2, 96%), sodium
hydroxide (NaOH, 96%), ammonium persulfate ((NH4)2S2O8, 98%),
sodium hydrogen sulfite (NaHSO3, 98%) and absolute ethanol
(CH3CH2OH, 99.7%) were brought from Tianjin Fuchen Fine
Chemical Research Institute, Tianjin, China. Acrylamide (AM,
98%), Acrylic acid (AA, 99%), tetraethyl orthosilicate (Si (OC2H5)4,
TEOS, 99.5%), acetone (CH3COCH3, 99.5%), N, Ndimethylformamide (DMF, 99.5%) were provided by Tianjin
Guangfu Fine Chemical Research Institute, Tianjin, China.
Ammonia solution (NH3, 28% aqueous solution) were purchased by
Shanghai Aladdin Biochemical Technology Co., Ltd, Sodium pstyrenesulfonate (SSS, 98%) was obtained from Shanghai Macklin
Biochemical
Co.,
Ltd.,
Shanghai,
China.
N,
N'Methylenebisacrylamide
(MBA,
99%),
3Methacryloxypropyltrimethoxysilane (KH570, 97%) were
purchased from Aladdin Biochemical Co., Ltd., Shanghai, China.

by KH570
SiO2 nanoparticles were prepared by Stöber method[22,23]. The
TEOS was added to the mixed solution of ammonia, ethanol and
water drop by drop. Then this mixture was reacted at room
temperature for 4 hours. After the reaction, it was centrifuged in
ethanol for three times and dried in a vacuum oven at 70 ℃ for 24
h.
The previously prepared SiO2 nanoparticles were added into a threenecked flask (500 mL) which contained the mixture solution of
ethanol and water. Then ultrasonic dispersion for 30 min. After, the
KH570 was dropped in the flask under continuous vigorous stirring,
the catalytic agent of aqueous ammonia was necessary. A molar
ration of SiO2 nanoparticles and KH570 was 18:1. Then the reaction
was in nitrogen at 50 ℃ for 12 h. After the reaction, the modified
SiO2 nanoparticles were washed with anhydrous ethanol and dried
in a vacuum oven at 50 ℃ for 24 h. The final product was white
solid, which was called KS. The synthetic process was showed in
Figure 1.

Figure 1. The synthetic process of SiO2 nanoparticles and modified
by KH570.

b) Preparation of AAS/KS nanocomposite
AAS/KS was synthesized by in situ polymerization of aqueous
solution. Firstly, a mixture of (0 – 1.000 g) KH 570 modified nanoSiO2 (KS), 12.532 g AA and 100 g deionized water were added into
a 250 mL three neck-flask. Then ultrasonic dispersion for 1h at 50 ℃.
After that, put into 18.798 g AM, 1.667 g SSS, 0.333 g MBA and
continuously stirring for 1h. Secondly, the pH value of the above
mixed solution was adjusted to 8-9 by NaOH solution. Thirdly, a
certain amount of (NH4)2S2O8 and NaHSO3 (molar ratio 1:1, 0.3
wt%) as the initiator were dropped into the reaction solution with
stirring under nitrogen atmosphere, after further reacted at 50 ℃ for
12 h, the obtained samples were washed with absolute ethyl alcohol
and water (volume ratio 9:1) several times to remove residual
monomers and initiator. Finally, the gel sample was cut into pieces
and dried under vacuous environment at 75 ℃ for 24 h. The final
product was ground and sieved with a 200-mesh screen (74 μm eye
size), which was called as AAS/x wt% KS (x=1.0, 2.0, 3.0). Pure
polymer was prepared by the above process without the presence of
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KS, which was called as AAS. The synthetic process of samples was
shown in Figure 2.

Table 2. Composition of the brine.
Composi
tion
Concentr
ation
(mg/L)

III.

Na
Cl
24
84

K
Cl
15

Ca
Cl2
55

MgCl2·5
H2O
135

NaS
O4
70

NaH
CO3
2214

Tot
al
49
73

RESULTS AND DISSCUSSIONS

A. 1H-NMR spectra

Figure 2. The synthetic process of AAS/modified nano-SiO2
nanocomposites.

C. Measurements
a) Characterization
The 1H NMR experiment was performed on a Bruker ASCEND-400
NMR spectrometer. The thermal gravimetric analysis was
determined by a NETZSCH analyzer (STA409PC, Germany), under
a N2 ﬂow rate of 140 cm3/min, the samples were heated from 40 ℃
to 900 ℃ with the heating rate of 10 ℃ /min. The size and
morphologies of nanocomposite samples were obtained by scanning
electron microscope (SEM, SU8010, Japan).

The 1H-NMR spectra of AAS/2.0 wt% KS with D2O as solvent was
shown in Figure 3. In the 1H-NMR spectra, the strong peak at 4.70
ppm represented the deuterium in D2O. The triplet peaks at 1.170.95 ppm (2, 7) and double peaks at 2.12-1.90 ppm (1, 6)
corresponded to the protons of -CH- and -CH2- in AM and AA of
polymer backbones, respectively. The single peak at 1.50 ppm (12)
was the characteristic peak of -CH3 in tri-polymer. The peaks at 2.30
ppm (11) was attributed to -CH2- of KH570 in polymer backbones.
All the peaks at 3.75-3.24 ppm (15,14,13) were the -CH2- in the side
chain of KH570. The small peak located at 6.81 ppm (3) was due to
the proton of -NH2 in side chain. The chemical shift at 7.61 ppm (10)
and 7.25 ppm (9) were attributed to the protons of the benzene
backbones, and the peaks at 6.01 ppm (4) and 5.50 ppm (5) were the
characteristic peak of -CH2-, -CH- in the side chain of benzene ring
[26]. The weak peak appeared at 8.26 ppm (8) was due to the proton
of -COOH of AA. Therefore, the 1H-NMR spectrum further proved
that the desired product was successfully prepared.

b) Viscosity measurement
The viscosities of nanocomposites under different concentration,
temperature, salinity were measured with a Brookfield DV-II + Pro
viscometer, and the rotor speed was 60 rpm. The shear resistance of
samples at 0-1000 s-1 and the dynamic rheological behavior at 0-10
Hz were evaluated by HAAKE RS600 controlled rheometer.

c) EOR tests in laboratory
The enhanced oil recovery tests were carried out to verify the effects
of the AAS/2.0 wt% KS polymer nanocomposite in enhancing oil
recovery. The temperature and the back pressure were maintained at
50℃ and 1500 psi, respectively. The detailed experimental
procedures were as follows:
(1) The core was saturated with synthetic brine (4973 mg/L) and
then crude oil was injected into the core until no water went out from
the outlet.
(2) Water flooding was conducted at a flow rate of 0.5 mL/min until
the moisture content reached 98%.
(3) 0.2 PV polymer slug was injected into the core, followed by
extending water flooding until the moisture content reached 98%.
The artificial sandstone core was employed for the experiments, and
the basic parameters were listed in Table 1. Table 2 presented the
composition of synthetic brine used in the experiments. The oil
recovery ratio was calculated according to the literature [24,25],
which was given in equation (1):
𝐸𝑂𝑅 = 𝐸𝑇 − 𝐸𝑊
(1)
where EOR was the enhanced oil recovery using polymer solution
(%), ET was the total oil recovery in total flooding process (%), and
EW was the oil recovery of water flooding (%).
Table 1. Basic parameters of artificial sandstone cores.
Core
1#

Length
(cm)
7.76

Diameter
(cm)
3.82

Porosity
(%)
20.64

Permeability
(mD)
1121

Figure 3. 1H-NMR spectra of AAS/2.0 wt% modified nano-SiO2 in
D2O.

B. SEM Analysis
The SEM pictures of prepared KS, pure polymer (AAS) and
AAS/2.0 wt% KS polymer nanocomposites were shown in Figure 4.
It could be seen in the Figure 4 (a) that the average grain diameter
of KS is 30 nm. And it was good for spalling crude oil adhered in
the micropores of underground strata. It was observed that the two
samples presented the perfect network morphology, and the
interconnected skeletons and cavities could be seen in the samples.
Compared with the pure polymer AAS, the network of AAS/2.0 wt%
KS nanocomposite was much more compact. It was obvious that the
skeleton was much stronger, the cavities was less and smaller. The
compact structure could be ascribed to the introduction of KH570
modified nano-SiO2. The perfect network structure indicated that the
AAS/2.0 wt% KS polymer nanocomposite was robust, and it could
exhibit good comprehensive properties, such as viscosity, high
temperature-tolerance, great salt-resistance, good shear-resistance
and viscoelasticity. Due to these outstanding properties, the
AAS/2.0 wt% KS polymer nanocomposite could enhance oil
recovery.
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Table 3 The thermogravimetric analysis data of samples
The

The

The

temperature of

temperature of

residual

10% weight

50% weight

mass

loss

loss

AAS

254℃

473℃

23.3%

AAS/1.0

256℃

477℃

26.5%

262℃

667℃

35%

299℃

462℃

34.8%

wt% KS
Figure 4. SEM morphologies of (a) KS, (b-c) AAS and (d) AAS/2.0
wt % KS polymer nanocomposite.

C. Thermogravimetric analyses (TGA)
The thermogravimetric analyses curves of pure AAS, AAS/1.0 wt%
KS, AAS/2.0 wt% KS, AAS/3.0 wt% KS were showed in Figure 5.
From this figure, it could be seen that AAS/2.0 wt% KS presented
10% and 50% weight loss at 262 ℃, 667 ℃, respectively. And, the
pure AAS polymer shows 10% and 50% weight loss at 254 ℃ and
473 ℃, AAS/1.0 wt% KS had 10% and 50% weight loss at 256 ℃,
477 ℃, and the AAS/3.0 wt% KS had 10% and 50% weight loss at
299 ℃, 462 ℃. Surprisingly, the temperature of 10% weight loss of
AAS/3.0 wt% KS was higher than others. It might be due to the
relatively stable intermolecular forces formed by adsorption
bridging among the KH570 modified nano SiO2. However, with the
temperature increasing, the intermolecular forces were destroyed.
As a result, the weight loss of AAS/3.0 wt% KS decreased rapidly.
When the temperature reached 900 ℃, the residual mass of AAS/2.0
wt% KS maintained 35.0%, but the residual mass of AAS/1.0 wt%
KS and AAS/3.0 wt% KS were 26.5% and 34.8%, respectively. And
pure AAS was only 23.3%. Therefore, under the temperature range
of 40-900 ℃ , all these results proved that AAS/2.0 wt% KS
displayed higher residual mass and better stability. So the AAS/KS
polymer nanocomposites could be used to enhance oil recovery in
high temperature reservoir.

Figure 5. TGA curves of AAS, AAS/1.0 wt % KS, AAS/2.0 wt % KS
and AAS/3.0 wt % KS.

AAS/2.0
wt% KS
ASD/3.0
wt% KS

D. Viscosification properties of nanocomposites
A certain amount of samples were dissolved into distilled water to
obtain different concentrations of sample solutions. Then the
apparent viscosity of each sample solution was measured at the
temperature of 25 ℃. It was clearly seen from Figure 6 that the
apparent viscosity raised with the increase of solution concentration.
The concentration of AAS/2.0 wt% KS from 2500 to 12500 mg/L,
the apparent viscosity changed from 226 to 1050 mPa.s. At equal
temperature, the apparent viscosity of AAS/2.0 wt% KS was
significantly higher than that of AAS. The addition of KS could
enhance the apparent viscosity of the polymer nanocomposites.
Nevertheless, when the addition of KS was 3.0 wt%, the apparent
viscosity decreased. It may be that the hydrophobicity of the
AAS/3.0 wt% KS increased, resulting in the poor water-solubility.
In a word, the viscosification property of AAS/2.0 wt% KS made it
have significant application to enhance oil recovery.

Figure 6. Relationship between apparent viscosity and the
concentrations of AAS, AAS/1.0 wt% KS, AAS/2.0 wt% KS,
AAS/3.0 wt% KS.

E. Temperature-resistance evaluation
As is known to all, the high temperature could destroy the main
chain of polymer and the intermolecular force among polymer
chains. Therefore, the molecular framework of polymer was
wrecked, resulting in the decrease of apparent viscosity of polymer
nanocomposites. The 2500 mg/L of sample solutions were prepared,
and the temperature effect on the apparent viscosity of AAS and
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AAS/KS solutions could be observed in Figure 7. The results proved
that the apparent viscosity of both AAS and AAS/KS solutions
decreased with the temperature went up. However, due to the
addition of KS made that the polymer nanocomposites exhibited
better temperature tolerance. For example, the apparent viscosity of
AAS/2.0wt% KS was always higher than other samples under the
same conditions. On account of the hydrophobicity of AAS/3.0wt%
KS increased, led to the poor water solubility, so the apparent
viscosity decreased and the temperature resistance descended. In
addition, the SSS with benzene ring was able to resistant high
temperature. On the one hand, the benzene ring was the special
steady six-membered ring with extremely little ring strain. The
decomposition of benzene ring needed enough energy. On the other
hand, the steric effect of benzene ring could prevent the rotation of
single bond attached to polymer backbone chain. Therefore, the
polymer backbone chain was not easy to broken. The AAS/2.0 wt%
KS was applied to enhance oil recovery in the oil field, due to its
better performance of high temperature resistance.

G. shear resistance evaluation
The shear resistance was a significant performance of polymer
nanocomposite in petroleum engineering. In the process of injection
and displacement, the shear force from the pump, pipeline, wellbore,
bullet hole and porous media greatly reduced the viscosity of
polymer solution, and affected the oil recovery [27]. Figure 9
showed the apparent viscosity of AAS, AAS/1.0 wt% KS, AAS/2.0
wt% KS and AAS/3.0 wt% KS under different shear rate. With the
increasing of shear rate, the viscosity of AAS/KS decreased, because
polymer chains broke down and network structure destroyed.
However, the addition of KS, the polymer skeleton became stronger.
In the shear rate range of 0-1000 s-1, the apparent viscosity of
AAS/2.0 wt% KS was always higher than others. As a result, the
optimal addiation of KS in polymer nanocomposites is 2.0 wt%. In
short, the AAS/2.0 wt% KS polymer nanocomposite was beneficial
to enhance oil recovery.

Figure 9． Effect of shear rate on apparent viscosity for prepared
sample solutions (solution concentration is 2500 mg/L; T=25 ℃).
Figure 7. Relationship between apparent viscosity and the
temperature-resistance of AAS, AAS/1.0 wt% KS, AAS/2.0 wt% KS
and AAS/3.0 wt% KS.

F. Salt-tolerance evaluation
The salt-resistance of polymer nanocomposites was a significant
index in polymer flooding to enhance oil recovery. The
concentration of sample solutions is 2500 mg/L, the test temperature
is 25 ℃, and the results were shown in Figure 8. The apparent
viscosity of AAS and AAS/KS solution declined rapidly as the
concentration of NaCl or CaCl2 solution increased from 0 to 6000
mg/L. Because the electrolyte ions (Na+, Ca2+) shielded the effective
charge, and then the electric double layer of polymers were
compressed by salt ions, resulting in a reduction of hydrodynamic
volume. Due to the addition of KS were able to prevent this effect.
So the apparent viscosity of AAS/KS was higher than AAS,
resulting in better ability in the improvement of oil recovery.

H. Viscoelasticity of AAS/KS nanocomposites
Viscoelastic polymer solution could improve the oil-displacement
efficiency, thus greatly enhancing the crude oil recovery. Therefore,
the dynamic rheology was studied, and the change of storage
modulus (G’) and loss modulus (G’’) with frequency were shown in
Figure 10. The G’ and G’’ of AAS, AAS/1.0 wt% KS and AAS/2.0
wt% KS exhibited an upward tendency along with the increase of
frequency. Interestingly, the G’ and G’’ of AAS/2.0 wt% KS was
always higher than those of AAS and AAS/1.0 wt% KS, which
indicated that AAS/2.0 wt% KS had better viscoelasticity. The
stronger the viscoelasticity, the larger the first normal stress and the
dragging force on oil film, and the higher the enhanced oil recovery.
While the frequency was less than the characteristic frequency
(point of intersection), G’’ was higher than G’, and the viscidity of
nanocomposites was predominant. And when the frequency
exceeded the characteristic frequency, G’ was greater than G’’, and
the elasticity play a dominating role. The phenomenon could
attribute to the KS interacted with the polymer chains, resulting in
the network structure of AAS/KS was reinforced and the elasticity
of the polymer composite got more significant. As a result, the
AAS/KS could be better applied in EOR.

Figure 8. The effect of (a) NaCl solution and (b) CaCl2 solution on
apparent viscosity for AAS, AAS/1.0 wt% KS, AAS/2.0wt% KS and
AAS/3.0wt% KS.
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solution performance tests indicated that the introduction of KS
improved the properties of AAS/KS polymer nanocomposites.
Compared with pure AAS, the AAS/KS nanocomposites exhibited
superior performance on aspects of thermal stability, temperature
resistance, salt tolerance, shear resistance and viscoelasticity.
Furthermore, the 9.9% oil recovery was increased during the EOR
tests in laboratory. These results suggested that AAS/KS
nanocomposite had great potential application for EOR in high
temperature and high salinity oilfield.
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Figure 10. Elastic (G’) and viscous (G’’) modulus as a function of
frequency for AAS, AAS/1.0 wt% KS and AAS/2.0 wt% KS.

I. EOR experiments in laboratory
The EOR capability of AAS/2.0 wt% KS was studied in sandstone
cores, and the results were showed in Figure 11 and Table 4. When
the moisture content reached 98% in the first water flooding, the oil
recovery was EW (43.8%). As the following water flooding, 0.2 PV
polymer flooding and subsequent water flooding could increase the
oil recovery to a stable value (ET= 53.7%). In comparison with the
water flooding, the oil recovery increased by 9.9%. The main reason
for obtaining higher oil recovery was due to its better temperatureresistance, salt-tolerance, shear resistance and viscoelasticity and so
on. All the outstanding properties were attributed to the introduction
of KS. All these results showed that AAS/KS nanocomposites had a
great potential to enhance oil recovery.

Figure 11. EOR experiments of AAS/2.0 wt% KS in laboratory.
Table 4 EOR of AAS/2.0 wt% KS
Sample
AAS/2.0
wt% KS

Concentration
(mg/L)
1000

EW
(%)
43.8

ET
(%)
53.7

EOR
(%)
9.9

IV. CONCLUSIONS
A novel of AAS/KS polymer nanocomposites were successfully
synthesized by in situ polymerization of AM, AA, SSS, and KH570
modified nano-SiO2. 1H-NMR analysis determined the successful
synthesis of AAS/KS polymer nanocomposites. The results of
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Abstract
Development of sustainable energy systems involves many
energy aspects such as energy technologies and management,
energy security, reliability, and sustainability, as well as energy
policy and planning. In that regard, smart energy concepts for
sustainable energy development are increasingly being
recognized and these include smart grids, Internet of Energy
(IoT), blockchain-energy among others. These aim to enable a
smooth transition from fossil-based energy to clean alternate
energy resources. And also, to play an important role in the
power generation and distribution from renewable energy
resources (RERs) for universal modern energy access. Thus, this
study aimed to demonstrate the inclusion of a smart connective
concept (smart grid) in power generation and distribution from
solar and small hydropower resources in Kanungu district,
Uganda. A GIS-based multi-criteria decision-making method
was used in the site selection process based on environmental,
economic, and technical factors. And, a final resultant map of
smart grid suitable sites for distributed power generation from
solar and small hydropower RERs was finally generated using
GIS.
Keywords: Multi-criteria decision-making; Power generation;
Renewable energy; Smart grid

I.

INTRODUCTION

Global energy systems are facing many challenges due to the slowpaced transition from fossil-based energy systems to clean energy
systems. Yet, the environmental and health impacts of fossil fuel
over dependency remain a serious global concern. With the
prevailing concerns, to increase the applications of renewable
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energy resources (RERs) in the power generation sector is one of the
solutions. However, power generation and distribution from RERs
has its associated limitations such as low energy density of the
source, low energy reliability and security by nature, high
implementation costs, etc. To overcome these aspects, modern
energy technologies combined with smart energy concepts and
energy storage need to be applied and emphasized. In the recent
years, several energy concepts have emerged towards sustainable
energy systems including smart grids, Internet of energy,
blockchain-energy, among others. It is, therefore, important for
developing countries like Uganda rich with abundant renewable
energy resources to consider such smart energy concepts. Uganda
for example, has high potential of RERs for power generation, but
the electricity access in the country is still low. Thus, one of the
solutions to meet the power demand and sustainably exploit the
available resource potentials is power generation from RERs
combined with the smart energy concept such as a smart grid.
Besides, this implementation not only helps to enhance electricity
access, but it is also beneficial for energy planning and policy
formulation, leading to sustainable energy development and proper
management of the resources [2,3].
Smart grid for example is a connective network that is flexible,
reliable, and efficient with the ability to monitor, manage and control
the power chain from power generation to distribution. However,
development and implementation of such systems differ depending
on each country’s needs and require strategic planning [2]. Most
developing countries including Uganda, have not paid much
attention to these smart energy systems because of several factors
such as poor electricity access, unreliable infrastructure, etc.
Nonetheless, planning and implementation of sustainable energy
systems that can both combat issues of electricity access as well as
provide sustainable smart solutions in the energy sector is key.
Moreover, in the study for energy sufficiency, sustainability, and
universal access in the sub-Saharan Africa by Gladkykh et al.,
(2021), it was reported that renewable energy-based power
generation is ideal for sustainable solutions [5]. Therefore, this paper
presents a site selection study for power generation from solar and
small hydropower energy resources on the basis of a smart
connective concept (smart grid). Areas suitable for the application
of the smart connective concept in a multi-energy power generation

system were selected using a GIS-based multi-criteria decisionmaking method. This method is known for site selection and energy
planning processes especially a combination of GIS and multicriteria decision-making method such as fuzzy Analytic Hierarchy
Process (AHP) [1,8].

II.

METHODOLOGY

The study was done based on qualitative and quantitative data.
Survey questionnaires were used to obtain qualitative data while
quantitative data was obtained both from online portals and
governmental institutions. The data collected and used was based on
economic, environmental, and technical factors. These factors
included respective sub-factors; (a) Under the economic factor, the
sub-factors included distance from transmission lines, topography
(elevation and slope), and distance to roads; (b) the sub-factors
under the environmental factor included land use, sensitive and
protected areas; (c) and under the technical factor, the sub-factors
included distance from demand centers, available potential energy
resources (solar and small hydropower) and climate (rainfall and
sunshine). This is because energy planning such as site selection
involves a wide spectrum of decision makers, a survey questionnaire
designed according to the mentioned factors and literature was
distributed to the experts in different energy fields. This was to
obtain opinions from the experts in order to make an informed
decision. According to the designed questionnaire, experts were
required to rate the significancy of each factor according to AHP
Saaty’s scale of significance (1 to 9). The scores assigned to each
factor by the experts were then transformed into equivalent
triangular fuzzy numbers (Table 1).

that can be defined as an end-to-end relationship of power supply
information. The conceptual design consists of:

A.

Power generation control areas (PG-CA)

These are power generation control centers (1, 2, 3, …, n) for
monitoring power generation from multi-energy power generation
sources within approximate area of the power plants. The
conceptualized PG-CAs are in charge of forecasted power
generation depending on the season. For example, in the rainy
season, more power can be generated from small hydropower plants
due to limited solar energy while in hot/dry season, more power can
be generated from solar plants to have a balanced sustainable power
generation as one of the solutions to sustainable energy management
and resource exploitation.

B.

Main power generation control area (PGCA-M)

This is a general power generation control center for controlling,
regulating, and monitoring power generation based on the
information received from the control centers (PG-CA) as well as
the demand and supply situation.

C.

Control center

The control center is the overall information flow and interaction
center to monitor, regulate, and manage the whole power chain
including information of power generation, transmission,
distribution, and consumption as well as monitoring the behaviors
of both the consumer and prosumer in the power supply chain.

Table 1. Scale of significance [1]
Significance
Intensity

Description

1
3
5

Equal importance
Moderate importance
Strongly higher
importance
Very strong higher
importance
Extremely high
importance

7
9
2
4
6
8

Intermediary
importance

Equivalent
Triangular
Numbers
(1.0, 1.0, 1.0)
(2.0, 3.0, 4.0)
(4.0, 5.0, 6.0)
(6.0, 7.0, 8.0)
(9.0, 9.0, 9.0)
(1.0, 2.0, 3.0)
(3.0, 4.0, 5.0)
(5.0, 6.0, 7.0)
(7.0, 8.0, 9.0)

Using fuzzy Analytic Hierarchy Process (AHP), a multi-criteria
decision making-method known for solving complex problems,
weight values of the factors were calculated following a similar
methodology as [1,8]. The calculated weights were firstly used in a
GIS-environment to obtain suitable areas potential for solar power
generation using the Global Horizontal Irradiance (GHI) data in
ArcGIS 10.5. On the other hand, available data for small
hydropower potential sites was obtained from Ministry of Energy
and Mineral Development (MEMD), Uganda. Potential sites for
solar power generation obtained and small hydropower data were
then combined in ArcGIS 10.5 to demonstrate a connective power
generation system based on a smart grid concept. The study
demonstrates possible power generation from multi-energy sources
in a smart connective system for distributed energy resources as
illustrated in Figure 1. The illustration demonstrates a possible solar
and small hydropower multi-energy power generation system
interconnected to transmission, distribution, and consumption. The
conceptual design shows interflow of information in the power chain

D.

Transmission, distribution, and consumption

This section of the conceptual design includes information
interaction of transmission, distribution, and end-users (consumers
and prosumers).
This conceptual design represents an interactive system of
information, communication, and technology in a power chain for
sustainable energy management and proper resource exploitation.
The system can be manipulatively designed according to the needs
of each country and set goals. In this study, the focus is on
sustainable exploitation of the available resources to enhance
electricity access and sustainable energy management for
sustainable development in the study area.

Consumer &
Prosumer

Small
Hydropower

Solar

Distribution

CONTROL
CENTER

PG-CA-M

PG-CAn

Transmission

PG-CA1
Small
Hydropower

Solar

PG-CA
PG-CA-M

In this study, aiming at sustainable exploitation of energy resources
and electricity access, a strategic spatial planning of a smart
connective power generation was carried out by selecting suitable
sites for a multi-energy resource power generation from solar and
small hydropower in Kanungu district, Uganda. As earlier
mentioned, suitable sites for power generation from solar were first
identified based on the selected factors. Combined with the available
data of small hydropower potential sites, suitable areas for a smart
connective power generation from both renewable energy resources
were obtained. The selection of suitable areas based on a smart
connective concept for a smart connective power generation from
solar and small hydropower, factors including distance to roads,
distance from transmission lines, distance to demand centers and
availability of the energy resources were put into consideration. The
area consists of four small hydropower feasible sites for power
generation which include 0.5 MW Kishamba hydro site, 0.68 MW
Birara hydro site, 2.9 MW Mitano hydro site and a 6.7 MW Nengo
bridge hydro site according to the data that was obtained from
Ministry of Energy and Mineral Development, Uganda. And based
on the assumption that 1.4 ha is equal to 1 MW of solar potential,
the study area consists of 1,618.95 MW of low suitability, 21,428.08
MW of moderate suitability and 1,350.69 MW of high suitability.
As per Figure 2, the resultant map shows suitable areas for smart
connective power generation from solar and small hydropower
energy resources in Kanungu district, Uganda.

Power Generation-Control Area (1,2,3, …n)
Power Generation-Control Area (Main)

Figure 1. Illustration of a smart connective power system

III. RESULTS

AND DISCUSSION: PLANNING
A SMART CONNECTIVE POWER SYSTEM

Maier, 2016 reported that in planning
. an energy system for smart
solutions, it is important to integrate energy designs with spatial
planning which includes considering factors like system designs,
infrastructural and building designs, and evaluation of
environmental impacts. And this requires the application of
advanced approaches [6]. Several studies have been carried out in
the recent years aiming at sustainable energy systems. For example,
Stoeglehner, 2011 carried out a study for integrated spatial and
energy planning for sustainable energy systems. The author
highlighted that some of the important issues to be addressed in
planning a renewable energy system on a community scale level is
the justification of allocation patterns of energy resources [10].
Gladkykh et al., 2021 carried out a study aiming at the exploration
of energy efficiency, sustainability and universal access in subSaharan Africa for a social sustainable energy system [5]. Seferlis,
2021 carried out a study for a well sustainably designed and
operation energy system to improve power generation and
distribution for reduced consumption and emission production [9].
Noorollahi, 2021, carried out a study for renewable energy-based
sustainable energy system in Iran contributing to the transition from
fossil fuel power generation to renewable energy power generation
[7]. Fonseca, 2021 carried out a multi-objective sustainability
analysis in designing a distributed energy system focusing on
economic, environmental and social aspects [4].

Figure 2. Suitable areas for a multi-energy smart
connective power generation system.

.

IV. CONCLUSION
As the world is moving from fossil-based power generation to clean
energy power generation, an emphasis should continue to be put on
sustainable, smart, connective, and interactive energy systems.
Developing countries like Uganda should consider investing in
sustainable smart systems by understanding the need for these smart
connective systems. The governments should put in place supportive
tools including flexible regulatory frameworks for energy system
developments and investments in pilot studies should also be
considered for successful implementation of these systems such as
smart grids. Most importantly, the countries should make an effort
to improve the energy infrastructural systems in order to
accommodate the present and future dynamics in the energy sector.

[7]

[8]

[9]

For example, in the case of Kanungu district, Uganda, the study
results can be a basis of energy planning, implementation and
development in the area for an improved smart connective power
generation system.
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Abstract
Retrofitting buildings is key for meeting 2030 and 2050
energy efficiency targets, especially for existing residential
buildings, which are expected to become a large proportion of
the future stock. Prior to promoting energy saving measures, an
extensive analysis of the current performance of the stock
should be tackled. Thus, building characterization though a
statistical approach is a necessary step in order to assess this
stock under real variability conditions, instead of considering
average fixed values, which has commonly been the approach
taken so far. This research statistically analyses the most
predominant variability ranges of the residential building stock
of southern Spain (Andalusian region), focusing on the H-block,
for its building characterization. Results are collected from an
extensive database containing information on almost 39,500
dwellings. Conclusions reported may be later implemented into
bottom-up building stock modelling approaches for creating
real case archetypes to analyze the performance of the stock and
provide useful information for policy makers.
Keywords: social housing stock; Mediterranean climate; large
database; building characterization; statistical analysis.

I. INTRODUCTION
In the European Union (EU), final energy consumption has been
exponentially increasing since the 90s, amounted to almost 940
Mtoe in 2019 [1]. According to the 2020 Global Status Report for
Buildings and Construction [2], buildings (35%), industry (32%)
and transport (28%) were the three dominant energy consumers in
2019 in EU, among which residential buildings represented 22% of
the final energy consumed. The mentioned report also highlighted
that the building sector was responsible for 38% of the total global
energy-related anthropogenic carbon dioxide emissions, 17% of
which were caused by residential buildings.
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Cooling energy consumption is expected to noticeably increase in
southern Europe due to climate change [3]. A recent study from
NASA confirms that nineteen of the warmest years have occurred
since 2000, with 1998 as the only exception, and establishes a
temperature increase of 1.18 ºC in 2020, compared to 1880 [4].
Thus, global warming may result in a 5 to 10 increased probability
in the occurrence of more frequent and severe heatwaves [5], leading
to indoor overheating issues in buildings. This is particularly
important in the Mediterranean region of southern Europe [6],
affecting user’s health and the quality of indoor environments.
In this context, energy efficiency has been promoted by regulations
and international standards as a key objective for mitigating the
effects of climate change in buildings, focusing on a rational use of
energy and, subsequently, promoting building decarbonisation [7].
A major challenge of southern Europe in terms of sustainable
development is that the aging residential building stock was mainly
built prior to the implementation of energy performance regulations
[8]. Along with a significantly low building renovation rate [9],
current residential buildings are expected to become a large
extension of the future stock [10]. For all these reasons, energy
retrofitting the residential stock becomes a clear objective for
meeting the 2030 and 2050 energy targets.
Assessing the current thermal and energy performance of the
building stock is a necessary step prior to any retrofit measure [11].
Besides, in the building retrofit process towards climate change, not
only geographical and weather data are relevant, but also building
typologies [12] and constructive characteristics [13]. Generally,
energy performance of buildings has been assessed at two different
scales: macro, which considers the building stock, and micro, which
individually assesses buildings. Since applying micro techniques to
assess the whole building stock is highly time consuming, building
stock modelling has been commonly used to assess large-scale
building performance. Since this requires the extensive collection of
data (constructive, geometrical, physical and operational variables),
a viable stock solution is the development of a bottom-up approach
through the definition of building archetypes, grouping buildings
with similar parameters [14]. Even though building archetypes are
generally used in energy modelling at the urban scale [15], they are
developed from national survey databases which provide an
overview of the whole national building stock. Thus, they may
become invalid at the regional and urban levels [16], since several
assumptions have to be made.
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Although building stock characterization has been extensively
addressed in the literature [17], the case of Spain still requires more
extensive research. Monzón-Chavarrías et al. [18] consider a linear
block as real case study to analyse multi-family dwellings built in
Spain from 1961 to 1980, both prior and after renovation strategies.
Nonetheless, to do so these authors consider fixed geometrical,
physical and construction characteristics, based on typical solutions
of residential buildings. Given that the methodology used is case
specific, there is a significant lack of scalability for analysing the
stock level. Escandón et al. [19] predict thermal comfort of the
housing stock built from 1940 to 1980, through building energy
models. In contrast to the previous research, these authors consider
a variability range of the main building simulation parameters,
generating several building cases representative of the stock.
Nonetheless, the analysis is only focused on the linear block
typology. Blázquez et al. [20] applied a GIS framework to analyse
the residential stock built from 1951 to 1980, at the urban level.
Nevertheless, the performance of buildings is individually assessed
through an external Energy Certification tool, later transferring the
results into the GIS platform, so no building modelling is conducted.
Providing statistical data on the building stock at the regional and
urban levels is the basis for developing accurate bottom-up building
models for estimating energy performance through building stock
modelling. Differently from other works, this research provides a
thorough building characterization of the residential building
typologies of southern Spain (Andalusia region), analysing a
database with exhaustive data (year of construction, building height,
number of storeys, average floor area, percentage of glazing surface,
etc.) collected of an extensive example of around 39,500 dwellings.
Given the typological research gap identified in the literature, efforts
are put into analysing one of the most predominant social housing
building typologies of southern Spain, the H-block (Figure 1). The
objective of this paper is to statistically identify the most
representative ranges of building parameters, so future research on
this sector may be properly addressed by implementing this
information into building performance analysis for building stock
modelling, instead of assuming fixed average values. These results
would allow generating bottom-up building stock models which will
provide useful information to city planners, energy policymakers
and key actors in the improvement of sustainable decision-making.

reference, address information, number of dwellings, number of
building floors, building height, building typology (single family,
multi-family and other), year of construction; year and type of
retrofit plan; percentage of glazing surface; type of window frame
and glass; cooling and heating annual demand and thermal building
systems. This information is obtained from both Execution Projects
and Building Evaluation Reports (detailed reports on conservation
status, accessibility adaptation and energy efficiency of dwellings).
Currently, this database includes information of 39,486 public social
dwellings built between 1970-2005.

Figure 2. Scheme of the methodology and tasks followed.
In task 2, the original content of AVRA database is expanded
through the incorporation of new variables, using public and open
access tools. Average floor area per. dwelling and building total built
surface are collected from the Spanish Electronic Cadastral Platform
[22] and included into the database. Likewise, building orientation,
architectural typology (linear block, H block, tower block or other)
and urban typology (buildings grouped as collective closed blocks,
terraced, isolated or irregular) are also collected from the public
cadastral online platform and introduced into the database. Finally,
the classification of dwellings according to the climatic zone of
Andalusia, southern Spain, established by the Spanish Building
Technical Code [23] is also incorporated into the analysis. This code
classifies the Andalusian territory of southern Spain into several
climatic zones by taking into account two indexes (Equations 1 and
2): Climatic Severity in Winter (SCI) and Climatic Severity in
Summer (SCV), which depend on the degree-day and solar radiation
levels. The SCI is represented by a letter, from A to E, so that “A”
defines milder winters and “E” refers to colder winters. SCV is
defined by a number, from 1 to 4, so areas identified as “1” have
milder summers, while “4” corresponds to warmer summers. In
southern Spain, the combination of SCI and SCV defines A3, A4,
B3, B4, C3, C4, D2 and D3 climatic zones (Table 1).
SCI=a·Ri+b·Gi+c·Ri·Gi+d·Ri2+e·Gi2+f

(1)

SCV=a·Rv+b·Gv+c·Rv·Gv+d·Rv2+e·Gv2+f

(2)

Where:
Figure 1. H-typology residential buildings in southern Spain

II. METHODOLOGY
For assessing and characterizing .the public social housing stock of
southern Spain, the tasks included in Figure 2 were carried out. In
task 1, general, typological and morphological data on the social
housing stock contained in the public database provided by the
Andalusian Agency of House and Retrofitting (AVRA, in Spanish)
[21] is compiled and rearranged. The mentioned database includes
information on several variables regarding the social housing stock
of Andalusia (southern Spain). Specifically, data on cadastral

Ri: cumulative average global solar radiation in January, February
and December [kWh/m2]
Gi: average of the degree-day in winter in base 20 for January,
February and December. Determined on an hourly basis for each
month and divided by 24.
Rv: cumulative average global solar radiation in June, July, August
and September [kWh/m2]
Gv: average of the degree-day in summer in base 20 for June, July,
August and September. Determined on an hourly basis for each
month and divided by 24.
a to f: specific coefficients included in the Code’s appendix.
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Table 1. Climatic severity according to the Spanish Technical
Building Code.
Climatic
severity

SCI

SCV

Parameter

Range

A

SCI≤0.3

B

0.3<SCI≤0.6

C

0.6<SCI≤0.95

D

0.95<SCI≤1.3

E

SCI>1.3

1

SCV≤0.6

2

0.6<SCV≤0.9

3

0.9<SCV≤1.25

4

SCV>1.25

Climatic
zones

A3, A4, B3.
B4, C1, C2,
C3, C4, D1,
D2, D3, E1

It can be seen that 77.5% of the total 39,486 dwellings of the sample
correspond to multi-family housing buildings (30,592 dwellings)
and are located mainly in B4, A3, B3, C4 and C3 climatic zones.
When analyzing single family dwellings, which only represents
16.1% of the total dwellings of the sample, they are located mostly
in B4 C3, B3 and C4 zones. Only 6.4% of the sample buildings are
categorized as other, which means those buildings include single
and multi-family housing dwellings in the same development.
Since multi-family dwellings are predominant in all climatic zones,
this building typology has been selected for further analysis. The
classification of architectural typologies (H block, linear block,
tower block or irregular) is indicated for A3, A4, B4 and C3 climatic
zones in Figure 4, where the number of buildings of each
architectural typology is also included inside the bars.

In task 3, the improved database is statistically analyzed through
descriptive techniques, with Microsoft Excel and Matlab, in order to
obtain the building parameters’ ranges which adequately described
the main characteristics of the social housing stock of southern
Spain. Even though this study focuses on the characterization of the
H-typology, previous results of this stock are available on [24],
where data on year of construction, dwellings per block, retrofit year
and plan, building systems and energy demand is provided.

III. ANALYSIS AND DISCUSSION
Figure 3 shows the percentage of social dwellings contained in the
database, represented per each climatic zone in southern Spain (A3,
A4, B3, B4, C3, C4 and others, which represents D2 and D3 zones),
classified according to the building typology (single family, multifamily or other, which combines the previous ones). Red dots
indicate the percentage of total dwellings per each climatic zone (all
three building typologies), which relates to the total number of
buildings included on the top of the figure.

Figure 4. Classification of multi-family dwellings in southern
Spain A3, A4, B4 and C3 climatic zones according to the
architectural typology. The number of dwellings is also shown.

.

Figure 3. Percentage of single family, multi-family and other dwellings per southern Spain climatic zones. Red values
represent the total percentage of dwellings in each climatic zone. Total number of dwellings in shown on the top of the figure.
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It can be seen that in almost all four climatic zones, most of the
buildings are identified as H block, specifically, 41.2% in A3, 37.3%
in A4, 50.6% in B4 and 77.2% in C3. The second rank of typologies
correspond to the linear block in A3 and B4 zones (28.6% and
45.9%, respectively). In A4 climatic zone, 41.3% of the total multifamily dwellings are linear blocks, which is only 4.0% higher than
the number of H blocks. In C3, the second rank is held by buildings
with irregular typologies, corresponding to 14.0% of the total
sample. The lowest percentage refers to tower blocks in all zones.
Given the importance of H-blocks in the analyzed social housing
stock, as shown in previous figures, and that, as stated in the
introduction, most research conducted so far have focused on the
linear block, an extensive analysis has been carried out regarding the
H-typology. The urban classification of the H-typology multi-family
dwellings in A3, A4, B4 and C3 climatic zones has been analyzed,
considering the following categories: isolated (single building),
terraced (buildings combined with each other leaving an inner
courtyard), terraced combined in U-form or as collective closed
blocks, terraced (oblique), where buildings are combined forming
an oblique line, so there are no inner courtyards, and, finally,
irregular typologies, which combine previous ones (Figure 5).

(a)

(b)

Figure 5. Urban classification considered
Results of these classifications are shown in Figure 6, indicating the
total number of dwellings per climatic zone at the bottom of the
graphic. All 349 H-blocks in A4 are isolated. In A3 and C3 climatic
zones, 85% and 81% of the H blocks are terraced, which represent
2,654 and 1,317 dwellings, respectively. In B4, H blocks are
combined in a more diverse way: 44% as terraced oblique (2,606
dwellings), 23% in U-form and collective closed blocks (1,364
dwellings) and 20% as terraced (1,193 dwellings).

(c)

(d)

Figure 6. Urban classification of multi-family H-typology
dwellings in southern Spain A3, A4, B4 and C3 climatic zones.
The number of dwellings is also shown.

Figure 7. Percentage of H-typology multi-family dwellings
classified according to the number of floors of the building,
average dwelling floor area, % of glazing surface, window
frame and window glass, per each southern Spain A3, A4, B4
and C3 climatic zone. Bold colored numbers indicate the
percentage of dwellings represented in the colored ranges.
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Building characterization of the H-typology social dwellings of
southern Spain is shown in Figure 7, representing several
constructive variables per each climatic zone: A3 (blue), A4
(yellow), B4 (orange) and C3 (green).
Firstly, dwellings have been classified according to the number of
building floors in Figure 7a, showing the results as percentages of
dwellings. In A3, H-blocks have mainly 3 to 5 floors, which refers
to 65% of the sampling for this climatic zone. All blocks in A4
climatic zone have 4 floors. Blocks in B4 are mainly 4-storey
buildings, but the number of buildings with 3 and 5 floors is also
representative. When considered 3 to 5-storey blocks in B4, the
percentage of samples analyzed is around 64%. Buildings in C3 are
normally 4-storey blocks, but there is also a noticeable percentage
of H-typology dwellings with 5 and 6 floors. 66% of the total
number of buildings in C3 would be included when 4 to 5-storey
blocks are considered. If buildings with 6 floors were also included,
it would represent 94% of the dwellings.

Heating energy demand of the H-blocks in A3 and B4 climatic zones
ranges between approximately 20-80 kWh, 40-60 kWh in A4 and
45-130 kWh in C3. Heating demand of C3 climatic zone is the
highest, which is consistent with the winter climatic severity
differences between zones. Cooling energy demand of H-typology
dwellings in all climatic zones is generally between 5-40 kWh.
CO2 emissions in the H-blocks (Figure 8b) follow a similar tendency
to the energy demands results. The highest carbon dioxide emissions
are related to heating systems, which normally consist of electric
heat pumps, and are particularly high in C3 climatic zone. In
contrast, lowest CO2 emissions come from H-blocks in A4 climatic
zone, where cooling systems are mainly also electric heat pumps.

The average floor area per dwelling can be seen in Figure 7b. In this
case, 93% of the dwellings in A3 climatic zone are between 50 and
95m2. In A4, 100% of the dwellings are between 70-90m2. If
dwellings between 60-115m2 were considered, in B4 zone, 91% of
the total H-buildings would be represented. Likewise, dwellings
with average floor area around 60-85m2, would represent 93% of the
total dwellings in C3 climatic zone. Considering dwellings with
floor area equal or less than 55m2 and over 115m2 is not
representative of the stock since it would only be taken into account
3% of the buildings in A3 climatic zone, 5% in B4 and 2% in C3.

(a)

Figure 7c classifies the percentage of H-blocks according to the
percentage of glazing surface, per each climatic zone. In A3, A4 and
B4, most of the dwellings have a window to wall ratio approximately
between 10-15%. While in C3, the percentage of dwellings with a
glazing surface between 16-20% is higher. Nonetheless, if a
percentage of glazing surface between 10-20% was considered, 93%
and 100% of the dwellings would be represented for C3 and A4
climatic zones, respectively. In A3, 89% of the dwellings have a
window to wall ratio around 10-25%. The same percentage of
dwellings would be analyzed in B4 climatic zone if a glazing surface
between 10-30% was considered. If a percentage of glazing surface
between 5-10% was considered, that would increase the sampling
representativeness by 11% in A3 climatic zone, 9% in B4 and 7% in
C3. Considering a window to wall ratio above 20%, would only
affect B4 climatic zone, adding 1% of buildings to the sample.
Window frame and glass types are assessed in Figure 7d. In the
database, window frame has been divided into four groups: steel,
aluminum, wood or unknown. It can be seen that the use of wood
frames in the H-typology is quite low when compared to steel and
aluminum. In fact, 91% of the dwellings in A3 have frames made of
steel and aluminum. Likewise, these materials are represented in
100% of the total dwellings in A4, 81% in B4 and 93% in C3. Thus,
considering windows with wood frames would not be representative
of the analyzed stock. In parallel, information on the window glass
type was classified in the database as simple (single glazing) or
unknown, since no double or triple glazing was identified in the
stock. Thus, 86% of the buildings in A3 have single glazing surfaces.
This occurs in 93% of the cases in A4, 86% of the dwellings in B4
and 72% of the sampling in C3 climatic zone. The percentage of
unknown glazing surfaces is higher in C3 climatic zone, when
compared to the other zones.
Finally, energy demand and CO2 emissions of the social H-blocks
have been assessed per southern Spain climatic zones (Figure 8).
Heating results are indicated in red color, while cooling data is
represented in blue. In Figure 8a, it can be seen that in all climatic
zones, cooling energy demand is lower than heating demand, which
is particularly significant in A4 and C3 zones, where the whiskers
of the cooling boxplots are below the ones of the heating boxplots.

(b)
Figure 8. Heating and cooling energy demand and CO2
emissions of the multi-family H-typology dwellings in southern
Spain A3, A4, B4 and C3 climatic zones.

IV. CONCLUSIONS
Prior to any retrofit intervention, it is necessary to assess the energy
and thermal performance state of the existing building stock. In this
sense, building characterization at the stock level is key to provide
large-scale retrofit measures in order to meet future energy targets.
This is especially significant in the social residential sector, since a
large proportion of these buildings would become the future stock.
In this paper, the social housing stock of southern Spain
(Mediterranean area) has been statistically characterized, analyzing
morphological, geometrical and constructive aspects of the stock. A
large database containing information of up to 39,486 dwellings
have been analyzed. Efforts have been put on obtaining the main
building parameter ranges which adequately represent the building
stock, focusing on the H-typology buildings, since these dwellings
have not been normally included in building characterization studies
in the Mediterranean area. The final objective of this research is to
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provide useful and accurate data on building characterization ranges
to be used for future performance analysis through bottom-up stock
building modelling, instead of the commonly fixed values approach.
This research has confirmed that 77.5% of the social residential
buildings in southern Spain are multi-family buildings, which
represent 30,592 dwellings. Among them, the top two building
typologies are the H-block (36.3%), with 11,093 dwellings, and the
linear block (26.5%), which represents up to 8,121 dwellings. Even
though results have been provided for each climatic zone in southern
Spain, according to the Spanish Technical Building Code, some
general conclusions may be reported. When considering the urban
typology of the H-blocks, most of the buildings are isolated and
terraced, with a significant number of terraced buildings which are
combined forming an oblique line. A high percentage of the H
blocks are 3 to 5-storey buildings, with an average floor area
between 55-95 m2. The percentage of the glazing surface of these
buildings is normally between 10 and 20%. And a significant
number of them have window frames made of steel and aluminum
with single glazing windows. Energy heating and cooling demand is
around 20-130 kWh and 5-40 kWh, respectively, with higher
differences of heating demand according to the climatic severity.
Despite of this overall conclusions, as previously stated, this
research has also provided parameter ranges of several building
variables per each climatic zone for the H-typology dwellings. The
percentage of building samples which may be represented in each
case according to the variable ranges selected has been also
included. This information may be quite useful for the energy
performance assessment of the existing stock in the Mediterranean
area of southern Spain, providing more accurate results to be used
by public stakeholders and energy policy makers in their
involvement in decision-making processes.

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

V. ACKNOWLEDGMENTS
This research was funded by the Spanish Ministry of Economy and
Competitiveness and the European Regional Development Fund
through the research project “Parametric Optimization of Double
Skin Facades in the Mediterranean Climate to Improve Energy
Efficiency Under Climate Change Scenarios” (ref BIA2017-86383R). Calama-González also wishes to acknowledge the financial
support provided by the FPU Program of the Spanish Ministry of
Education, Culture and Sport (FPU17/01375).

[16]

[17]

[18]

VI. REFERENCES
[1]

[2]

[3]

[4]

[5]

[6]

[7]

Energy Statistics: an Overview. Eurostat Statistics Explained.
European
Commission.
https://ec.europa.eu/eurostat/statisticsexplained/index.php?title=Energy_statistics__an_overview#Final_energy_consumption (accessed May 19, 2021)
2020 Global Status Report for Buildings and Construction. Towards a
zero-emission, efficient and resilient buildings and construction sector.
https://globalabc.org/resources/publications/2020-global-statusreport-buildings-and-construction (accessed May 19, 2021)
V. Pérez-Andreu, C. Aparicio-Fernandez, A. Martínez-Ibernón and J.
L. Vivancos, “Impact of climate change on heating and cooling energy
demand in a residential building in a Mediterranean climate”, Energy,
165, pp.63-74, 2018, https://doi.org/10.1016/j.energy.2018.09.015.
NASA U.S. National Aeronautics and Space Administration Earth
Science Communications Team, Jet Propulsion Laboratory.
https://climate.nasa.gov (accessed May 19, 2021)
D. Barriopedro, E. Fischer, J. Luterbacher, R. M. Trigo and R. GarciaHerrera, “The hot summer of 2010: redrawing the temperature record
map of Europe”, Science, 332 (6026), pp.220-224, 2011, doi:
10.1126/science.1201224.
E. Rodrigues and M. S. Fernandes, “Overheating risk in Mediterranean
residential buildings: Comparison of current and future climate
scenarios”,
Applied
Energy,
259,
114110,
2020,
https://doi.org/10.1016/j.apenergy.2019.114110.
EN 16798-1:2019. Energy Performance of Buildings – Ventilation for
buildings - Part 1: Indoor Environmental Input Parameters for Design
and Assessment of Energy Performance of Buildings Addressing

[19]

[20]

[21]

[22]
[23]

[24]

Indoor Air Quality, Thermal Environment, Lighting and Acoustics Module M1–6. Brussels, 2019.
EU
energy
in
figures.
Statistical
pocketbook
2018,
https://op.europa.eu/en/publication-detail/-/publication/99fc30ebc06d-11e8-9893-01aa75ed71a1/language-en/format-PDF/source77059768 (accessed May 19, 2021)
Z. Ma, P. Cooper, D. Daly and L. Ledo, “Existing building retrofits:
Methodology and state-of-the-art”, Energy and buildings, 55, pp.889902, 2012, https://doi.org/10.1016/j.enbuild.2012.08.018.
T. M. Gulotta, M. Cellura, F. Guarino and S. Longo, “A bottom-up
harmonized energy-environmental models for europe (BOHEEME): A
case study on the thermal insulation of the EU-28 building stock”,
Energy
and
Buildings,
231,
110584,
2021,
https://doi.org/10.1016/j.enbuild.2020.110584.
É. Mata, A. Sasic Kalagasidis and F. Johnsson, “Building-stock
aggregation through archetype buildings: France, Germany, Spain and
the
UK”.
Building
and
Environment,
2014,
https://doi.org/10.1016/j.buildenv.2014.06.013.
K. J. Lomas and R. Giridharan, “Thermal comfort standards, measured
internal temperatures and thermal resilience to climate change of freerunning buildings: A case-study of hospital wards”, Building and
Environment,
55,
pp.57-72,
2012,
https://doi.org/10.1016/j.buildenv.2011.12.006.
A. Mavrogianni, P. Wilkinson, M. Davies, P. Biddulph and E.
Oikonomou, “ Building characteristics as determinants of propensity to
high indoor summer temperatures in London dwellings”, Building and
Environment,
55,
pp.117-130,
2012,
https://doi.org/10.1016/j.buildenv.2011.12.003.
G. Dall’O, A. Galante and M. Torri, “A methodology for the energy
performance classification of residential building stock on an urban
scale”,
Energy
and
Building,
48,
pp.211-219,
2012,
https://doi.org/10.1016/j.enbuild.2012.01.034.
J. Sokol, C.C. Davila and C.F. Reinhart, “Validation of a Bayesianbased method for defining residential archetypes in urban building
energy models”, Energy and Buildings, 134, pp.11-24, 2017,
https://doi.org/10.1016/j.enbuild.2016.10.050.
C.S. Monteiro, A. Pina, C. Cerezo, C. Reinhart and P. Ferrão, “The use
of multi-detail building archetypes in urban energy modelling”, Energy
Procedia,
111,
pp.817-825,
2017,
https://doi.org/10.1016/j.egypro.2017.03.244.
T. Loga, B. Stein, and N. Diefenbach, “TABULA building typologies
in 20 European countries—Making energy-related features of
residential building stocks comparable”, Energy and Buildings, 132,
pp.4-12, 2016, https://doi.org/10.1016/j.enbuild.2016.06.094.
M. Monzón-Chavarrías, B. López-Mesa, J. Resende and H. Corvacho,
“The nZEB concept and its requirements for residential buildings
renovation in Southern Europe: The case of multi-family buildings
from 1961 to 1980 in Portugal and Spain”, Journal of Building
Engineering,
34,
101918,
2021,
https://doi.org/10.1016/j.jobe.2020.101918.
R. Escandón, F. Ascione, N. Bianco, G. M. Mauro, R. Suárez and J. J.
Sendra, “Thermal comfort prediction in a building category: Artificial
neural network generation from calibrated models for a social housing
stock in southern Europe”, Applied Thermal Engineering, 150, pp.492505, 2019, https://doi.org/10.1016/j.applthermaleng.2019.01.013.
T. Blázquez, R. Suárez, S. Ferrari and J. J. Sendra, “Addressing the
Potential for Improvement of Urban Building Stock: A Protocol
applied to a Mediterranean Spanish Case”, Sustainable Cities and
Society, 102967, 2021, https://doi.org/10.1016/j.scs.2021.102967.
AVRA Andalusian Agency of House and Retrofitting (Agencia de
Vivienda y Rehabilitación de Andalucía, in Spanish),
http://www.juntadeandalucia.es/avra (accessed May 19, 2021)
Online Cadastrial Office (Sede Electrónica del Catastro, in Spanish),
https://www.sedecatastro.gob.es (accessed May 19, 2021)
Spanish Technical Building Code Basic Document: Energy Savings
(Código Técnico de la Edificación. Documento Básico: Ahorro de
Energía, in Spanish), 2017 Spanish Government Madrid Spain,
https://www.codigotecnico.org (accessed May 19, 2021)
C. M. Calama-González, R. Suárez and Á. L. León-Rodríguez,
“Building characterisation and assessment methodology of social
housing stock in the warmer Mediterranean climate: the case of
southern Spain”, IOP Conference Series: Earth and Environmental
Science, vol. 410, No. 1, pp.012049, 2020.

6

International Conference on Innovations in Energy Engineering & Cleaner Production IEE CP21

Development of Underground transportation Hazard management System (UTHMS) for Indian
underground hard rock mines
Dr. Falguni Sarkar
Assistant Professor,
Department of Mining Engineering
National Institute of TechnologyRourkela, India
E-mail: sarkarf@nitrkl.ac.in,
falguniind31@gmail.com

Sabyasachi Nayak
Mining Engineer
Founder and Director
Minemagma Pvt. Ltd. Bangalore, India
E-mail: sabyasachi@minemagma.com

operating procedures (SOP), codes of practice (COP)
and their monitoring measures.

Abstract
In present day Indian Mining scenario, the deployment of Heavy
Earth Moving Machineries (HEMM) like LHD (Load haul Dump),
LPDT (Low Profile Dump Truck), Drill Jumbo, Scissor lifts and
passenger carriers etc. in trackless underground mines is very
much indispensable requirement
for carrying out production,
transportation of men and material, manage environmental
sustainability and handling emergency situations efficiently. As the
HEMM’s are exhaustively used to load and haul the mined out
materials and also to carry a number of mine workers at a time,
occurrence of any accident can give rise to the disastrous
consequence. The proactive Safety Management System (SMP)
devised and implemented in accordance with Directorate General
of Mine safety (DGMS), India, guidelines and Hazard and
Operability Analysis (HAZOP) procedure is found inadequate to
explore component interaction failure and events involved with
operational safety protocol breach in such complex transportation
machineries. Therefore, a field experience based hazard
management framework namely Underground transportation
Hazard management System (UTHMS) is proposed in this
research for mitigating hazards arises due to contravention of
complex human-machine interaction protocols and contemporary
health- safety management procedures. The proposed UTHMS will
be structured on the basis of System Theoretic Process Analysis
(STPA), which will help the mine operators to presume the factors
involved in accidents pertaining to transportation system , and
formulate effective control structures and OCPs (Operational
control Procedure) with clear guidance to control the events
leading to the adversity. A digitized platform for monitoring
various aspects of UTHMS will be framed and the efficacy of the
UTHMS will be tested in selected underground hard mines in
India. The brief methodology for establishing UTHMS are
explained below:
1. Study on the safety features of various types of HEMMs
and construction of a database.
2.

Detailed study on the accident/incident scenario
pertaining to HEMM, development of Mine Accident
Data Analysis (MADA) structure.

3.

Evaluation of present safety management system
implemented by the mine management to reduce the
number of accidents.

4.

Establishment of a hazard and failure Analysis
Framework for HEMM System Based on STPA.

5.

Design of hazard mitigation procedure as per STPA that
includes operational control structures, standard

6.

Development of digitized platform to monitor all control
procedures, feedback management and record keeping.

7.

Implementation of the designed system and analysis of
outcomes.

The judicial implementation of the UTHMS is expected to reduce
maintenance errors and cost of compensations for accidents
significantly. Thus, it will help the mining industry to maintain
safe and productive work environment.
Keywords: Heavy Earth Moving Machineries (HEMM),
Directorate General of Mine safety (DGMS), Hazard and
Operability Analysis procedure (HAZOP), System Theoretic
Process Analysis (STPA), Underground transportation Hazard
management System (UTHMS)
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Abstract
Cementitious composites with less effect on the environment
and lower cost are the major components for advanced
technology of interest. For concrete composites a lot of negative
effects on environment were observed because of the emission of
greenhouse gases, deficiency in materials availability, and
higher consumption of energy. Hybrid fiber reinforced concrete
which is the mixture of different types of fibers in cementitious
composites with an enhanced behavior in mechanical properties
of cement-based composites as compared to that of single fiber
reinforced composites. The incorporation of natural fibers in
cementitious composites have relative effects on environment
which is one of the major aspects related to sustainability. The
overall aim of this research is to explore the behavior of hybrid
fiber cement composites towards sustainability and to promote
the use of hybrid fibers in composites for improved mechanical
properties. The current research is the review of previous
studies related to utilization of hybrid fibers in cement
composites considering sustainability aspect. In this paper, a
review has been done. The purpose of this research is to explore
the use of natural fibers hybridization with artificial fibers in
cementitious composites for sustainable construction. This
paper will provide a brief summary about the benefits of using
natural hybrid fibers for sustainable construction. Also, it will
promote the potential use of hybrid fibers in cementitious
composites. Moreover, the benefits of fiber inclusion in cement
composites like enhancement in the mechanical properties of
hybrid fibers cementitious composites have increase the demand
of these type of composites with introducing the novel principles
taking into consideration for sustainability. Thus, addition of
natural fibers with artificial/synthetic fibers can be another step
toward the sustainability in the concrete industry. This research
outcomes would present a valuable reference for both
practitioners of industry and research of academia that are
interested in the development of sustainable construction
materials.
Keywords: Hybrid fiber reinforced concrete, natural fiber,
synthetic fiber, mechanical properties, sustainability
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I.

INTRODUCTION

The incorporation of fibers helps the cement based composites to
overcome its weaknesses like less tension, higher shrinkage and
lower resistance against impact loading [1]. Few of the natural fibers
that are utilized in the productions of cement concrete are jute fiber,
sisal fiber, hemp fiber, coir fiber, flax fiber and cotton fiber [2, 3].
Worldwide, the local availability of these natural fibers results in no
fiber scarceness and available at a low cost. Usually the natural
fibers are environmental friendly and nonabrasive material [4]. The
natural fiber cement composites have shown favorable properties by
using few structural materials, which offers the best application for
nanotechnology [5-7]. Numerous natural and artificial fibers (i.e.,
glass, steel, and synthetic) are available commercially [8-10].
Among the fibers, polypropylene fiber and glass fiber are two
excellent micro-reinforcing materials to increase cement concrete's
strength properties. Investigations about adding polypropylene fiber
and glass in the cement concrete composite have been carried out to
improve its mechanical properties. The addition of polypropylene
fiber or glass fiber can bridge micro-cracks in the mixture and redivided stress, and stop stress from growing at the crack location.
[11, 12]. Various kinds of fibers like polypropylene fibers, steel
fibers, nylon fibers, basalt fibers, and glass fibers are used to produce
fiber reinforced concrete. Polypropylene fibers have been an interest
of researchers because of their resistivity to shrinkage, higher
roughness, and cheap cost [13].
The utilization of fiber in cement composites impacts the
environment and industrial pollution; that's why there is an
increment in the demand of fiber nowadays. Novel natural materials
are used in conventional cement concrete composites to minimize
the negative environmental impact [14-16]. The addition of macro
synthetic fiber reinforced concrete expanded fast over the past two
decades. It was concluded that macro synthetic fiber has better
benefits as equated to steel fiber, cheaply available, easily mixed
with cement concrete, weight lightness, less corrosive in cement
concrete, and give resistance against destructive chemicals [17, 18].
The incorporation of hybrid basalt polypropylene fibers in cement
composites is going towards popularity recently. Basalt fiber give
superior physical and mechanical properties, stability of higher
temperature, excellent tensile strength, incredible resistance to acid
alkali, and a strong capacity for plastic deformation, which is a novel
variety of environment-friendly, low cost, and green fiber [19, 20].
The addition of recycled aggregates in structural cement concrete
composites is a step towards a sustainable solution to minimize the
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misuse of natural sources and the adverse ecological impacts of
cement concrete waste [21]. Investigators are now exploring the use
of recycled materials from damaged vehicle tires, for example,
crumb rubber aggregate in cement concrete composites, to
overcome the problems generated by waste tires and protect the
environment by creating it green and sustainable [22]. Additionally,
the investigation stated that the performance of natural coconut fiber
and rope with cement concrete reinforced beam under dynamic
loading was improved [23]. Moreover, research was conducted on
coconut fiber reinforced concrete and coconut fiber ropes utilization
to determine the behavior for seismic-resistant construction [24].
The seismic behavior of coconut fiber reinforced concrete columns
with various reinforcing arrangements of coconut fiber ropes were
studied. This is an innovative material, which is under exploration
for the making of safe shelters with cheaper cost in the regions where
earthquakes occur [25]. Another research was carried out on the
determination of post-tensioned coconut fiber ropes to control
uplifts of interlocking blocks for mortar-free construction
throughout seismic loadings [26].
The significance of the present research is to review the behavior of
hybrid fiber reinforced concrete in the light of sustainability. In this
study, different hybridization of artificial and natural fibers together
is reviewed for the mechanical properties of cement composites. In
addition, the effect of hybrid fibers reinforced concrete on
environment is also studied. In this paper, a review has been done.
The purpose of this research is to explore the use of natural fibers
hybridization with artificial fibers in cementitious composites for
sustainable construction. This paper will provide a brief summary
about the benefits of using natural hybrid fibers for sustainable
construction. Also, it will promote the potential use of hybrid fibers
in cementitious composites.

II.

CONCEPT OF HYBRID FIBERS

In the concrete industry, hybrid fiber reinforced concrete has been
of great importance. When the combination of two or more fibers
are used in cement concrete composites, then, as a result, a hybrid
fiber reinforced concrete is obtained. Each fiber that is used in
hybrid fiber-reinforced cement concrete shows their promising
effects on composites [23]. The system of fiber hybridization needs
a mixture of various kinds of fibers to produce a synergic impact and
improve the cement composite behavior for properties of the fresh
state and hardened state [24]. Steel with polypropylene
hybridization has been getting popularity amongst different hybrid
fiber reinforced combinations. Although concrete develops
shrinkage and internal stresses, the hybrid steel polypropylene fiber
reinforced cement composites have the ability to divide stresses in
every direction over millions of polypropylene fibers available in
the mixture [25]. On the other hand, the benefit of utilizing a hybrid
fiber in concrete is that it minimizes the structure's dead load
because of the low density of the polypropylene fibers as compared
to that of steel fibers.

III. BEHAVIOUR OF

HYBRID FIBER
REINFORCED COMPOSITES
Synthetic fibers, like polypropylene fibers, have recently attracted a
lot of attention. For the better mechanical properties of cement
concrete reinforced with various kinds of hybrid fibers, the monofiber is generally preferred to cement concrete reinforcement. It is
strongly recognized that thick and longer fibers restrict the spreading
of macro cracks and increase the toughness at the region of post
cracking [27]. Whereas micro and shorter fibers bridge the micro
cracks, which results in improving the peak strength of composites
[28]. Accordingly, the investigators usually select the mixture of
fibers with various lengths, diameters, and elastic modulus [29],
[19]. Moreover, fiber reinforced cement concrete composites also
provide significant obstruction to the development and spreading of
cracks [30]. After a detailed study, it is summarized that

polypropylene fiber and steel fiber are used frequently in
composites. A vital role was played by the aspect ratio and content
of fibers in composites for enhancing multiple properties of cement
composites. Fibers start sustaining the load during the occurrence of
cracks. The fibers start transferring more stresses to the composites
while increasing the load on specimens. Fiber fracture or pull-out of
the fiber was observed during these stresses that pass the bond
strength among the matrix and the fiber [31]. Compared to ordinary
and single-length fiber reinforced mortar, the combination of basalt
fiber with four various lengths incorporating in cementitious
based composites enhanced mechanical performance [32]. In order
to get superior structural strength, it is essential to include fibers in
ordinary cement mortar [33]. Due to its bridging action, the
incorporation of recycled nylon fibers in cement mortar reduces the
number and width of cracks [34, 35].
Figure 2 represents a schematic diagram to demonstrate fiber's
primary bridging mechanism for cement concrete reinforced with
hybrid polypropylene and steel fibers under flexure loading. Many
internal macro or micro-cracks develop at the start of loading
because of the inherent shortcomings and composites shrinkage;
meanwhile, the major surface crack has not appeared. Although,
individually dispersed fibers could bridge the cracks, reducing the
stress from the composites. So, the polypropylene fiber has the
ability to counter the small micro-cracks propagation due to its weak
bond with the mixture and more vulnerable tensile properties (i.e.,
the pull-out load is very low). While the loading raises, the major
crack gradually produces, and the fiber tie together presents a crucial
act in enhancing the flexure behavior. The slippage of fiber and less
bonding can take place, whereas low interaction among mixture and
fiber. And probably increase at the interface of polypropylene fiber
and the mix. Fiber fracture occurs when the concentrated stress
reduces the fiber reinforcement boundary; however, the fiber has
completely adhered to the mixture; it was also noticed at the
interface of recycled tire steel fiber and the mix. Both phenomenon’s
showed enrichment of post-cracking achievement, particularly
energy absorption capacity, so as the value of energy absorption is
altered by multiple factors like the number of fiber and the spacing
of fibers nearby a specific crack [36].

Figure 1. Hybrid fiber reinforced concrete bridging mechanism
under flexural loading [36].

IV. HYBRIDIZATION

WITH ARTIFICIAL
AND NATURAL FIBERS
Experimental research has been taken to assess the enhancement in
mechanical properties of interlocked masonry walling without
mortar by incorporating natural fibers such as sisal fibers and rice
straw used in the mixture of plaster. The terminology for increment
in failure loads across non-plastered columns was noticed up to 5
times for control mix and up to 21 times for plaster mix with fibers
[37]. Further experimental research was conducted to evaluate shear
strengths, and residual compressive strengths for new coconut fiber
reinforced concrete interlocking blocks. After sustaining a set of
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dynamic loading, the increment up to 3.2% and 5.7% for in-plane
strength and compressive strength was observed. This enhancement
represents the merits of earthquake loading on structures without
mortar [38]. Another study was carried out on the addition of natural
plant fibers, i.e., wheat straw, to increase the performance and
potential of reinforced concrete for structural applications.
Experimental results revealed an improvement of 7.5% for flexure
strength, 30.4% for energy absorption, 11.1% for toughness indices,
and a good crack arresting mechanism by utilizing wheat straw in
fiber reinforced concrete. Moreover, rigid concrete pavement having
wheat straw has an equivalent design with a seeming more
sustainable and more long-lasting structure [39]. The performance
of jute fiber reinforced concrete composites is explored practically
under impact and dynamic loading conditions. The resistivity
against impact loading by the jute fiber reinforced concrete
composites is improved up to 6 times compared with normal
concrete. The 100% damping ratio and 68% dynamic young’s
modulus were also improved. The improvement in splitting tensile
strength was 8%, while the flexure strength was 20% observed.
According to the results, short jute fibers in cement concrete
composites may minimize steel reinforcement of slabs by roughly
28% [40]. Furthermore, the reinforcing index and constitutive
modeling are explored for normal concrete, single fiber reinforced
cement concrete, two-hybrid fibers reinforced concrete, and multiscale hybrid fibers reinforced cement concrete containing various
basalt fiber dosage. It is reported that the optimal mechanical
properties for multi-scale hybrid fiber reinforced cement concrete
was noticed with 0.8% basalt fiber dosage, calcium carbonate
whisker of 1%, and steel fiber of 0.25% dosage [41].
The findings showed that if the mass ratio of polypropylene fiber
to basalt fiber is 2:1 and the total mass is 6 kg/m3, the favorable
hybrid effect is more remarkable for both compressive test and
splitting tensile test. Compared to the concrete with exclusion fibers,
the splitting tensile strength was risen by 24%, while the
compressive strength was risen by 14%. Micro basalt fiber and
macro polypropylene fiber fracture resistance could not be
exchanged. Fibers with various dimensions and elastic modulus
perform vital roles in varying states of composites. Using hybrid
basalt polypropylene fibers in cement concrete composites showed
an improvement in compressive strength and splitting tensile
strength [42]. The hybrid fiber reinforced cement concrete was
composed by adding sisal fiber, polypropylene fiber, and banana
fiber to investigate the durability and mechanical properties of
cement concrete composites. Enhancement was observed by 24.3%
and 14.9% for compressive strength of M3 mix when comparison
with normal cement concrete composites at the curing age of 28
days. Similarly, an increment was recorded 47.54% and 37.19% of
splitting tensile strength for M3 mix when compared with normal
cement concrete composites at the curing age of 7 and 28 days,
respectively. Also, improvement was observed with the maximum
value of 5.58 N/mm2 and 10.9 N/mm2 of flexure strength for M3
mix when compared with normal cement concrete composites at the
curing age of 7 and 28 days, respectively [43]. Polypropylene,
carbon, and aramid fibers can efficiently increase the initial
mechanical properties of hybrid fiber reinforced cement concrete
composites, particularly for the flexure and tensile strengths.
Although the enrichment in tensile strength was associated with the
polypropylene fiber aspect ratio, on the other hand, the aspect ratio
of aramid fiber contributed to improving the flexural and
compressive behaviors. A minor effect of fibers aspect ratio was
reported concerning to the initial phase of hybrid fiber reinforced
cement concrete composites. Meanwhile, tensile strength is almost
15 times the compressive strength, which is equivalent to plain
concrete having 28 days curing age [44]. It was concluded from the
results of an experimental study that there was a direct effect of
volume content of the fibers on tensile and flexure strength and
improvement in the strength of first cracks due to the inclusion of

fibers was observed. All other combinations of steel-polypropylene
hybrid fiber reinforced cement concrete composites showed
effective synergy to the strengths of splitting tensile and flexure
strength. Therefore, hybridization of polypropylene/steel is more
beneficial for introducing the reinforcement in the structural
elements [45]. Table 1 is the representation of raw material, mix
proportion and increased strengths of hybrid fiber reinforced
concrete.
Table 1. Raw material, mix proportion, studied properties and
increased strengths of HFRC [22], [46], [44], [47].
Sr.
Raw material
No.

Strength
increment
1: 1.68: 1.15: 0: 0: 0 & C-S = Increased
w/c ratio 0.45.
48.02 MPa with
Cement, Sand,
P-P-F length = 3 mm.
0.1+0.9 % H-F
Aggregate,
S-F length 21 mm.
content as per PC.
Silica Fume,
Hybrid Fiber (H-F) =
C-S = Increased
Fly Ash, Slag,
(P-P+S) content =
33.94 MPa with
Water,
1
(0+1, 0.1+0.9,
0.1+0.9 % R-H-F
Polypropylene
0.175+0.825,
content as per R(P-P), Steel (S)
0.25+0.75, 1+0 %).
C.
fiber and
C-R = 20%.
S-T-S= Increased
Crumb Rubber
Total volume fraction
5.09 MPa with
(C-R).
= (1 %).
0.1+0.9 % H-F
By volume of PC.
content as per PC.
1: 2.34: 3.09: 0: 0: 0 &
w/c ratio 0.68.
1: 0.96: 2.21: 0: 0: 0 &
Cement, Sand,
w/c ratio 0.44.
Aggregate,
M-P-P-F length = 60
Silica Fume,
C-S = Increased
mm.
Fly Ash, Slag,
10%.
B-F length = 20mm.
2
Water,
F-S = Increased
M-P-P-F content = (0,
Macro
20%.
0.3, 0.7, 0.1 %).
Polypropylene
Hybrid Fiber (H-F) =
(M-P-P) and
(P-P+B) content =
Basalt (B) fiber.
(0+0.1, 0.3+0.1,
0.7+0.1, 0.1+0.1 %).
By volume of PC.
1: 1.12: 2.27: 0: 0: 0 &
Cement, Sand,
w/c ratio 0.39.
Aggregate,
C-S = Increased
P-P-F length = 9, 12,
Silica Fume,
18.3%.
18 mm.
Fly Ash, Slag,
F-S= Increased
C-F length = 1.7 mm.
Water,
38.7%.
3
A-F length = 5, 7, 9 ,11
Polypropylene
S-T-S= Increased
mm
(P-P), Carbon
40.8%.
Hybrid Fiber (H-F) =
(C), and
With H-F content
(P-P+C+A) content =
Aramid (A)
as per PC.
(0.04+0.04+0.04 %).
fiber.
By volume of PC.
1: 2.27: 2.91: 0: 0: 0 &
C-S = Increased
w/c ratio 0.36.
Cement, Sand,
with H-F.
P-P-F length =50 mm.
Aggregate,
C-S = Increased
B-F length =19 mm.
Silica Fume,
14% with 0.63+0
Hybrid Fiber (H-F) =
Fly Ash, Slag,
% H-F content as
4
(P-P+B) content =
Water,
per PC.
(0.63+0, 0+0.22,
Polypropylene
T-S = Increased
0.51+0.04, 0.42+0.07,
(P-P) and
24% with 0.63+0
0.32+0.11, 0.21+0.15,
Basalt (B) fiber.
% H-F content as
0.13+0.17 %).
per PC.
By volume of PC.
Note: Compressive-strength (C-S); Flexural-strength (F-S); Splittensile-strength (S-T-S).
Mix proportion
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V.

SUSTAINABILITY WITH HFRC
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In this paper, a review has been done. The purpose of this research
is to explore the use of natural fibers hybridization with artificial
fibers in cementitious composites for sustainable construction. This
paper will provide a brief summary about the benefits of using
natural hybrid fibers for sustainable construction. Also, it will
promote the potential use of hybrid fibers in cementitious
composites. One of the most important research fields in
engineering is the production of environmentally sustainable
materials. Concrete is a high-demand material for the building and
construction sector in civil engineering and related disciplines. By
minimizing the environmental toxicity effect and natural resource
scarcity caused by landfilled solid waste, the appropriate use of
hybrid fibers in concrete obtained from natural resources may
enhance the building industry's sustainability. The goal of the
current review is to discuss the hybridization effect of synthetic fiber
(polypropylene) with natural fibers for the flexure, compressive, and
splitting
tensile
strengths of
hybrid
fiber
reinforced
cementitious composites. After a detailed literature review, it was
found that the use of hybrid fibers in cementitious composites can
improve the mechanical properties. Further, hybrid fiber reinforced
cement based composites provide strong resistance to the formation
and generation of cracks at different level as per their scale size.
Hence, the addition of hybrid polypropylene fibers with natural
fibers could be an alternate solution for minimizing dangerous
environmental effects with cost effectiveness in construction
industry. Further study should be carried out on the utilization of
artificial fibers with natural fibers hybridization in cement based
composites for improved mechanical behavior as well as reduction
in environmental pollution and global warming by utilizing natural
resources. It is suggested to investigate the durability of hybrid
fibers as a concrete fiber reinforcement. Furthermore, the study on
the overall pore shape and pore continuity of the hybrid fibers
material for the concrete application need to be explored in future.
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Abstract
Fiber-reinforced concrete (FRC) provides a convenient,
practical and economical solution for reducing the microcracks and
other similar types of deficiencies to enhance the properties of
concrete. Natural fibers have a rough surface and absorb water,
which decreases the strength of concrete with the passage of time.
The improving of the natural fiber properties is necessary to enhance
the surface of the fibers, reduce water absorption of the fibers and
enhance the strengthening properties like flexural strength and
ductility, etc. which intern enhance the properties of composites. For
this purpose, different types of treatment techniques are used on
natural fibers for improving their surface and enhance the properties
of fiber-reinforced composites. In this paper different papers studies
about the properties of natural fibers, the use of natural fibers in
composites, treatment techniques used for enhancing the properties
of the natural fibers, and effects of the treatment techniques on
natural fiber for improving the composite behavior. To achieve these
goals, the treatment techniques used on natural fibers to smooth the
surface of the natural fibers and make fiber resist the absorption of
water. The treatment techniques used for this purpose are chemical,
physical, and surface treatment to improve the properties of the
natural fiber and make the fiber more durable and sustainable than
the non-treated natural fibers. The different treatment techniques of
fibers used not only improve the contact between fiber and concrete
but also increase the natural fiber's strength as well as reduce the
water-absorbing capacity of concrete and mechanical properties of
natural fibers increased which clearly show the enhancement of the
behavior of the composite using treated natural fibers in the
composites.
Keywords: Natural fibers reinforced concrete, treatment
techniques of natural fiber, enhance properties, reduce water
absorption.

I. INTRODUCTION
Pakistan is one of the amongst developing countries where natural
fibers are abundantly available. The utilization of natural fibers for
use in concrete has great interest nowadays, which making
economical materials for infrastructure. The natural fibers like
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wheat straw etc. before used in clay works as well for reducing the
number of cracks and cracks width in clay for use in houses and
increase the contact on the wall as well as the ground. Nowadays the
natural fibers used in concrete increase the properties of concrete as
they are abundantly available at a very low cost [1]. The replacement
of man-made fibers in concrete by natural fibers reduces the
environmental problem as well as reduces the cost of concrete and
improves the properties of concrete as like man-made fibers [2].
Fiber-reinforced composites play important role in Civil
Engineering applications because of their efficient strength, high
modulus, and reduced carbon content in the environment. Natural
fiber from coir, oil palm, sisal, banana, jute, bamboo, rice husk, and
kenaf, etc. are environmentally friendly materials that proved to be
good reinforcement reducing the density and cost of the composites
[3]. Natural fiber-reinforced composites have high corrosion and
impact resistance, low maintenance requirements, and nonconductive. Different types of Fibers used as reinforcement material
in concrete were glass, carbon, aluminum oxide, and Natural fibers,
especially flax, hemp, jute, henequen, and many others were applied
by researchers as fiber reinforcement in concrete.
Natural fibers used in concrete have low density, low cost,
recyclable and biodegradable [4]. The mechanical properties of
natural fibers are good and can compete with other types of fibers in
strength and modulus. Natural fiber can be used in concrete for
improving the properties of concrete and reduced the cost as well as
reduce environmental problems [5]. The natural fiber also reduces
microcrack, shrinkage cracks, and also increases the strength of the
composites-like synthetic, artificial, and other man-made fibers.
However, replacing other kinds of fibers with natural fibers, which
take time, using cost for producing give economical solution to
prepare fiber reinforced concrete. The main advantages of using
natural fibers in composites are the environmental aspect as natural
fibers absorb carbon content from the air especially plant fibers. The
pineapple leaf (PALF) which has good flexural and tensile
properties can be useful for construction and automotive industries
[6].
This paper gives information about the different types of natural
fibers using in composites for enhancing the composite behavior,
using the treatments techniques for natural fibers for improving
composite behaviors. For this purpose, different papers studied
natural fiber using in composites, treatment techniques used for
natural fibers, and their effects on natural fibers. The different
techniques used for natural fiber commonly are physical, chemical,
and physiochemical treatment techniques which depend on the fiber
types, required properties of the fibers to be achieved. This paper
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basically about the need for treatment of fibers, types of treatment
using and their effects on the behavior of composites.

II. USE OF NATURAL FIBERS IN CEMENT
COMPOSITES
Natural fiber using in concrete and plaster, which improve the
sustainability of the composite at low cost and abundantly available
in many countries especially plant-based fibers [7]. The researchers
utilizing natural fibers in construction to reduce waste, improve the
construction material properties, and get low-cost construction
materials. For improving the dynamic properties and impact
resistance of concrete panels jute fiber is used as a reinforcing
material, which improves properties and reduces the steel
reinforcement up to 30% [8]. Some natural fibers like wheat straw
were also used in concrete which shows enhance flexural strength
up to 7.5%, toughness indices 11.1%, and energy absorption up to
30.4% [9]. The natural fibers were used in concrete for the road with
a content of silica fume which enhances the mechanical properties
and results in the reduction of road thickness up to 8% [10]. Types
of fibers show in figure 01 below.

in concrete as fiber-reinforced concrete gives an economic solution
for improving the concrete properties [19]. The natural fibers have
low durability as they deteriorate in the alkaline cement matrix due
to erosive behavior [20]. Table number 01 shows the chemical
composition of the natural fibers as shown below.
Table 1. Chemical composition of Common Natural Fibers
[21]
Fiber

Cellulose
(%)

Lignin
(%)

Hemicell
ulose (%)

Pectin
(%)

Ash
(%)

Fiber
Flax

71

2.2

18.6 20.6

2.3

-

Seed
Flax

43-47

21-23

24 - 26

-

5

Kenaf

31-57

15-19

21.5 - 23

-

2-5

Jute

45-71.5

12-26

13.6 - 21

0.2

0.52

Hemp

57-77

3.7-13

14 – 22.4

0.9

0.8

Rami
e

68.6-91

0.6-0.7

5 - 16.7

1.9

-

Abac
a

56-63

7-9

15 - 17

-

3

Sisal

47-78

7-11

10 - 24

10

0.61

Hene
quen

77.6

13.1

4-8

-

-

The chemical composition of common natural fibers shown in table
number 01 which contain different content on different proportions.
The treatment techniques improve not only the surface of the fiber
but also enhances the chemical composition of the natural fibers.
The treatment technique type using for natural fiber treatment
depends on the type of fibers or chemical composition of the fiber
as well to enhance the properties of the fiber to required or up to
some level.

Figure 01: Fiber Classifications [11]
Natural fibers are used in plaster as well which effectively show
lateral resistance of the mortarless interlocking masonry structures
like sisal fiber and rice straw fibers [12]. A lot of work done on
coconut fibers for use in concrete to enhance the properties of
concrete and uses the ropes of coconut fiber as well in structural
members which show improve in the lateral resistance of the
structural members and improve dynamic properties of the structural
members effectively [13]–[17]. Nowadays research work in
progress on hybrid fibers which show better performance than the
single fiber used in concrete to improve the fiber reinforced concrete
properties and reduce cracks propagations [18]. The fibers using
concrete enhance the properties like toughness indices, flexural
strength, tensile strength and reduces wasting of materials as well as
reduces cracks and cracks propagation of the fiber-reinforced
concrete.

III. CHARACTERISTICS OF NATURAL
FIBERS
The natural fibers are obtained from the product that is used, it is a
waste material obtained from the waste of the product, and their use

IV. TREATMENT TECHNIQUES USED
As natural fibers used in concrete have a rough surface, which
causes a weakness in the bond between fiber and matrix. The natural
fiber has water absorption capacity which tends to deteriorate the
composite with the passage of time. The untreated natural fiber has
low durability, sustainability, weak bond, and corrosive nature. To
enhance the properties of fiber-reinforced concrete different
treatment techniques of surface improving are used, which include
physical treatments, chemical treatments, and physicochemical
treatment techniques to modify the natural fiber surface and improve
the desired properties of fibers. These treatment techniques are used
mostly for the plant fibers to enhance their properties and to increase
the life of the composite. These fiber treatment techniques are
necessary to enhance the strength properties of the fibers and
improve the durability of the fiber which in result will enhance the
properties of the fiber-reinforced concrete. The different treatment
techniques used for modification of natural fibers are followings. As
can see different treatment techniques are using for fiber to improve
the properties of the fibers. The technique selected for fiber
treatment depends on the fiber properties improving and types of
fiber. The most common techniques using are Physical treatment,
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Chemical treatment, and Physiochemical treatment which are
selected on the basis of fiber type and required properties to achieve.

V. EFFECTS OF TREATMENT OF
NATURAL FIBERS ON COMPOSITE
BEHAVIOR
The method used on natural fibers of surface treatment shows
improvement in mechanical properties of concrete such as tensile,
compressive, and flexural strength of the natural fibers as well as
enhance the durability and sustainability of natural fibers as
compared to untreated natural fibers. The bamboo fiber was treated
with Ca (OH)2 for the reinforced cement composite which enhances
the properties of fiber and increases the flexural strength of the
composite up to 40% after 90 days of curing period the untreated
fibers [22]. The Kenaf fiber used in cement treated sandy soil was
efficiently shown in enhancing the properties like unconfined
compressive strength, splitting tensile strength, and decrease the
brittle indices, modulus of elasticity, and ultrasonic wave velocity
[23]. The treated coir fiber of 1% and pond ash 10% used with 4%
of cement content in the cement-stabilized clay which enhances the
unconfined compressive strength 3.72 times and split tensile
strength 3.83 times while reducing the stiffness and brittle behavior
of the composite change to ductile behavior [24]. Treated Hemp
Fiber Reinforced Composite (THFRC) and untreated Hemp Fiber
Reinforced Composite (UHFRC) properties are shown in table
number 02.
Table 2. Effects of treatment on properties of Hemp Fiber [25]
Type of Fiber

Age (days)

Flexural
Load (N)
pmax

Modulus of
Elasticity
E(MPa)

UHFRC

14

1,907

17,584

28

2,325

20,481

14

2,158

17,015

28

2,488

18,279

Figure 02: Fiber Modifications [11]
A. Physical Treatment
The physical treatment technique used for natural fibers can change
the surface and structural characteristics of natural fibers, improve
thermal properties as well as the mechanical bonding of the concrete
without affecting the chemical characteristics of natural fibers.
These treatment techniques are implemented on natural fibers only
to separate the bundle of fiber into a single filament to improve their
surface and other properties for composite applications. Physical
treatment includes solvent extraction, simple mechanical and
electric discharge techniques.

B. Chemical Treatment
The chemical treatment technique is used for the purpose of
changing and activate the natural fiber structure by using a hydroxyl
group, which modifies the composition of the fiber with a new
element to connect with the matrix. By using chemical treatment
techniques for the fiber modification increase the mechanical
properties of the fiber and adhesion of the fiber for increasing the
bonding of the fiber in composites and reducing the water absorption
capacity of concrete. Chemical treatment includes Alkali, coupling
agent, enzymes, and peroxide techniques.

C. Physiochemical Treatment
The physicochemical treatment technique is a combination of both
physical and chemical treatment techniques. This technique has an
advantage on physical and chemical techniques using separately
because it is the combination of both techniques to support the
chemical reaction as well as separate the bundle into filaments. This
type of treatment provides high quality of fibers and these fibers
have good mechanical properties and show significant improvement
in mechanical properties of fibers.

THFRC

From table 02 it can be seen that the load sustained by THFRC is 713% more than the UHFRC while the modulus of elasticity of
THFRC is 3-11% less than the UHFRC. This means that the flexural
strength ductility of the composite increased by treating the hemp
fibers. The flexural strength and ductility of the coconut fiberreinforced composites also increased by treating the coconut fibers
[26].

VI. CLEANER PRODUCTION
Cleaner production is basically the process of product and
production process which focuses on utilizing the natural resources
to minimize the waste generated. The utilization of natural resources
like natural fibers in composites gives a better solution for reducing
waste. As waste pollution is a major issue in many developing
especially in Asia’s countries. This waste of the natural fibers can
be reduced by using the natural fibers in composite like in concrete,
plaster. As natural fibers improving the properties of the composite
like flexural strength, durability, ductility, and reducing the number
of cracks as well as the propagation of the cracks of the composites.
So, utilizing the natural fibers in composite gives a better solution
for reducing waste pollution.

VII. CONCLUSION
The treated natural fibers used in composites show improvement in
the behavior of the composites as compared to using untreated
natural fibers. It has been observed from the review of the papers
that treatment techniques used for natural fibers improve the
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strength of the fibers, improve water absorption resistance of the
fibers, and improve durability as well as the ductility of the
composites. The selected treatment techniques depend upon the
natural fiber type and the required properties of the fibers to be
improved. The utilization of natural fibers reducing waste pollution
as well which a major issue in many developing countries.

[9]

[10]

The following conclusion is made from the treatment of fibers
[11]

1.
2.
3.
4.

Treatment techniques used on natural fiber increase the
quality of NF for use in concrete.
Treatment techniques of natural fiber increase the bonding
strength of fiber and matrix.
Treatment techniques of natural fiber increase the
durability as well as the sustainability of fibers.
Treatment techniques of natural fiber reduce water
absorption of the fiber.

The replacement of man-made fibers in concrete with natural fibers
has great potential nowadays. The natural fibers using in concrete
reduce environmental problems and well as it has very low cost and
economical which abundantly available. As the treatment
techniques using on natural fibers improve the quality of fibers and
enhance their mechanical properties of natural fibers. The bonding
strength of fiber and matrix is also enhanced by treatment of NF as
well as improving the durability and sustainability of NF. As the
natural fiber has the capacity of absorbing water which can be
reduced by the treatment of fibers. The physicochemical treatment
is getting intention then using separately physical or chemical
because it shows that it improves both physical as well as chemical
properties of natural fibers. Natural Fiber as fiber-reinforced
concrete will be very useful for utilizing to avoid waste pollution
caused by natural fibers and enhance the concrete properties.

[12]

[13]

[14]

[15]

[16]

[17]

[18]
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Abstract
Terrestrial heat flow is a surface indicator of potential
geothermal resources in depth, and its measurement and
compilation are important for evaluating the merits of
geothermal resources. The Kangding area locates in the western
Sichuan Province of China where regional thermal fractures
develops showing good potential for geothermal energy
development but with barely precise heat flow data. We collect
the borehole temperature data from the geological survey report
of the Sichuan-Tibet Railway that passes through the Kangding
area where geothermal survey data are in lack. In total, 50 sets
of high-quality data are compiled. The average heat flow in the
study area is calculated as 86.96  39.73 mW / m 2 , which fills
the gap of heat flow data in Western Sichuan. With the obtained
heat flow data incorporating into the heat flow database, the
regional heat flow is numerically studied by the Kriging
interpolation method to obtain the map of the geothermal flow
in Sichuan Province. A preliminary assessment of the
exploitation of geothermal energy resources is finally made in
the Kangding area of western Sichuan. The results indicates that
Kangding area has the good potential for geothermal
exploitation.
Keywords: Terrestrial Heat Flow; Kriging interpolation;
geothermal energy in Kangding area; Sichuan-Tibet railway;

I.

INTRODUCTION

As a new type of clean energy, geothermal energy resources have
environmental and economic advantages over conventional energy
sources[1]. China has abundant reserves of geothermal energy
resources, of which hydrothermal geothermal resources are
equivalent to 1,250 billion tons of standard coal, and the reserves of
dry hot rock resources are equivalent to 856 trillion tons of standard
coal [2]. According to the evaluation results of geothermal energy
resources in mainland China by Guocheng Ren et al. [3], hot dry
rock resources at a depth of 3~10km in mainland China total
21×106EJ. If calculated by 2% of the exploitable resources, it is
traditional Hydrothermal geothermal energy resources are 16.8
times, approximately equivalent to 4,400 times the total energy
consumption of mainland China in 2010.
As an important transportation and tourist route for Sichuan-Tibet
Highway and Sichuan-Tibet Railway, Ganzi Prefecture of Sichuan
Province has abundant geothermal energy reserves. According to the
summary of previous work, there are 264 hot spring spots and 17
geothermal wells in the prefecture [4]. Geothermal energy resources
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in the form of high-temperature steam and underground hot water
can provide a wide range of uses for local tourism, heating, power
generation, agricultural planting, etc.
However, the current assessment of the distribution of geothermal
energy reserves in Western Sichuan mainly relies on existing hot
spring spots and geothermal wells. Spatial distribution
characteristics, the resulting evaluation results only have a certain
reference value for the surrounding areas of the existing data points,
and no research has been conducted to evaluate the regional
distribution characteristics of geothermal energy resources in
western Sichuan. The main reasons are: sparsely populated areas in
western Sichuan, inconvenient transportation, and low local
utilization of geothermal energy resources, resulting in a lack of data
related to geothermal energy.
This paper supplements the existing heat flow database based on the
50 sets of borehole temperature measurement data screened and
calculated based on the borehole temperature measurement data of
the Kangding Formation of the Linzhi to Ya'an section of the newly
built Sichuan-Tibet Railway, and combined the existing data to draw
the Terrestrial Heat Flow map of the Kangding area. An assessment
of the regional distribution of geothermal energy and heat storage in
Kangding County and surrounding areas in Ganzi Prefecture will lay
the foundation for the future development of the geothermal energy
industry in this region.

II.

OVERVIEW

The Ganzi Prefecture is located in the eastern part of the QinghaiTibet Plateau and belongs to the Tethys tectonic domain. Due to the
convergence-collision-orogeny of the Indian and Eurasian plates,
many lithospheric-scale strike-slip, thrust fault zones and volcanic
island arcs have been formed. The average altitude is above 4000m
in the plateau area [4]. Frequent geological tectonic movements
have made the Ganzi area rich in geothermal resources [5].
There are 264 hot spring spots and 17 geothermal wells in Ganzi
Prefecture, including 35 hot springs and 13 geothermal wells in
Kangding County (the highest water vapor temperature at the well
head reaches 198°C), which has high utilization potential.

Figure 1 Geographical distribution map of newly increased
Terrestrial Heat Flow measurement point
1
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III. BOREHOLE TEMPERATURE MEASUREMENT AND
HEAT FLOW DATA IN KANGDING AREA
The ground heat flow value is defined as the heat flow value through
a unit area of the earth's surface per unit time, which is a necessary
parameter for evaluating the potential of geothermal energy
resources [6]. The study of China’s Terrestrial Heat Flow began in
the 1960s when Shanfeng Yi reported three heat flow data in the
Northeast Mesozoic basin. In 1979, the Geothermal Group of the
Institute of Geology of the Chinese Academy of Sciences officially
announced the first batch of 25 Terrestrial Heat Flow data [7]. Wang
Jiyang et al. [7-10] successively summarized and updated heat flow
data in mainland China, and up to now a total of 1230 sets of heat
flow data have been collected.
The China Terrestrial Heat Flow Database ((http://chfdb.xyz/)
produced by the Geothermal Resources Research Center of the
Institute of Geology and Geophysics, Chinese Academy of Sciences
(http://chfdb.xyz/) compiles all currently publicly published data of
China’s Terrestrial Heat Flow, and the distribution of existing heat
flow data in Sichuan Province (see Figure 2) are mainly distributed
in the eastern and southern regions of Sichuan. There are very few
data in the northern part and no data in the western part.

On one hand, it is because of inconvenient transportation and
sparsely populated people. On the other hand, it is mainly due to the
lack of geothermal drilling information. The present research data is
mainly derived from the central, eastern, and southern regions of
Sichuan province. As consequence, it is impossible to accurately
quantify the Terrestrial Heat Flow in the western Sichuan region so
as to evaluate the geothermal energy storage.
40
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Existing heat flow data
in Sichuan Province
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Cumulative frequencies

The new Kangding area of the Nyingchi-Ya'an section of the
Sichuan-Tibet Railway is a key control project of the Sichuan-Tibet
Railway. During the survey and design stage, a lot of survey work
has been done along the line. Therefore, multiple sets of borehole
temperature measurement data have been obtained, which is not
only for the safety construction of the Sichuan-Tibet Railway, but
also provides a data source for understanding the distribution of
geothermal energy resources along the line. Figure 1 shows the
geographical distribution of new boreholes with temperature
measurement.
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Figure 3. Bar statistics of existing heat flow data in Sichuan
Province
The values of the borehole geothermal gradient and rock thermal
conductivity are based on the field test results. For a single
formation, the relationship between the Terrestrial Heat Flow value
and the geothermal gradient and rock thermal conductivity is:
dT
q=k
(0.1)
dx
where q is the earth heat flow value, k is the thermal conductivity
of the rock, and dT dx is the geothermal gradient;
Considering the complexity and diversity of actual engineering
geology, the stratum in the borehole cannot be single. The rock
thermal conductivity can be calculated according to the weighted
average of the thickness of different rock layers in the borehole.
H
k =  ki i
(0.2)
H
i
For a set of borehole temperature measurement data, ki is the
thermal conductivity of the rock, Hi is the stratum thickness, and
H is the borehole depth.
The value of rock thermal conductivity refers to the empirical values
provided in the "Code for Geological Survey of Geothermal
Resources" (GB/T 11615-2010) [12], as shown in Table 1.
Table 1 Rock thermal conductivity

Figure 2. Distribution of existing heat flow data in Sichuan
Province
The existing 89 sets of heat flow data in Sichuan Province (see
Figure 3) meet the characteristics of normal distribution. The
minimum, the maximum, and the average heat heat flow values are
respectively 27.4 mW / m 2 , 94.7 mW / m 2 , and 53.75  12.24
mW / m 2 . Compared with the 4th edition of the statistical results of
heat flow in mainland China [7] with average of 61.5  13.9
mW / m 2 , the average of this area is smaller, indicating that the
existing heat flow data belong to the middle and low heat flow areas.
The high-temperature hot water activity in western Sichuan is rich
in geothermal resources, but the utilization rate is less than 8% [11].

Rock name

Thermal conductivity(W/m℃)

granite

2.721

Limestone

2.010

sandstone

2.596

Sandy clay

0.921

Using the above formula, filtering and calculating on-site data can
get 50 sets of heat flow data as shown in Table 2.
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Table 2 Newly added Sichuan heat flow data in this article
Numbering

longitude

latitude

Heat flow value（ mW / m 2 ）

1

102°12'25.20"

29°55'50.88"

37.80

2

101°56'02.40"

30°05'59.28"

40.50

3

101°55'31.44"

29°59'22.92"

72.90

4

101°38'39.84"

30°03'49.32"

62.10

5

101°55'15.24"

30°07'03.72"

48.60

6

101°51'52.92"

30°08'28.68"

62.10

7

101°48'13.32"

30°05'25.08"

43.20

8

101°47'15.72"

30°05'03.48"

81.00

9

101°45'57.96"

30°04'50.16"

162.00

10

101°45'09.36"

30°05'04.56"

81.00

11

101°42'36.72"

30°04'12.00"

110.00

12

101°49'22.80"

30°02'52.44"

34.56

13

102°13'18.48"

29°56'44.16"

86.50

14

102°12'26.64"

29°56'48.48"

42.39

15

102°06'56.88"

30°00'59.76"

86.40

16

102°01'30.00"

30°04'39.36"

180.90

17

101°58'40.44"

30°06'32.04"

116.30

18

101°56'38.76"

30°07'21.36"

133.00

19

101°57'16.92"

30°08'04.56"

115.00

20

101°56'43.44"

30°08'49.20"

64.80

21

101°56'08.88"

30°08'13.56"

83.70

22

101°57'12.24"

30°06'39.24"

32.40

23

101°57'03.24"

30°06'02.88"

170.10

24

101°55'53.40"

30°08'00.60"

67.50

25

101°55'21.72"

30°07'50.88"

197.10

26

101°54'59.40"

30°06'49.32"

97.20

27

101°55'09.12"

30°02'42.00"

175.50

28

101°55'27.48"

30°02'53.88"

51.30

29

101°46'34.32"

30°02'40.92"

62.10

30

101°44'09.60"

30°03'32.40"

110.70

31

101°52'06.96"

29°59'58.92"

74.25

32

101°52'26.76"

29°59'18.24"

67.50

33

101°44'44.88"

30°02'42.72"

91.80
3
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34

101°42'10.44"

30°04'40.08"

74.25

35

101°48'45.00"

30°04'51.96"

45.90

36

101°50'43.80"

30°01'44.04"

145.00

37

101°33'05.76"

30°04'44.76"

54.00

38

101°32'00.60"

30°04'43.68"

108.75

39

101°31'04.80"

30°04'37.92"

132.30

40

101°30'25.20"

30°04'32.52"

75.60

41

101°53'33.72"

29°58'44.40"

56.70

42

101°57' 50.04''

29°57' 14.76''

79.89

43

101°57' 50.04''

29°57' 14.76''

82.12

44

101°57' 37.80''

29°56' 43.08''

73.85

45

101°57' 50.04''

29°57' 06.84''

82.22

46

101°52' 04.80''

30°16' 13.80''

77.36

47

101°50' 15.36''

30°16' 56.64''

78.50

48

101°50' 15.36''

30°16' 58.08''

77.56

49

101°52' 13.80''

30°15' 58.32''

74.94

50

101°13' 15.24''

30°51' 10.44''

87.16

A.
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Heat flow data collection

In order to avoid the influence of the interpolation boundary error
on the heat flow inversion, we collected 400 sets of heat flow data
in Sichuan and surrounding areas(see Figure 5). In Sichuan
Province, there are 89 sets of existing heat flow data and 50 sets of
new data, for a total of 139 sets of data.
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Figure 4 Newly added bar graph of heat flow data

IV. HEAT

FLOW MODELING

In recent years, with the rapid development of Geographic
Information System (GIS), spatial interpolation methods have been
widely used. Among them, Kriging Interpolation is the most widely
used.
Kriging interpolation (Kriging), also known as spatial local
interpolation [15], is a method of unbiased optimal estimation of
regionalized variables in a limited area based on the theory of
variogram and structural analysis. One of the main contents of
statistics, which is widely used in rainfall distribution, petroleum
engineering, hydrology, meteorology, geology and other fields.
Based on the newly added 50 sets of heat flow data in this paper and
the existing heat flow data in Sichuan Province and surrounding
areas, Surfer commercial software is used to complete the drawing
of heat flow maps in this paper.

Figure 5 Heat flow data distribution map

Verification of the correctness of the
interpolation method
B.

In order to verify the accuracy of the Kriging interpolation method,
we firstly draw the heat flow map of the China area and compare it
with previous work.
The data for drawing China’s Terrestrial Heat Flow map comes
from the official website of the International Heat Flow
Commission (IHFC). The latest database shows that China has 1621
sets of heat flow data. Figure 6 shows the use of Surfer to map the
terrestrial heat flow in China and the Terrestrial Heat Flow map
drawn by surfer can be seen in Figure 6.
4
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By comparing with the heat flow map drawn by Jiang et al. [16, 17],
the overall distribution characteristics and the heat flow distribution
characteristics in the structural geological zone in this paper are
basically the same as the previous work. Such as Qinghai The
Republic Basin, the Guangdong-Hong Kong-Macao Greater Bay
Area, the Asia-Europe plate-Pacific plate, and the Asia-Europe
plate-Indian Ocean plate junctions have obvious high heat flow area
characteristics, which also verifies the accuracy of the heat flow
mapping method in this paper.

in the southwest and along the northwest. It is spread near the deep
fault zone area.
Due to the land-continent collision of the Cenozoic India-Eurasian
plate along the Yarlung Zangbo suture zone and the magmatism of
the Mediterranean-Himalayan geothermal activity zone, resulting in
a high heat flow distribution in the southwest of Sichuan Province.
And there is a long-range diminishing effect of heat transfer from
the east structural junction along the north-east direction. But it does
not continue to decrease, because the Xianshuihe, Ganzi-Litang,
Dege-Xiangcheng, Jinshajiang, and Batang fault zones are still
affected in western Sichuan. It shows that the deep fault zone is the
main controlling factor of the geothermal anomaly area in western
Sichuan [11].
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Figure 6 Terrestrial Heat Flow map in China mainland
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C.

Heat flow data plotting

The land-continent collision of the India-Eurasian plate is the main
cause of the intense crustal activity and abnormal regional heat flow
on the Qinghai-Tibet Plateau. The Western Sichuan Plateau is
affected by the global geological structure and the accompanying
regional fault structures, giving the Western Sichuan Plateau a
tectonic background and geothermal conditions that give birth to
intense hydrothermal activity. Figure 7 shows the distribution of hot
springs along the fault zone in the Western Sichuan region.
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Figure 8 Terrestrial Heat Flow map of Sichuan Province
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Figure 9 Terrestrial Heat Flow map in Kangding area

EVALUATION
OF
GEOTHERMAL
POTENTIAL IN KANGDING AREAS

V.
Figure 7 Geothermal geological map of western Sichuan [11]
Using the Kriging interpolation method, in order to improve the
accuracy of the interpolation results, the raster data spacing is set to
0.1  0.1 , and the Terrestrial Heat Flow map of Sichuan Province
and Kangding area is drawn as shown in Figure 8 and Figure 9.
From the inversion results of the Terrestrial Heat Flow in Sichuan
Province, Fig. 8 shows that the Terrestrial Heat Flow in Sichuan
Province is decreasingly distributed from west to east, and is
obviously higher in the west and lower in the east. The areas of high
heat flow are mainly distributed in Derong, Xiangcheng, Daocheng

Analyzing the heat flow map of Kangding County, we can find that
the Terrestrial Heat Flow values of Kangding County vary from 64
to 101, which are higher than the original average heat flow data of
Sichuan Province (53.75  12.24 mW / m 2 ), the average heat flow
value of mainland China (61  15.5 mW / m 2 ) and the global
average heat flow value. (65  1.6 mW / m 2 ) [13]. The overall heat
flow value is high, and it has the potential for geothermal
exploitation. The heat flow value in the north is higher than that in
the south, and reaches the highest value of 101 mW / m 2 in the
5
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northeast of Kangding. The Kangding County is affected by the
Xianshuihe fault zone, which is a deep and large high-temperature
shear zone and characterized by intense hydrothermal activity, high
geothermal gradient and high heat flow, inducing high heat flow
value of this area.
Daofu County, Danba County and the northeastern part of
Kangding County are all located nearby the Xianshuihe fault zone.
The heat flow value is high and distributed along the northwest. The
heat flow value ranges from 75~101 mW / m 2 , and the heat flow
value reaches the highest value of 101 in the northeast of Kangding
County. The heat flow value of Xiaojin County, which borders the
northern part of Kangding County, ranges from 72~ 77 mW / m 2 .
The heat flow value of Yajiang County, which borders the eastern
part of Kangding County, ranges from 70~80 mW / m 2 . The
Jiulong County, which borders the southern region of Kangding
County, the Luding County, which borders the central region, and
the Shimian County presents the phenomenon of long-distance
decline in heat transfer from east to east, with heat flow values
ranging from 54~64 mW / m 2 . In the southern part of Luding, the
lowest heat flow is 54 mW / m 2 . The result shows that the heat flow
distribution in Kangding area is significantly affected by regional
tectonic effects and high heat flow areas. The formation of the zone
is the result of the combined effect of the East structure and the
Xianshuihe fault zone.
The heat flow in the Xianshuihe fault zone is significantly higher,
indicating that the Xianshuihe fault zone is the main reason for the
formation of the high heat flow zone according to the above earth
heat flow values. The distribution characteristics provide the
evidence that it has good potential to exploit and utilize the
geothermal resources in Kangding area.

VI.

CONCLUSION

In this paper, by processing the borehole data in the geological
survey report of the Kangding area of the Sichuan-Tibet Railway,
50 sets of high-quality data are initially obtained. Based on the
newly added heat flow data, a heat flow map of Sichuan Province
and Kangding area was drawn. The following conclusions can be
drawn from the work done:
1) The average heat flow value in the Kangding area is 86.96 
39.73 mW / m 2 obtained from the borehole temperature data of
Sichuan-Tibet Raiway geological survey.
2) The high heat flux zone is distributed along the northwest of
Kangding area. The terrestrial heat flow value of Kangding County
ranges from 64~101 mW / m 2 with the highest value of 101
mW / m 2 in the northeast Kangding County.
3) The formation of the high heat flux zone in Kangding area is the
result of the joint action of the Xianshuihe fault zone and the eastern
structure junction. Due to the diminishing effect of the heat transfer
of the east structure junction, the high heat flow zones are mainly
distributed along the northwest, and the active Xianshuihe fault
zone is the main reason for the formation of the high heat flow zones
in Kangding County and its surrounding areas.
The above opinions on the exploitation and utilization of
geothermal energy resources in different areas of Sichuan Province
need to be specifically investigated in conjunction with the specific
local engineering geological conditions, which is also the work to
be done in future.

work is partially supported by the 111 Project (B17009) and under
the framework of Sino-Franco Joint Research Laboratory on
Multiphysics and Multiscale Rock Mechanics.
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Abstract
Ionic liquids (ILs) have emerged in recent years as
promising green solvents to replace conventional solvents. This
work aims to the separation of n-heptane-toluene mixture by
extractive distillation using ionic liquid (IL) to enhance the
performance of the process. The ionic liquid [4EMPy] [NTF2],
"1-ethyl-4-methylpyridiniumBis(trifluoromethanesulfonyl)imide”, was proposed due to its high selectivity
compared to the conventional solvent "Sulfolane".
The calculation of the VLE of n-heptane-toluene mixture in
the presence of the solvent was performed using the NRTL
activity coefficient model. The effect of the concentration of the
IL showed that the relative volatility of n-heptane (1) to toluene
(2) in the presence of [4EMPy] [NTF2] increases at a smaller
solvent concentration compared to Sulfolane. The best
operating conditions for the extractive distillation process were
determined to recover n-heptane with a high purity of 99.9 mol.
%. It was found that the ionic liquid [4EMPy] [NTF2] is more
efficient than sulfolane for separating n-heptane/toluene close
boiling point mixture even it is used in small amounts and it is
less energy consuming.
Keywords: n-heptane/toluene, close boiling point, NRTL,
[4EMPy] [NTF2], extractive distillation, energy consumption.

1

INTRODUCTION

The separation of aromatic-aliphatic hydrocarbon mixtures is one of
the most difficult separations in the chemical and petrochemical
industries due to their close boiling points and the formation of
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azeotropes. These types of separations were first studied 42 years
ago in a European project [32].
The separation of toluene from n-heptane mixture is an aromaticaliphatic separation. This separation is useful for the production of
low aromatic fuels which are widely recommended nowadays [3].
Research has shown that this mixture can be separated by extractive
distillation or by azeotropic distillation [7, 8, 14, 26, 28].
The currently used organic solvents for n-heptane/toluene
separation such as sulfolane [5, 4, 6, 16, 39], N-methyl pyrrolidone
(NMP) [16], N-formyl morpholine (NFM), and ethylene glycol [1,
34, 39] show some disadvantages. Although, their boiling point is
high, they still have some volatility that eventually pollutes the top
product and large amounts of solvent or high reflux ratios are needed
to obtain the desired product purity. Recently, ionic liquids as a new
kind of “green” solvents have been proposed for being a potential
solvent for separation process [9, 10, 12, 20, 22-24, 38, 40] and as a
substituent of the organic solvents due to their high separation
ability, negligible vapor pressure, relative low melting point and
recyclability [31, 36, 37]. Many studies have demonstrated the great
ability of these new class of solvents to separate complex mixtures
by extractive distillation [7, 8, 14, 17-19, 26, 28].
In this work, to evaluate the thermodynamic and the energy
efficiency of the extractive distillation process of the close-boiling
point
mixture
n-heptane/toluene
using
IL"1-ethyl-4methylpyridinium Bis (trifluoromethanesulfonyl) imide [4EMPy]
[NTF2], the sensitivity analysis of the key operating parameters of
the process was performed using Aspen Plus software V.10.

2

METHODS

Physical and thermodynamic properties of the ionic liquid
[4EMPy][NTF2] were estimated, such as critical properties using an
extended group contribution method, which is based on the wellknown concepts of Lydersen and Joback and Reid [2], and vapor
pressure using the Antoine equation [29]. The standard enthalpy of
vaporization was predicted with Verevkin's method [33] and the
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heat capacity was correlated with a group contribution method
developped by Sattari and al. [30].
The ionic liquid molecule [4EMPy][NTF2] was introduced into
Aspen Plus with the properties listed in Tab. 1.
The thermodynamic behavior of the n-heptane/toluene mixture in
the presence of sulfolane and [4EMPy] [NTF2] ionic liquid was
studied. The Non-Random two liquids NRTL model was used to
calculate the vapor-liquid equilibrium based on the experimental
data of the n-heptane (1) - toluene (2) system in the presence of the
organic solvent sulfolane and the ionic liquid [4EMPy] [NTF2] [15,
21, 25, 35] using Aspen plus software v10.

It can be seen from Fig. 1 that the selectivity reaches its maximum
value at infinite dilution of n-heptane in toluene, which confirms that
sulfolane and [4EMPy] [NTF2] are selective solvents with respect to
toluene.
From Fig.1 we notice that, the selectivity is proportional to the
solvent mole fraction (x3) in the mixture. The ionic liquid [4EMPy]
[NTF2] have a high selectivity toward toluene (Fig. 1 (b)) compared
to sulfolane (Fig. 1 (a)), thus, for a solvent fraction of 0.5, the
selectivity of sulfolane and [4EMPy] [NTF2] are respectively equals
to 3.2 and 5.2.
3.5

Mw

Tb

Tc

Pc

(g/mol)

(K)

(K)

(bar)

402.3

806.12

1465.08

25.88

Properties

In distillation, the separation efficiency of two constituents is often
denoted by a quantity called the relative volatility αij which define
the ease of separation of a given mixture
𝛼𝑖𝑗 =

𝑦𝑖
⁄𝑥𝑖
𝑦𝑗
⁄𝑥𝑗

=

𝛾𝑖 𝑃𝑖0
𝛾𝑗 𝑃𝑗0

2.5
2.0
1.5
1.0
0.5
0.0

0.2

0.4

0.6

0.8

1.0

Liquid molar composition of n-heptane

(1)

(a)

Where x is the mole fraction in the liquid phase, y is the mole
fraction in the vapor phase, γ is the activity coefficient, and 𝑃𝑖0 is
the vapor pressure of the pure component.
The solvent is introduced to increase the relative volatility as far
from unity as possible. Since the ratio of 𝑃𝑖0 / 𝑃𝑗0 is constant at small
temperature changes, the added solvent enhances the relative
volatility as the ratio γi ⁄ γj changes in the presence of the solvent,
this ratio is called selectivity Sij [19]:
𝛾

𝑆𝑖𝑗 = ( 𝑖 )
𝛾𝑗

x3=0.05
x3=0.1
x3=0.3
x3=0.5

3.0

(2)

𝑆

3 RESULTS AND DISCUSSION
3.1 Calculation of vapor - liquid equilibrium

for n-heptane-toluene-solvent system
The regression of the NRTL binary interaction parameters was done
without considering the temperature dependence. The regressed
parameters are grouped in Tab. 2.
Table 2. Regressed binary interaction parameters of NRTL
model

[4EMPy][NTF2] selectivity

[4EMPy][NTF2]

Sulfolane selectivity

Table 1. Physical properties of the ionic liquid [4EMPy] [NTF2]

x3=0.05
x3=0.1
x3=0.3
x3=0.5

5
4
3
2
1
0.0

0.2

0.4

0.6

0.8

1.0

Liquid molar composition of n-heptane

(b)
Figure 1. Variation of selectivity as a function of the n-heptane
mole fraction in the pseudo binary mixture, (a): sulfolane, (b):
[4EMPy][NTF2]

3.1.2 Effect of the solvent concentration on the relative
Component i

Component j

Aij

Aji

α

n-heptane

Toluene

-33.2

153.8

0.3

n-heptane

Sulfolane

1329.7

934.6

0.3

Toluene

Sulfolane

889.0

17.7

0.3

n-heptane

[4EMPy][NTF2]

944.1

741.9

0.4

Toluene

[4EMPy][NTF2]

363.0

-399.2

0.4

3.1.1 Effect of the solvent concentration on the

selectivity of sulfolane and [4EMPy] [NTF2]
Figure 1 (a) and (b) respectively show the variation of the selectivity
of sulfolane and the ionic liquid [4EMPy] [NTF2] as a function of
the mole fraction of n-heptane in the pseudo-binary mixture.

volatility of n-heptane to toluene in the presence of
sulfolane and [4EMPy] [NTF2]
A relative volatility close to unity means that separation of the two
component is likely to be difficult, whereas a relative volatility
greater than unity means that few equilibrium stages are required for
separation. For a binary system, equation (1) can be rearranged to
give:
𝑦𝑖 =

𝛼𝑖𝑗 𝑥𝑖
1+(𝛼𝑖𝑗 −1)𝑥𝑖

(3)

The vapor-liquid equilibrium curves are plotted in Fig. 2 at different
solvent concentrations, from which it can be seen that in the absence
of the solvent, the relative volatility of n-heptane is very close to
unity over the composition range from 0.8 to 1. The vapor-liquid
equilibrium curve moves away from the diagonal as the mole
fraction of the solvent (x3) increases.
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The relative volatility of n-heptane to toluene increases notably in
the presence of [4EMPy] [NTF2] (Fig. 2 (b)) compared to sulfolane
(Fig. 2 (a)) for the same solvent concentrations. As a result, the ionic
liquid [4EMPy] [NTF2] is more efficient for n-heptane/toluene
separation in comparison with the organic solvent sulfolane.

heptane purity in the distillate of the extractive distillation column
and the solvent purity at the bottom of the regeneration column must
be higher than 99.9 mol%.
EDC
N-HEPTAN
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1.0

TOLUENE

Vapor mole fraction
of n-heptane (Y1)

FEED

0.8
TOLUEN+E

0.6

E

X=Y
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x3=0.05
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0.4
0.2
0.0
0.0

0.2

0.4

0.6

0.8

HEXCH
PUMP

1.0

Liquid mole fraction of n-heptane (X1)

Figure 3. Extractive distillation process flowsheet for
separating n-heptane from toluene using either sulfolane or
[4EMPy] [NTF2] as an entrainer

(a)

Vapor mole fraction
of n-heptane (Y1)

1.0

3.2.1 Sensitivity

analysis of extractive distillation
column using sulfolane and [4EMPy] [NTF2]as
solvents

0.8
0.6
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x3=0.3
x3=0.5

0.4
0.2
0.0
0.0

0.2

0.4

0.6

0.8

1.0

Liquid mole fraction of n-heptane (X1)

(b)
Figure 2. Effect of the solvent molar fraction of sulfolane (a)
and [4EMPy][NTF2] (b) on the relative volatility of n-heptane

3.2

3.2.1.1 Effect of solvent-to-feed molar ratio and reflux
ratio on the n-heptane purity
The effect of the solvent-to-feed ratio and the reflux ratio on the
purity of n-heptane in the distillate shows that the purity is
proportional to the solvent rate and to the reflux ratio in the presence
of both sulfolane (Fig. 4 (a)) and [4EMPy] [NTF2] (Fig. 4 (b)). It can
be seen from Fig. 4 (a) that the optimal values of the reflux and the
solvent ratio to get a purity greater than 99.9 mol. % are respectively
0.5 and 0.8 using sulfolane, while using [4EMPy] [NTF2] (Fig. 4
(b)) the values of these parameters can be reduced to 0.1 for the
reflux ratio and 0.4 for the solvent ratio.

Simulation of the extractive distillation
process for the sepration of n-heptanetoluene mixture

The simulated process flowsheet, as presented in Fig. 3, consists of
two columns, an extractive distillation column for the separation of
the n-heptane/toluene mixture using a heavy entrainer and a
recovery column for the solvent regeneration. In extractive
distillation column, the entrainer is fed continuously above the main
feed mixture, bringing an additional extractive section in the
column, between the stripping and the rectifying sections [11]. Nheptane is recovered at the top of the extractive distillation column,
and the mixture toluene + entrainer removed at the bottom is sent to
the regeneration column. At the bottom of the regeneration column,
the solvent is recovered with a high purity, and then recycled back
to the extractive distillation column.
The rigorous simulation of the extractive distillation process was
carried out using Aspen plus V.10. The operating pressure of the
extractive distillation process was set to 1 atm, the feed is assumed
to be in the boiling liquid state and the solvent feed temperature was
fixed to 25°C. The molar feed flow rate (F) was set to 100 kmoles/hr
and the mixture was chosen for an equimolar composition. The n-

(a)

International Conference on Innovations in Energy Engineering & Cleaner Production IEE CP21

(b)
Figure 4. Effect of solvent-to-feed molar ratio and reflux ratio
on the n-heptane purity in the distillate using Sulfolane (a) and
[4EMPy] [NTF2] (b)

(b)
Figure 5. Effect of solvent stage and feed stage on the nheptane purity in the distillate using Sulfolane (a) and
[4EMPy] [NTF2] (b)

3.2.1.2 Effect of the solvent feed stage and the main

3.2.1.3 Effect solvent-to-feed molar ratio and reflux

feed stage on the n-heptane purity
The effects of solvent feed stage and feed stage of initial mixture on
the purity of n-heptane in the distillate using sulfolane and [4EMPy]
[NTF2] are represented in Fig. 5 (a) and (b). We notice from Fig. 5
(a) that the high purity of n-heptane can be reached in column with
extractive sections of 17, 16, 15 and 14 stages. It can be noted from
this analysis that the minimum and the maximum number of stage
in the extractive section allowing to obtain a purity higher than 99.9
mol. % using sulfolane are 14 and 17 stages respectively, the best
feed stage is NF=20 and the entrainer stage can be chosen from 3 to
6 stages from the top of the column.

ratio on the reboiler duty
The reboiler heat duty as a function of the solvent-to-feed molar
ratio and reflux ratio at fixed purity of n-heptane is represented in
Fig. 6 (a) and (b). It was shown that the reboiler duty is proportional
to both solvent rate and reflux ratio. The best operating parameters
of FE/F and R are determined by minimizing the energy consumed
in the reboiler (QR) of the extractive distillation column.

When using the ionic liquid [4EMPy] [NTF2] (Fig. 5 (a)), the purity
of n-heptane reaches its maximum for the entrainer feed stage from
2 to 6, and mixture feed stage from 20 to 22. This means that the
minimum and the maximum number of stage in the extractive
section to achieve purity greater than 99.9 mol. % are 14 and 19
stages respectively.

(a)

(a)

(b)
Figure 6. Effect of the solvent-to-feed molar ratio and the
reflux ratio on the reboiler duty using sulfolane (a) and
[4EMPy] [NTF2] (b)
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3.2.2 Design parameters for the extractive distillation

column using sulfolane and [4EMPy] [NTF2]

Table 4. Design parameters of the solvent regeneration column
using Sulfolane and [4EMPy] [NTF2]

The best operating parameters for the extractive distillation column
were determined by the sensitivity analysis for a feed containing 50
mol. % of n-heptane to recover n-heptane in the distillate with a high
purity of 99.97 mol. %. The total number of stages was fixed to 30
stages. The operating parameters of the extractive distillation
column using sulfolane and [4EMPy] [NTF2] are displayed in Tab.
3.

Parameters

Sulfolane

[4EMPy][NTF2]

Number of stages

30

30

NE

5

3

NF

22

20

FE/F

1

0.33

R

0.2

0.06

99.97

99.97

QR (kW)

1149.53

1078.55

Bottom temperature (°C)

123.38

133.13

n-heptane purity in mol.%

For the both solvents sulfolane and [4EMPy] [NTF2], the separation
requires 17 stages in the extractive section to get a purity of nheptane of 99.97% in the distillate for the same total number of
stages of the extractive distillation column. In addition, [4EMPy]
[NTF2] needs less stages in the rectifying section compared to
sulfolane and more stages for the stripping section, this means that
the separation of n-heptane from toluene is easy when using the
ionic liquid and that the affinity of [4EMPy] [NTF2] for toluene is
higher than that of sulfolane. It is also noted that the extractive
distillation column using [4EMPy] [NTF2] consumed less solvent
flow rate for low reflux ratio and is less energy consuming.

3.2.3 Design parameters for the regeneration column

using sulfolane and [4EMPy] [NTF2]
The separation of toluene from the solvent was achieved in a
distillation column. The pressure of the regeneration column of
sulfolane was set to 1 atm, however, the [4EMPy] [NTF2] ionic
liquid is regenerated at a vacuum pressure to avoid decomposition
of the ionic liquid [9]. The thermal decomposition temperature for
the pyridinium ionic liquids is between 510-720 K, according to
Jacob and al. The decomposition temperature of the used IL is not
mentioned, nevertheless, it may be equal to or slightly less than the
[BMPy] [NTF2] which is 670 K [13], for this purpose, the bottom
temperature of the regeneration column using [4EMPy] [NTF2]
should not exceed 396.85 °C. The operating parameters of the
regeneration column using sulfolane and [4EMPy] [NTF2] are
represented in Tab. 4.

[4EMPy][NTF2]

1.013

0.1

Number of stages

6

4

Feed stage

3

3

0.4

0.12

99.97

99.97

QR (kW)

1650.41

1597.07

Bottom temperature (°C)

286.26

323.48

R
Solvent purity in mol.%

Solvent

Parameters

Sulfolane

Pressure (bar)

Table 3. Design parameters of the extractive distillation
column using Sulfolane and [4EMPy] [NTF2]

Solvent

It can be seen from Tab. 4, that the separation of toluene from the
ionic liquid [4EMPy] [NTF2] to be regenerated required less
number of stages, reflux ratio and less energy consumption
compared to sulfolane to get the same solvent purity.

CONCLUSION
In this work, the extractive distillation process for the separation of
n-heptane-toluene mixture using [4EMPy] [NTF2] ionic liquid and
sulfolane was investigated. The vapor-liquid equilibrium of the nheptane-toluene close boiling point mixture in the presence of
different concentrations of solvent was calculated by the NRTL
model using Aspen plus software. The binary interaction parameters
of the model were regressed from the VLE experimental data.
The thermodynamic study show that the ionic liquid [4EMPy]
[NTF2] have a high selectivity for toluene compared to sulfolane.
Furthermore, this ionic liquid is more efficient for n-heptane-toluene
separation comparing to sulfolane because it increases the relative
volatility of n-heptane even at low amounts
The rigorous simulation of the extractive distillation process shows
that the extractive distillation column using [4EMPy] [NTF2]
requires lower values of solvent-to-feed molar ratio and reflux molar
ratio compared to sulfolane to get a high purity of 99.97 mol.% of
n-heptane.
Finally, we conclude that extractive distillation using the ionic liquid
[4EMPy] [NTF2] is feasible and even very advantageous compared
to the conventional process using sulfolane, as well as, the solvent
flow rate and the overall energy consumption using the ionic liquid
[4EMPy] [NTF2] can be reduced up to 67% and 4.44% respectively.
Thereby, extractive distillation using ionic liquids can be considered
as a potential energy saving technology for separating a closeboiling point mixtures if a suitable ILs with a high selectivity are
chosen to replace the organic solvents which are in most cases toxic,
more volatile and not easily recyclable.
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Abstract
There is a rising problem of plastic waste which is effecting
the environment. The main reason is that plastic is present in
most of the daily use things. This enormous use increases the
waste production and unfortunately it does not have a proper
complete life cycle. The quantum of waste recycling in marginal
and studies are required to put this plastic to reuse. The overall
aim of the research program is to reutilize plastic in
construction industry. The present study compiles the review of
the techniques available for recycling plastic and the
environmental concerns of recycling plastic. Recycling
primarily depend upon the type of plastic. The techniques have
already been bifurcated into primary, secondary, tertiary and
quaternary. The energy recovery techniques are incineration
and pyrolysis which effect the environment at large. The
plausible reuse of waste plastic which least effect on
environment is the use in construction industry. The
construction industry has the capacity to use the waste plastic in
bulk quantum to reduce landfill and other waste plastic
problems. The research shall provide a novel material to be used
in different structural members for low paid housing in
construction industry.
Keywords: Recycling, Waste Plastic, Sustainability

I. INTRODUCTION
The man made inventions have polluted the natural environment in
its true form. The spread of unnecessary pollution has evolved
manifold and is presently out of control. It has been the essence of
all sustainability researches to retrieve the natural environment. The
contamination and pollution is hard to eradicate. Reutilization and
recycling of wastes are being explored to cap up the issue. Among
such menace plastic pollution is a much evaluated area for recycling.
The large level pollution is not only the problem it has been studied
that the effects are also severe at micro level. Plastic as a material is
strong, lightweight, synthetic natural polymers practically nonbreakable under repetitive loads and durable. The plastic recycling
is uncontrollable and 79% is being accumulate as piles on the
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pounds and filling land. Statistically only 9% of plastic produced
globally has been recycled, the second disposal option is
incineration from which 12% plastic gets a life cycle [1]. A rough
idea was developed for Asian countries from available sources by
Liang, et al., 2021, wherein, it was recorded that MSW municipal
solid waste contains 79 Mt plastic waste 42 Mt of plastic waste is
available from industrial waste [2]. The policy makers of the Asian
countries are seriously putting an effort to control the plastic import
and the details of 2021 have shown that the use is also being limited
by the countries because of the problems of plastic waste[2].
In literature the formulation of plastic goes back to 1869 when John
Wesley Hyatt developed the first known artificial plastic. The word
plastic comes from “plastiko" which is Greek meaning a strand of
repeating molecule. At some places it has been termed as moldable
and having inherent property. The plastic product formation started
from a unique plastic called Bakelite. Then further development
added the use of coloring agents and other additives [3]. Due to the
diverse nature of the material the industrial development grew large.
In 2014 it has been reported that the industrial production goes
beyond 300 Mt [4]. This uncontrollable production led to develop
ideas that the material needs to be reused and recycled. This notion
is still not being followed with commitment. In 2017, it was assessed
that whether the people have awareness to recycle the plastic or not
and it was found that a substantial quantum of people have an
inclination towards recycling based on their individual set
knowledge. People are also being benefitted with plastic products in
different spheres of life. [5]. People are outwardly willing to to
participate in plastic recycling but the problem of structured process
is lagging. The system understands the stakes and linkages need to
be drawn with a set of finance allocation to manage this problem
efficiently [6].
This idea of recycling has put together the motivation for this study
and a life cycle chain is required to make use of plastic and reduce
waste. The data found in literature also reveals that plastic recycling
are being considered as main stream activities and over the past few
decades a substantial increase is also found in this area. The
structured disposal and recycling in all modes starts from sorting
either from disposal points or any other sorting done at individual
use source. Some countries are pressing on banning of the plastic
bags This study enacts to provide that this problem of plastic waste
is increasing and becoming a bloating problem. The plastic although
comes from different sector of use such as automotive, household,
packing, electrical sports etc. This is not being recycled at large and
producing heaps of waste. The present research program is directed
to use waste plastic for construction industry for an efficient reuse
for plastic.
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II. CONVENTIONAL RECYCLING OF

WASTE PLASTIC

PI, PPS

• High Temperature Resistance
• Good Wear Resistance
• Superior Chemical Resitance

PC, Acrylic,
Nylon, POM

• Medium to Good Resistance
• General purpose Wear

PVC, HPDE, PP,
ABS

• Non Critical Applications

Amourphous
plastic

• Not having any property

PERFORMANCE

The recycling process is not just a figurative word it encompasses of
different conversion methods. These conversion methods start from
primary methods and ends to incineration or energy recovery. In
such bifurcation the mechanical recycling is the most difficult and
final product is often questioned in terms of contents. The properties
are also deviated and a set of rules apply to control the system [7].
Gu, et al. 2017, studied extrusion process and presented that
mechanical recycling is the most efficient and has least
environmental impact [8]. The recycling methods segregated in
research steps up from land fill or disposal at marine, then to reuse,
then secondary recycling involving additive additions and
mechanical recycling, then comes energy recovery and then
monomerization [9]. In studies carried out at Qatar by Al-Maadeed
et al., 2012, the mechanical recycling was appreciated and found
most appropriate when other products are being drawn [10]. The
first step for all methods are sorting, back in 1984, Lohani stated that
the scavenging is the best method for sorting and collection. The
solid waste management still have issues at collection point even
after almost 40 years. The reason is presumably the lack of
coordinated scale wise structure for plastic recycling. This has a
societal impact as it can draw cleanliness and incentives for plastic
recollection [11].

Figure 1: Performance of different Thermoplastic [12]
The recycling of the different type of thermoplastic gives a different
performance level. Figure 1 shows the hierarchal depiction of some
high performance plastics and also the low amorphous plastic. The
second aspect which has remained under discussion is the cost
adhered to recycle. Drain, et al., 1981, in their research highlighted
that the cost is an important part of the recycling process. This
process should be centralized to form a part of the circular economy
and not only individual gains should play lead role. The study is
equally applicable for all waste management system [13].

Primary
Recycling

• Polymertization
• Extrusion
• Injection Moulding

Secondary
Recycling

•
•
•
•

Tertiary
Recycling

• Incineration
• Thermal recycling

Quaternary
Recycling

• Polymerization
• Chemical Dissolution
• Polymeric Chain refining

Drawing
Extrusion
Injection Moulding
Compression Moulding

Figure 2: Thermoplastic Recycling Methods [17]

Kiran et al., 2000, studied degradation which is a sort of low
temperature pyrolysis. This employs thermos gravimetric analysis
[14]. The frequent set of plastic that comes to mind is the PET
bottles. These bottles can be used twice and multiple reuse makes
the bottles worth far more reliable than any other material. The
economy of reuse definitely vary from person to person and involves
hygiene issues [15]. The secondary methods are more stringent. This
after collection synthesizes the waste for recycling [16]. The
synthesis method effects the cost of the recycling.
The resin size after the first sort also require determination from the
treatment after collection. These methods are the inert steps
available to recycle the plastic. The sort is washed sometime was
water and sometimes with chemical treatment. The pellets further
require removal of contaminants and degraded material [18]. The
stream branches off to other variants of recycling and recycling
method for energy recovery are tertiary. The recycled products in all
such methods are fuels [19]. Other methods include
depolymerization, solvolysis, thermolysis each involving braking
the molecular chain of the plastic polymer [7]. Figure 2 shows the
available thermoplastic plastic recycling methods.

III. RECYCLING IMPACT ON

ENVIRONMENT
The climate change, global warming and odor in the environment
are prime drivers which shows the impact of plastic on the
environment. The virgin plastic developed from polymerization has
a different set of formulation. The plastic recycling has a different
environmental impact than the virgin plastic. The comparison of two
may result that recycling plastic pellets reuse are less harmful than
virgin plastic. The process of recycling also signifies the
environmental hazard for marine, land and air. [20][21]. Presently
the pharma industries are also considering upon the demand of the
plastic and due to the pandemic situation may questions are being
asked to control the outburst of medical and municipal waste [22].
Plastics are widely used as essentials in health care. Blood bags,
waste syringes and other items are also formed from plastic. Due to
prevalent situation masks gloves, sanitizer bottles, face shields are
required which are made up of plastic. This is a growing concern
that plastic consumption has increased manifold it requires media
publicity and social awareness [23]. The footprint should be reduced
to achieve sustainability. The viable option is construction industry
that might have the solution for its circular reuse by producing
blocks, rebars, sheets etc.
Table 1: Waste Plastic Generation in Asian Countries[2]
Sr. No.
Country
Total Plastic Waste (2018)
1
China
49.71
2
Pakistan
5.51
3
Koera,Rep.
4.38
4
Vietnam
3.3
5
Israel
1.03
6
Yemen Rep
0.93
7
Srilanka
0.56
8
Mongolia
0.46
9
Tajikistan
0.36
10
Watar
0.25
11
Turkmenistan
0.16
12
Brunei Darussalum
0.05
13
India
17.66
14
Japan
11.19
15
Turkey
6.28
16
Thailand
5.96
17
Iran, Islamic rep
3.24
18
Saudi Arabia
3.11
19
Indonesia
3.101
20
Philipine
2.61
21
Malaysia
2.65
22
Singapore
1.24
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In the literature a compilation for the year 2018 was found and has
been redrawn at Table 1 which shows the plastic which goes to
landfill in Asian countries [2]. Since the research Lohani, 1984 who
provided a review which was cursory that Asian countries are opting
for Solid Waste Management [11]. These when compared with the
statistics of Liang et al., 2021, shows that 40 years are not even
sufficient to cater the issue of plastic waste [2]. The reason is
probable population growth, increase in demand, easy availability
of the material and so forth. Plastic produced from fishing gears and
other also in parallel describes that marine areas are also being
polluted at large. Deshpande, et al., have also depicted the increase
of the adverse effect of social, economic, and environmental in
Norway due to this plastic waste [24]. The people of China have also
brought their thoughts for quantification of the waste produced from
PET materials. This quantification shall enable proper recycling and
waste management control to this menace. This idea has also been
implemented in different areas of the world. As quantification
reduces uncertainty and provides a relationship of demand and
supple. In a small island of Grenada this idea was implemented by
Elgie, et al., 2021, an economic model was devised and the
advantage of the area was that everything is imported [25]. About
7421 tons of plastic was imported. The control highlighted that it is
feasible to control the plastic once the original figures are in place.
The polyethylene amongst the other plastic is becoming an issue and
in very near future it will become a problem [26]. Some uses derived
for plastic also covers soil improvement. The properties of soil
improve by optimizing Plastic-Eucalyptus wood char in soil [27].
This was recorded to increase the soil fertility making a sustainable
use of the plastic. Environmental, social and economic aspect of this
present day plastic problem requires a solid waste network discussed
by Mamashli & Javadian, 2021, [28]. This study states that in order
to manage the solid waste facilities which includes vehicles,
equipment etc. are required to setup the system for recycling. The
well-established factors determine the planning and implementation
of recycling techniques The underutilization of the potential of
waste is also waste [29]. The trend of construction waste and other
waste are catered during execution of each project. However, the life
cycle of plastic is still under debate and entails the attitude and
assessment of the life cycle to be developed for plastic [30][31].

IV. MINIMIZING ENVIRONMENT

CONCERNS DURING RECYCLING
The main source of waste comes from the Municipal Plastic Waste
(MPW). A depiction of different portions of plastic in MSW is
shown in Figure 3. In order to target the plastic waste and reduce
environmental concerns the detail bifurcation analysis is required
from source MSW. This identification helps reduce the effort of
recycling and provides a target plastic for recycling. The bifurcation
shows that MSW contains 8% of (PET) polyethylene terephthalate,
about 10% (PVC) Polyvinyl Chloride and (uPVC) un-plasticized,
about 30% of (HDPE) High Density Polyethylene & (LDPE) low
density polyethylene, about 19% proportion of (PP) Polypropylene,
(PS) Polystyrene in proportion of about 6% and other plastic of
about 19% [32][33][34]. These plastics have a recyclable value.
Polyethylene group is the largest to be available in the MSW and
becomes an important nominee for use in recycling. The recycling
of PE would reduce by 35-30% of the plastic waste. All plastics are
not recyclable and many become amorphous prior to any treatment.
In fact, due to presence of impurities the plastics after repetitive
recycling degrade and are not stable. This is added with a touch of
additive to improve the process. The additives not only give the
required property but also provides a solution to reduce
environmental concerns.

The plastic recycling is not easy and a proper set of skill
development is required. The plastic recycling provides a large scale
of employment and money minting solutions. The use of plastic
extends to making toys and stationary items which also has a societal
impact [20]. The leading sector for plastic reuse is undoubtedly
packaging. [35]. Other than industry household also bears a quantum
for recycling. Jiang, et al., 2021, have also highlighted that in present
era social media can play a vital role to enlighten the societal drive
for waste plastic management [36].
Recently in Bangladesh plastic PET bottles have been suggested as
eco-friendly solution to replace bricks [37]. Plastic recycling
advocacy is making its place in the construction industry in building,
roads and other uses. Sharma and Bansal, 2016, used different type
of waste plastic and used it in the concrete being used as additive
usually provide crack arrest and decrease the strength component in
concrete. This method utilizes the waste in the concrete such
variants are not preferred for significant structural work. Sharma &
Bansal, 2016, reviewed the compilations of different studies where
plastic was used in concrete[38]. Plastic waste reutilization in
construction industry is being studied for roads, soil improvement
concrete filler and production of other building products. This
industry shall provide a platform for a huge quantum of waste
recycling.

Figure 3: General Composition of plastic in MSW[32][33][34]

V. CONCLUSION
The plastic waste disposed produces landfill and pollutes the
Environment. The Asian countries are generating waste plastic at
large and if the issue is not addressed to complete the life cycle of
plastic then this menace shall further create problems. The literature
is evident that recycling methods does not completely eliminate all
type of plastic waste. The present recycling methods also employ
incineration which produces environmental hazards. The
construction industry however can provide a sustainable solution for
waste plastic reutilization. The societal aspect considering the
present pandemic situation has gained much attention in providing
awareness for plastic reuse. The involvement at individual level is
required for plastic disposal. The present study shall form a basis to
explore plastic reuse in construction industry to develop rebars,
sheets, blocks and other construction variant.
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Abstract
The researchers around the globe are working hard to develop
new material which would improve the quality of product
environmentally, as this world needs eco-friendly materials. This
article gives a critical review of the treatment methods/techniques
that can improve durability for natural fibers in polymers. The
natural fibers are very low cost as compared to other fibers and
having specific high properties. These natural fibers are not abrasive
and can biodegradable. The natural fiber polymer proffers certain
properties which are similar to traditional fiber polymers. However,
while preparation of these polymers, the critical issue is frequently
the reduction of the strength of natural fibers in polymer matrices
which is caused by unsuited fibers and less resistive against. The
durability can be achieved by increasing strength, better workability,
good mixing and by enhancing the bond strength of fibers with the
surrounding. These require very low energy which is consumed
during the production and hold mechanical properties of superior
quality. By using such materials with properly treated natural fibers
in construction works, it is quite possible to produce more
sustainable material by minimum construction waste.
Keywords: Durability Methods, fiber reinforced composites,
natural fiber reinforced polymers.

I.

INTRODUCTION

The use of fibrous material in the construction industry is growing
day by day. In the construction industry, fiber reinforced concrete
and fiber reinforced polymers are the most common composites
composed of fibers. Many researchers investigated the effect of
fibers on the properties of the composite [1-3]. The dynamic and
mechanical properties of the composite improved by the addition of
the fiber [4, 5]. The addition of fibers has enhanced the resistance
against the cracking of the composite [6, 7]. In comparison with
construction materials like concrete and steel, fiber reinforced
polymers (FRP) have several benefits. In the construction industry,
IEECP’21, July 29-30, 2021, Silicon Valley, San Francisco, CA – USA
© 2021 IEECP – SCI-INDEX
DAl : https://sci-index.com/DAl/2021.99101/IEECP/14811837

the use of FRP is limited in building and construction [8–10].
Natural fiber reinforced polymer (NFRP) is a composite of natural
fiber reinforcement and with a polymer matrix [11]. In general, FRP
is used in the automotive, aerospace and marine industry. FRP
materials are lightweight high strength materials compared to other
composites. The FRP composites with reinforcement of fibers have
comprehensive use in the civil engineering construction industry in
complementary applications, such as bathrooms and vanities,
kitchen, ornamentation and finishing, for many years. The ballistic
performance of bulletproof vests and helmets was enhanced by the
distribution of natural fibers in the composites [12]. In the last year
of the 20th century, the second-largest consumer of FRP materials
industry in this world was the construction industry by consuming
35% of the around the globe [13]. From the beginning of the 21st
century until now, there have been a lot of efforts and research work
done to shift fiber reinforced polymers (FRPs) into the construction
sector to be used as basic material for load-bearing members of civil
structures and condemnatory applications. The use of FRP
composites is being increased in the construction works as time
passes and has significant importance for larger use in civil works
and buildings, as well as it also includes large primary structures
[14]. Now construction industry is the most consuming industry of
polymers and their composites. These days, the increment has been
seen in the preparation of load-bearing structural implementations
in construction works. As a substitution of steel in concrete, FRP has
been initiated as a feasible, aggressive choice for retrofit and
convalescence of medieval civil structures [15]. In a research study,
it was observed that jute fiber reinforced polymer composite is better
than the polypropylene fiber reinforced polymer composite for
external strengthening of concrete [16]. Nowadays, the use of
NFRP is going to be traditional material like concrete and masonry
due to the incremental use of these composites in civil and structural
engineering sectors [17].
FRP composites are composed of fibers and a polymer matrix in
which fiber act as reinforcement. There are two types of fibers either
artificial fibers, such as aramid, glass and carbon fibers, or natural
fibers, such as plant and animal fibers. Artificial FRP composites are
more likely used in the aerospace and automobile industry in highperformance applications because of the fact of their better
mechanical qualities and lightweight. Anyhow, these fibers are
expensive, then the natural fibers, need large energy in production.
Synthetic or artificial fibers are not eco-friendly. If not recycled
properly, hence, their immense usage can lead to environmental
pollution [18]. Due to ensure competitive cost, energy consumption
while production, reduce dependency on nonrenewable resources
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and non-eco-friendly, hence, have changed the focus to use natural
fibers as reinforcement instead of synthetic fibers [19–21]. In both
the academic and construction industry, NFRPs are gaining
increased attention. Due to their preferable properties and ease of
availability, natural fibers like jute, sisal, flax and hemp are
commonly used as reinforcement in FRPs [22]. A FRP composite
part made of natural fibers will be light in weight than others
produced with synthetic fibers such as glass fibers. This is because
of the variance between the densities. The density of natural fibers
is lies between 1.2 to 1.6 g/cm3 and synthetic such as glass fibers lie
between 2.16 to 2.68 g/cm3 [23, 24]. On the other way around,
NFRP composites have a lot of disadvantages, such as high moisture
content, poor fire aversion, poor linking adhesion, low aversion to
microbiological attack and a need to use at low refining temperatures
[22]. The flexural strength, as well as thermal and physical
properties of the composite, are highly dependent upon the
interfacial adhesion conditions [25]. The use of different lengths of
natural fibers has shown different effects on flexural strength
physical properties of NFRP [26]. However, many of these issues
can be tackled with suitable surface treatment methods. The use of
NFRP composites can be different according to interest from section
to section, for example, the NFRP is used for structural applications
like railing, decking and fencing in the United States region, while
in the Europe region NFRPs are primarily used in the automotive
industry [27].

In this study, different methods were elaborated for the
durability of natural fiber in polymers. The use of NFRP in
the construction sector has been scrutinized by many
researchers, who have investigated the properties and
characteristics of different types of NFRPs, for example,
modification of fiber, fiber biodegradability, crystallinity and
thermal stability. However, the majority of work has based
on plastic materials reinforced with natural fibers. And few
studies have been conducted considering polymers reinforced
by natural fibers and their functionality in the building and
construction industry. Furthermore, the main focus of the
review has been on moisture content, fiber matrix and
adhesion property to the surrounding of fiber with polymers.
The purpose and focus of this article are to examine the
durability for the engineering purposes of polymers
reinforced with natural fiber as filler material and their
functionality in the construction industry. It has been claimed
that even after some treatment of durability for natural fiber,
NFRPs properties are superior to those without some
treatment of fibers for durability, and thus, more sustainable
material can be obtained with the help one these durability
methods. In this study, different methods were elaborated for
the durability of natural fiber in polymers. The use of NFRP
in the construction sector has been scrutinized by many
researchers, who have investigated the properties and
characteristics of different types of NFRPs, for example,
modification of fiber, fiber biodegradability, crystallinity and
thermal stability. However, the majority of work has based
on plastic materials reinforced with natural fibers. And few
studies have been conducted considering polymers reinforced
by natural fibers and their functionality in the building and
construction industry. Furthermore, the main focus of the
review has been on moisture content, fiber matrix and
adhesion property to the surrounding of fiber with polymers.
The purpose and focus of this article are to examine the
durability for the engineering purposes of polymers
reinforced with natural fiber as filler material and their
functionality in the construction industry. It has been claimed

that even after some treatment of durability for natural fiber,
NFRPs properties are superior to those of without some
treatment of fibers for durability, and thus, more sustainable
material can be obtained with the help one these durability
methods.

FACTS ABOUT REDUCED DURABILITY
OF FIBERS IN FRP

II.

During the serviceable life, FRP materials aspect a diversity of
climate circumstances developing from artificial or/and natural
factors. These factors consist of fluctuating temperature and
humidity, vital ultraviolet rays caused by the sun or any other human
activities, and chemical reactions such as chemical liquids in storing
tanks and pipes connected with it, and atmospheric ozone and
oxygen. The durability reduction factors like the fiber’s degradation,
cracking of matrix, and de-bonding were presented from applicable
records to control for the climate effects on behavior on composites
of FRP [28]. FRP materials react to environmental factors which
cause a reduction in durability. These factors cause the change in the
structure of material chemical and physical and its formation.
Effects of these kinds of changes are permanent decay of the
mechanical properties and characteristics of a commodity. Aesthetic
looks/conditions, like color and shine, go through permanent
change. The material may also develop into brittle and cracks can
occur. In practice, degradation is defined as any change that affects
the material properties related to advisable properties. As shown in
Figure 1, this can also be caused by the FRP helix rupture at failure
[29].
Mostly, the degradation caused by the environment is a slow process

Figure 1. FRP spiral broke at failure.
that can last up to many years before effects are probable [30].
Degradation caused by environmental can result from
environmental effects like temperature, humidity, climate type,
overburden resulting in debonding, impacts and rusting of the actual
reinforced steel [31]. The alkaline polymer’s environment can also
result in the degradation of fiber. The most of study work has been
done on the fiber, nonetheless, the resin has turn into the study focus.
This is the major review in FRP composite is the durability in the
field and service life. The concrete structures are which are exposed
to the environment, there still need to understand the long-term
durability of FRP [32]. In research work, it was concluded that
meaningful reflection has been managed to the durability of fiber
reinforced polymers commodity in infrastructure functions [33].
The researchers spotted a long-term data deficiency related to the
service life of more than 75 years of civil structures [34]. A study
conducted by the Civil Engineering Research Fund to bridge cracks
in long-term durability data associated with construction industry
functionalities spotted the points that are needed like effects of
moisture, alkaline solution, creep, fatigue and deterioration [35].
Degradation of natural fibers, i.e., bamboo fibers, accelerates in an
alkaline environment than the glass fibers [36]. The effect of
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ultraviolet rays (UV) also affects the durability of fibers in FRP.
Table 1 shows the comparison between the strengths of unseasoned
and seasoned fibers and FRPs affected by the UV rays.
Table 1. UV’s effects on natural fibers and FRP [37].
Unseasoned

Seasoned

Jute

Tensile
Strength
(MPa)
45.55

Young’s
Modulus
(GPa)
3.89

Tensile
Strength
(MPa)
25.45

Young’s
Modulus
(GPa)
2.77

Epoxy

20.62

1.98

19.18

1.02

EFB

22.61

2.23

21.20

2.17

Composite

III. DURABILITY METHODS IN FRP
A. Proper Good Mixing of Fibers in Polymers
1. Specifications
Arbitrarily blended palmyra reinforced composites were set up with
various fiber lengths and distinctive fiber content (49%–54%). At
30 mm and 40 mm fiber length, the impact, flexural and tensile
properties were achieved with 54% fiber content. At 50 mm fiber
length, every one of the static mechanical properties was higher with
55% fiber content. Further expanding the fiber substance will
diminish the mechanical properties [38]. After the manufacturing,
the FRP was placed in resin for 24 hours. A research study was
performed on test beams of size 152 mm 254 mm 2743 mm
reinforced by NFRP fabrics and plates to assess durability exposing
10,000 h in severe environmental conditions [20]. Glass
transformation temperatures were the same for the two resins.
Across the whole 152 mm width of beam NFRP plate and two
fabrics were applied to meet the strength of 1.2 mm thick NFRP
plate. No information regarding epoxy thickness was provided.

2.

Technology involved and method
implementation

The exposures to the environment considered were fully humidity,
salty water, alkaline solution, frost and thaw, expansion due to
thermal energy and dry due to heat at 60 °C. ASTM testing standards
were adopted for the salty water, alkaline solution and frost and
defrost vulnerability. For thermal expansion and frost and defrost
testing, two specimens were tested after 1000 h, 3000 h, 10,000 h
excepting. To determine fatigue the effect caused by imitated loads,
reinforced beams were applied constant magnitude but imitated load
repetitions at 3.25 Hz with the load limiting from 15, 25 and 40
percent of ultimate load of reinforced beams.

B.

improve the bond strength. In a research study, for the
manufacturing of the FRP composite, hydraulic press technology
was used to improve the bond strength [41]. The hand layup and
cold press technique was adopted for the manufacturing of the
hybrid fiber reinforced composite [42]. Another research used hot
press technology along with the epoxy resin for FRP’s
manufacturing [43].

IV. LESSONS

LEARNT FOR ENHANCING
DURABILITY TO ENSURE
SUSTAINABILITY
The use of FRP is being increasing day by day in the construction
industry. As the 35% total manufactured FRP material is being used
in the construction industry only. The construction sector is the
second largest industry that uses FRP as a building material. The
FRP is a more sustainable and lightweight material than concrete.
The bond of fibers with the surrounding matrix of polymer
composite directly affects the sustainability of the material. The
sustainability of FRP also depends upon the methodology adopted
for the mixing and resins type. There is no standardized design code
available for FRP. Different researchers used different types of
methodology for the manufacturing of the FRP. The different
technology of pressing and different types of resins were used.
Mechanical properties, brittleness of fiber, characteristics of fiber
can be damaged by the execution of loading, variation of
temperature and exposure to climate situations. The durability of
FRPs is considerable interest durability of FRPs for its extensive
functionality, if any, soon exceed the rule of conventional building
materials. The durability depends upon the matrix and the fibers
used for making them more durable than the fibers themselves.
However, the strength is more influenced by making the fiber strong
in tension. Collective effect causing by joined action of humidity
and temperature is known to be harmful and damaging.

V.

•

Increase of Bond Strength
1.

Specifications

The mechanical properties of hybrid fiber reinforced polymer’s
properties were investigated with various fiber treatment, ratio and
loading. The FRPs were also manufactured with different
chemically treated fibers. The bond strength of fibers dispersed
longitudinally was higher than transversely dispersed fibers [39].
Bond strength also depends upon the chemical used for the treatment
of fibers and the surface texture of the fibers. It was observed that
the tensile strength and hardness properties were improved when the
chemically treated fibers were used for the manufacturing of the
hybrid reinforced composite [40].

2.

Technology involved and method
implementation

The FRP can be prepared by using different types of methodologies
with different weights and directions of dispersion of the fibers.
Different researchers used different types of methodologies to

CONCLUSIONS

In civil engineering, the use of FRPs allows engineers to gain
outstanding achievements in the applicability, economy and safety
of construction. The strength to density ratio of FRP is high ratio as
these are lightweight and high performance, may be altered to
possess specific mechanical properties, have better corrosion
resistance behavior, convenient magnetic, electrical and thermal
characteristics to be considered as a blessing to the construction
industry and its applications. The pursuing conclusions were
realized/noticed from recent and past studies on durability of fiber
reinforced polymer composites:

•
•
•
•
•

Natural fibers degradation accelerates in an alkaline
environment like seawater structures, so the fiber should
properly be treated using resins to enhance the durability of
natural fibers in the polymers.
By improving the bond strength between the fiber and polymer,
the durability for fibers in polymers enhances. Hence, a more
sustainable composite material can be produced.
To improve the durability of natural fibers in polymers, it is
concluded that durability can be improved by increasing the
strength of the composite.
The change in external appearance and look polymer
composite material occurred by UV radiation effects.
While aging of moisture absorption, swelling of the fiber,
rusting of fiber, water flow between matrix and fiber surfaces
and babble are created in composites.
Due to ultraviolet radiations, the moisture-absorbing capacity
is more of natural fiber as compared to synthetic fibers, FRP
material’s durability and mechanical characteristics may be
lightly enhanced by providing an outside boundary layer as
synthetic fibers on exposure of the NFRP composite materials.
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•
•

Capillary action of the flow of water is low on synthetic fiber
made FRP, hence, provision of the layer of synthetic fiber
enhances NFRP materials.
Proper good mixing of the composite can enhance the
durability of the FRP.

It can be observed that FRP is a blessing/gift to the civil and
construction works, finding some very alluring functions along with
the issues of involvement for their broad acceptance and
functionality. These issues, somehow, can be overcome and control
by enhancing the durability of natural fibers in the polymer.
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Abstract:
Aim: In protein supplementation Aspergillus niger was used to produce single cell protein from rice husk through fermentative
production.

Methodology: Under optimal conditions using different parameters like carbon sources, nitrogen sources, concentration of
solid substrate, level of inoculum, temperatures, pH and incubation period have been optimized for obtaining more yield of single
cell protein under submerged fermentation. In the current research various substrates such as brans of wheat,rice,rice husk ,whey,
molasses, orangepeel,soyameal.

Result: The maximum yield of Aspergillus niger 5.428% or 13.57gms was analyzed with following optimized parameters
substrate(rice husk) 0.75gms , carbon source(glucose) 1.45gms, nitrogen source(ammonium sulphate) 1.16gms, pH(5.5) 0.35gms,
temperature(20°) 1.1gms, incubation period 5days , inoculum concentration 1ml/100ml for 5days fungal culture. These analysis
indicate that Rice husk was used for the maximum yield of Aspergillus niger. By using Lowry protein assay the amount of protein
concentration in solution is 1.021mgl/ml.

Key words: Aspergillus niger rice husk, C/N ratio, submerged fermentation
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Abstract:
Microbial L-asparaginase (ASNase) is an important anticancer agent that is used extensively worldwide.
LAsparaginase catalyzes the degradation of Asparagine, an essential amino acid for leukemic cells into ammonia and aspartic acid.
In this study we are focused on Collection, isolation, screening, microbial identification, enzyme assay, Submerged fermentative
production, partial purification and molecular weight determination of partially purified extracellular L-Asparaginase enzyme
producing Asparagillus niger collected from onion peel. The fungal culture was isolated by standard tissue isolation technique.
The screening process done by using potato dextrose broth supplemented with 0.3ml of 2.5% phenol red indicator at p H 6.5 and
L-asparagine as sole nitrogen source for microbial growth. Microbial identification by Lacto phenol cotton blue staining
technique. Optimize the media with different nitrogen sources like Sodium nitrate, urea and yeast extract. Urea showing highest
enzyme activity, used for Submerged fermentative production. Partial purification carried out in two steps Ammonium sulphate
precipitation and dialysis. The dialyzed compound used for molecular weight determination by SDS PAGE technique and found
to be 79 KDA.
Key Words:
L-asparaginase, Asparagillus niger, onion peel, potato dextrose broth, Partial purification and urea.
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Abstract
This article is devoted to the study and application of the
basic features of algorithms for "teaching" multilayer artificial
neural networks, in particular, gradient algorithms. The article
states that scientific research is being carried out on the
development of intelligent measuring devices for controlling
the moisture content of scattering materials based on functions
such as automatic adjustment of measuring range, selfcalibration, linear static characteristics, high measurement
accuracy and reliability, data processing, decision making. As
a result of the research, it was considered that the requirements
for measuring the moisture content of scattering materials by
control and management systems can be met by high-precision
moisture meters developed using intelligent technologies.
Today, a wide range of new opportunities for the construction
of intelligent systems for the control of technological processes
are developing through the use of artificial neural networks.
Symbols are widely used in issues such as recognition,
prediction and diagnostics, optimization, signal processing
under the influence of noise. The authors have built an artificial
neural network for an intelligent device that measures the
moisture content of scattering materials. The main parameters
of the artificial neural network were determined and
"training" was carried out on the basis of gradient algorithms.
In an intelligent device that measures the moisture content of
scattering materials, the factors that affect the measurement
accuracy are minimized as a result of gaining knowledge base
through experiments. Based on the above results, it is stated
that an artificial neural network has been used in an intelligent
device.

tourism in developed countries and the widespread use of modern
information technology and artificial intelligence in many areas.
The solution of technical problems such as management,
control and measurement of technological processes in all sectors
of industrial production in the world is being intelligent. The
intellectualization of such technological processes requires the
expansion of the functional capabilities of technical means of
management, control, and measurement, the improvement of
technical characteristics, the solution of new scientific and
technical problems of efficient use of energy resources. Therefore,
a class of intelligent devices and sensors is emerging. They have
the ability to self-adapt to the operating principle, images of input
signals, technical condition and external factors affecting the
measuring system due to changes in control and measurement
conditions [1].
Intelligent devices and sensors differ from other analogues
of this type in that they have functions such as automatic
adjustment of the measuring range, self-calibration, data
processing, decision making [2,3].
Nowadays, measuring instruments that measure
temperature, humidity, pressure and other quantities are rapidly
being developed by specialists in various fields. However, the
accuracy of measuring instruments used in many industries is
insufficient, and the measurement error differs from the specified
"range". By optimizing the controlled and controlled parameters, it
is possible to improve the quality of manufactured products and
reduce defects. This makes it necessary to create new measuring
instruments.

2. PURPOSE OF THE WORK

Construction of an artificial neural network based on
gradient
algorithms for an intelligent device that measures the
Keywords: Artificial neural network, gradient algorithm,
moisture content of scattering materials.
humidity, weight coefficients, constant shift (bias).

1. INTRODUCTION
In the era of globalization, where science and information
and communication technologies are rapidly developing and
leading to the fourth industrial revolution, public and social
governance, economics, industry, social protection, education,
science, medical diagnostics, agriculture, defense and security,
IEECP’21, July 29-30, 2021, Silicon Valley, San Francisco, CA – USA
© 2021 IEECP – SCI-INDEX
DAl : https://sci-index.com/DAl/2021.99101/IEECP/14904897

3. PROBLEM STATEMENT
It is known that moisture is one of the most important
technological parameters, which directly affects the cost,
technological structure, and other properties of substances and
materials [4-8]. High-precision moisture meters, which are
involved in moving technological processes, are used directly to
organize the quality control of moisture in the process of spraying
materials (wheat, barley, rice, millet, etc.). Therefore, the selection
of measuring instruments for each control system, the study of their
principles of operation, design, and other parameters is of great
importance [9-12].
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The following requirements can be set for devices used to Several algorithms for teaching multilayer artificial neural
measure the moisture content of spray materials:
networks have been developed. We can divide these algorithms
• measuring device - measures moisture in the technological into two groups [16-18, 21-22]:
process and does not damage the measured substance;
• the absence of elements in the design of the measuring - gradient algorithms;
device that affect the accuracy of the measurement of scattering - stochastic algorithms.
materials;
• measuring device - low sensitivity to the external The algorithms of the first group include the calculation of the
product of the error function and the neural networks that correct
environment and a stable measuring system;
• Measuring device - should be an intelligent device with a the weights according to the found product. Each subsequent step
microprocessor that measures with high accuracy on the basis of is directed towards the antigradient of the error function. The basis
of these algorithms is the algorithm of inverse distribution of errors.
modern technologies.
An analysis of the available moisture metering devices This algorithm serves to minimize the deviation of the actual values
shows that the above requirements for measuring the moisture of the neurons in the neural network output layer from the required
content of spray materials by control and management systems can value. Errors are found using the quadratic error function for each
be met by moisture metering devices developed using intelligent output neuron, and they give the total error of the output neuron.
Examples of this algorithm are moment study, autonomous
technology.
Today, scientific research is being carried out on the gradient algorithm, and second-order methods.
development of intelligent measuring devices for automatic control In stochastic algorithms, however, random changes in weight and
of the measuring range, calibration, linear static characteristics, shear (bias) coefficients are made while maintaining the previous
high measurement accuracy and reliability, data processing, changes. This leads to an improvement in neural network
decision-making to control the moisture content of dispersed parameters. Stochastic algorithms include random directional
materials [11,13- 15].
search algorithms, Cauchy learning algorithms, Boltsman learning
Factors that directly affect the measuring accuracy of the algorithms, evolutionary algorithms. The main disadvantages of
device for measuring the moisture content of scattering materials this algorithm include the high demand for technical means, the
can include changes in the density of the material under study, long duration of learning time, and so on. Nevertheless, these
dielectric constant, temperature, the chemical composition of the algorithms are used because they provide global optimization. In
substance, and other parameters. These factors cause errors in the gradient algorithms, however, local minimums of the error function
measurement process. Therefore, these errors should be minimized can be found. Currently, hybrid algorithms based on the combined
as much as possible.
use of the above two algorithms are also used.
Extensive new possibilities for building intelligent process
control systems are being developed through the use of artificial 3.2. RESEARCH METHODS AND THE
neural networks, and they are widely used in issues such as image
RECEIVED RESULTS
recognition, prediction, and diagnostics, optimization, signal
processing under the influence of noise [16]. In an intelligent
Frequency input signals describing changes in temperature
device based on artificial neural networks that measure the and capacitance (dielectric constant) of the scattering materials
moisture content of scattering materials, the factors that affect under study (e.g., wheat) were taken. The actual values of the
measurement accuracy are brought closer to the minimum value as quantities received as the input signal vary in frequency and
a result of gaining a knowledge base through experiments.
temperature of range through the corresponding functions. To
perform artificial neural network training, we interact with input
3.1. SOLUTION
METHOD
OF
THE layer neurons through and input signals equal to and.
Each of the neurons in the hidden layer is associated with
PROBLEM
neurons in the input layer that have a certain weight. It describes
Properly distributed artificial neural networks are now the interdependence of the elements of the layers and determines
widely used to solve problems in intelligent systems. Therefore, we the magnitude of the communication efficiency of the elements.
use properly distributed cross-linked neural networks in an We know that each element of the neural network operates in a
intelligent device that measures the moisture content of scattering discrete-time and forms the resulting signal based on the received
materials. Because the system is static, all neurons in the given signal. Table 1 shows the random weight coefficients of the input
vectors of the signals of the neurons in the input layer form a single and hidden layer neurons and the values of the constant shifts
value of the signal vector in the output layer. A neural network (bias).
consists of a number of inputs and outputs, consisting of a set of
According to Figure 1, the input signals coming to the
interconnected neurons, and performs a nonlinear change. A model hidden layer neurons are the cumulative signal by their respective
of an artificial neural network performing the given problem is weights [17, 23-26].
shown in Figure 1 [17-20].
S = w Х + b
(1)
Where - weight coefficients of neurons; - signal given by
neurons of the input layer; - constant displacement (bias); - the sum
of input signals.
We calculate the sum of the input signals using the random
weight coefficients given in Table 1.

Figure 1. The structure of an artificial neural network

S1 = w1  X1 + w2  X 2 + b1 ,
S1 = 0,20  0,10 + 0,25  0,70 + 0,60 = 0,795 ,
S2 = w3  X1 + w4  X 2 + b1 ,
S2 = 0,30 0,10 + 0,35 0,70 + 0,60 = 0,875
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Table 1.
Weight coefficients of layers of the artificial neural network, constant shifts (bias), and values of required output signals

X1

X2

w1

w2

w3

w4

w5

0,10

0,70

0,20

0,25

0,30

0,35

0,40

Using activation functions, we convert the results in hidden layer
neurons into output signals. Several types of activation functions
are currently used in practice [27,28]. We use the activation
function in the sigmoid view. The activation function in the
sigmoid view is nonlinear and the given multidimensional function
can be polished with arbitrary precision per unit cross-section
[27,29,30]. As a result, the output layer also has a nonlinear
characteristic. It has the following appearance:

f (S) =

1
1 + e− S

w6

w7

w8

b1

Y1*

b2

Y2*

0,45 0,50 0,55 0,60 0,65 0,35 0,65
Equation (2) calculates the values of the output signals from the
expression. We find the true values of the output signals using the
activation function in the sigmoid view. We know that the
activation function in the sigmoid view is both a negative and a
monotonous growth function. Therefore, the values of the output
signals also consist of positive results.

Y1 = f (S3 ) =

1
1
=
= 0,7761144182 1532
− S3
−1, 24316482971744
1+ e
1+ e

,
1
1
Y2 = f (S4 ) =
=
= 0,7994136548 4440
−S4
−1, 38263372429883
1+ e
1+ e

From the above expression, we calculate the output value of each
neuron in the hidden layer.
These values are the output signals of the artificial neural network
we are looking for.
1
1
,
The most complex process in building multilayer artificial neural
f (S1 ) =
=
=
0
,
6889039179
7695
1 + e − S1 1 + e − 0, 795
networks is “training” (Figure 2). The unknown parameters of
"training" neurons are the identification of weight and bias
1
1
f (S2 ) =
=
= 0,7057850278 3701
−S2
− 0,875
coefficients. In the teaching of multilayer neural networks, gradient
1+ e
1+ e
search methods are used to minimize the criterion functions that
The resulting values are the output value for the hidden layer depend on the parameters of the neurons.
neurons and the input signals for the output neurons in the second This process is iterative, and in each iteration, all the coefficients
of the network are found first for the output layer, then for the
layer.
We also determine the values of the neurons in the next layer using hidden layer, and for the input layer (the method of inverse
distribution of errors) [16-17, 31-33]. Other forms of minimum
the random weight coefficients in Table 1 using expression (1).
search, such as genetic algorithms and the least-squares method,
,
S3 = w5  f (S1 ) + w6  f (S2 ) + b2
are also used.
S 3 = 0,40  0,6889039179 7695 + 0,45  0,7057850278 3701 + ,
We calculate the errors for each output neuron using the error
+ 0,65 = 1,2431648297 1744
inverse distribution method.

S4 = w7  f (S1 ) + w8  f (S2 ) + b2 ,

E =

S4 = 0,50  0,6889039179 7695 + 0,55  0,7057850278 3701 +
+ 0,65 = 1,3826337242 9883

 2 (Y * −Y )
1

2

(3)

Figure 2. The process of "training" the neural network
Where, and are the required and actual output values of the neural
network accordingly. The sum of the errors is performed on the
output layer and the whole set of neurons in the neural network
training.
We calculate the errors of the neurons at the output of the neural
network through the expression (3).
E1 =

(

1 *
Y1 − Y1
2

)

2

=

1
(0,35 − 0,77611441821532)2 = 0,09078674870549
2

,

E2 =

(

1 *
Y2 − Y2
2

)

2

=

1
(0,65 − 0,79941365484440)2 = 0,01116222012698
2

The sum of these errors gives a total error.
E = E1 + E2 = 0,09078674870549 + 0,01116222012698 = 0,10194896883247
The purpose of using the inverse error distribution
method is to update each weighting coefficient and bias in the
neural network. This is because we can minimize the total error in
each output neuron and by bringing the actual values of the
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neurons in the output layer of the neural network closer to the
At small values of the training coefficient, the 0,1    0,3
required values.
number of cycles of finding the extremum increases, but the
Now we determine that each weighting coefficient in
accuracy of minimizing the error function is higher. This in turn
the output layer of the artificial neural network affects the total
can lead to a reduction in teaching error. In practice, the value of
error (Fig. 3.).
the training coefficient is usually chosen experimentally or
arbitrarily. Assume that the training coefficient is equal to
 = 0,5 .
w5* = w5 −  

E
= 0,40 − 0,5  0,05100781986798 =
w5
= 0,37449609006601

We also perform the above sequence of actions for the remaining
neurons w6 , w7 , w8 in the output layer.

Figure 3. Structural view of the effect of weighting coefficients on
The effect of the weight coefficient
the output of the total error
follows.
consider the effect of the weight coefficient w5 on the overall

w6 on the total error is as

E E Y1 S3
=


,
w6 Y1 S3 w6

error.

E E Y1 S3
=


(4)
w5 Y1 S3 w5

E
= 0,05225773090557
w6

We can calculate this expression by dividing it into parts, such as
the complex rule product (chain rule). First, we determine the effect From this, we calculate a new weight coefficient
of the output signal on the overall error.

E
Y1

(

)

(

)

2
2
1 *
1
Y1 − Y1 + Y2* − Y2 ,
2
2
2 −1
1
= −2  (Y1* − Y1 ) + 0 = −(Y1* − Y1 ) = −(0,35 − 0,77611441821532) =

E = E1 + E2 =
2

S3 on the output signal of actions.

Y1 using the following product
Y1 = f (S3 ) =

1
,
1 + e − S3

Y1
= Y1 (1 − Y1 ) = 0,7761144182 1532  (1 − 0,7761144182 1532 ) = 0,1737608280 5362
S 3

Finally, we consider the effect of the weight coefficient
overall expression.

S 3
= f (S1) + 0 + 0 = 0,6889039179 7695
w5
Based on expression (4), we combine the results found above.

E
= 0,42611441821532  0,17376082805362 
w5
 0,68890391797695 = 0,05100781986798
We use the following expression to find the new weight coefficient.

E
w5

E
= 0,01650524105286
w7
The new value of the weight coefficient

w7* = w7 −  

w7*

is as follows:

E
= 0,49174737947357
w7

Determine the final weight coefficient

w8 in the output layer:

E E Y2 S 4
=


,
w8 Y2 S 4 w8
E
= 0,01690969046912
w8
Based on the results found, we calculate the new weight coefficient
.

where,  is the training coefficient.  is a gradient that allows
you to control the amount of weight coefficient in each iteration,
which is one of the parameters of the neural network training

(

E E Y2 S 4
=


,
w7 Y2 S 4 w7

on the

S3 = w5  f (S1 ) + w6  f (S2 ) + b2 ,

w5* = w5 −  

E
= 0,42387113454722
w6

For the weight coefficient w7 , we also perform the above sequence

= 0,42611441821532

We express the effect of the input signal

w6* = w6 −  

w6* .

w8* = w8 −  

E
= 0,54154515476544
w8

)

algorithm [16-17, 34-37]. Its value 0    1 varies in the
range. Selecting a zero value is useless because in this case, the
value of the weight coefficients does not change. Learning
algorithm runs faster (less time is required to minimize error

We perform network updates after we have calculated for neurons
in the hidden layer as well. When finding new values of the weight
coefficients in the hidden layer, we use the values of the initial
weight coefficients and shifts (bias), rather than the values found
above. Figure 4 shows the effect of each weighting coefficient and
function) in the interval of 0,7    1 , but the accuracy of bias on the total error in the hidden layer of the artificial neural
neural network error function minimization can be reduced, which network.
exacerbates the training error.
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E2 E2 Y2
=

= 0,1494136548 4440  0,1603514632 9272 = 0,0239586981 9021
S 4 Y2 S 4

S4 = w7  f (S1 ) + w8  f (S2 ) + b2 ,
S 4
= w7 = 0,50 .
f (S1 )

Determine the value of the expression (8).
E2
= 0,0239586981 9021  0,50 = 0,0119793490 9511
f (S1 )

Figure 4. Structural view of the effect of hidden layer weight
We put these results in expression (6) and calculate the value of
coefficients on the total error
Through the calculations, we found new values of weight
coefficients representing the connections of neurons in the hidden
and output layers. Now we also need to calculate the new values of
the weight coefficients that represent the connections between the
input and hidden layer neurons.

E 
.
f (S1 )

E
.
= 0,02961679766187 + 0,01197934909511 = 0,04159614675698
f (S1 )

From the activation function in the form of sigmoid in expression
The hidden layer weight coefficients affect all output signals. (5) we find the product of the sum of the input signals S .
1
Therefore, their effect on all neurons in the output layer should be
1
taken into account [17-18,23].

E
E f (S1 ) S1
=


(5)
w1 f (S1 ) S1 w1

f (S1 ) =

1 + e − S1

,

f (S1 )
= f (S1 )  (1 − f (S1 )) = 0,68890391797695 
S1

f (S1 ) affects both errors in the output signals.
 (1 − 0,68890391797695) = 0,21431530977296
E
Therefore, the effect of the expression
on the error in both Here, we calculate the effect w1 on the total error using the sum
f (S1 )
We know that

output signals must be taken into account.

E
E1
E2
=
+
(6)
f (S1 ) f (S1 ) f (S1 )
We calculate the product of E1 to.
E1
E S3
= 1
(7)
f (S1 ) S3 f (S1 )
we find the value of

E1
by the results calculated above
S 3

E1 E1 Y1
=

= 0,4261144182 1532  0,1737608280 5362 = 0,0740419941 5468
S 3 Y1 S 3

S3
The value of
the expression is calculated as follows.
f (S1 )
S3 = w5  f (S1 ) + w6  f (S2 ) + b2 ,
S3
= w5 = 0,40 .
f (S1 )
We combine the results found in expression (7).
E1
= 0,0740419941 5468  0,40 = 0,0296167976 6187
f (S1 )

Now we calculate the second component of expression (6).

E2
E
S4
= 2
(8)
f (S1 ) S4 f (S1 )
For this expression, too, we perform the sequence of actions in
expression (7).

of the input signals.

S1 = w1  X1 + w2  X 2 + b1 ,

In that case, the value

S1
= X 1 = 0,10 .
w1
E
is equal to the following.
w1

.
E
= 0,04159614675698 0,21431530977296 0,10 = 0,00089146910775
w1
From the results obtained we find the new weight coefficient of

w1 .
w1* = w1 −  

E
= 0,20 − 0,5  0,00089146910775 = 0,19955426544612
w1

.
We also perform the above steps for the weight coefficients

w3

and

w2 ,

w4 .

E
E f (S1 ) S1
=


= 0,0062402837 5431
w2 f (S1 ) S1 w2
w2* = w2 − 

E
= 0,25 − 0,5  0,00624028375431 = 0,24687985812285
w2

E
E f (S 2 ) S 2
=


= 0,00086375447928 ,
w3 f (S 2 ) S 2 w3
w3* = w3 −  

.
E
= 0,30 − 0,5  0,00086375447928 = 0,29956812276036
w3

E
E f (S 2 ) S 2
,
=


= 0,00604628135496
w4 f (S 2 ) S 2 w4
w4* = w4 −  

E
= 0,35 − 0,5 = 0,00604628135496 = 0,34697685932252
w4
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We found new values of all weight coefficients. Now we can make
humidity meter”, Chemical Technology, Control and
Management.
4(4):23-30,
2020.
DOI:
updates. Initially as input signals X1 = 0,10 and X 2 = 0,70
https://doi.org/10.34920/2020.4.23-30.
when we gave the values, the error in the neural network was [12] Umarov E.O., Mardonov U.T., Shoazimova U.Kh. Influence
0.1019489683247. After we updated the weight coefficients, the
of the Magnetic Field on the Viscosity Coefficient of
error was 0.1019458256412. We continue the process to the
Lubricoolant that is used in the Cutting Process. International
allowable value of the error.
Journal of Mechatronics and Applied Mechanics,8(2):144149 . https://www.doi.org/10.17683/ijomam/issue8.50.
[13] Ernest O.D. Measurement Systems: Application and design.
McGraw - Hill. Higher Education. - New York, 2004 – 1078
4. Conclusions
p.
[14] E.Uljayev, U.M.Ubaydullayev, Sh.N.Narzullayev, and
Studies have shown that the use of artificial neural networks in an
L.N.Nasimxonov, “Optimization of the sizes of the
intelligent device that measures the moisture content of scattering
cylindrical measuring transducer”, Chemical Technology,
materials can significantly increase the accuracy and timing of
Control and Management: Vol. 2020: Iss. 5, Article 5, 2020.
measurements. The layers of the artificial neural network and the
DOI: https://doi.org/10.34920/2020.5-6.29-32.
basic parameters of the neurons were found separately for each [15] E.Ulzhaev,
Sh.N.Narzullaev,
&
O.N.Norboev,
period, and an activation function in the form of a sigmoid was
“Substantiation of application of artificial neural networks
used. In the creation of multilayer artificial neural networks,
for creation of humidity measuring devices”. International
training based on gradient algorithms with a "teacher" was used.
Virtual Conference On Innovative Thoughts, Research Ideas
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Abstract
In this paper, the analytical modeling of a wind turbine
conversion chain is carried out according to multi-physical
disciplines of the system. The chain represents a 3 bladed
horizontal axis wind turbine coupled directly to a permanent
magnet synchronous generator PMSG delivering power in a
battery through a diode rectifier. For the considered chain, four
models are developed. Mechanical model describes the power
generation from kinetic movement of the wind to its
transmission to the generator. Geometric Model clarify the
design method of the turbine components. Magnetic Model
summarizes the phenomena arising from the influence of the
permanent magnets within the generator. Electrical Model
determine the parameters and the electrical performance of the
machine. Developed models are tested with the Finite Element
Analysis FEA to evaluate their reliability. The FEA, by
MATLAB-FEMM software, describes the electromagnetic
behavior of the PMSG, the main component of the considered
simplified chain.
Keywords: Horizontal-Axis Wind Turbine, Analytical Modeling,
Direct Drive Permanent Magnet Synchronous Generator, Finite
Element Validation.

I.

INTRODUCTION

In recent decades, the development of the wind power sector is being
a challenge in modern times to supply the global energy needs and
to face the ecosystem barriers [1]. By the way, the investment in
developing effective models to the wind turbine chain is of vital
importance. Analytical modelling intervenes in the elaboration of
system optimization models thus they ensure optimal design [2]. It
participates in the reliable formulation of dynamic models to
describe the system behavior according to wind fluctuations and
operating conditions [3]. They allow the analysis of the system from
a magnetic and thermal point of view basing on the finite element
method [4]. In this way, the development of effective models for a
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simple wind turbine conversion chain is elaborated. The chain is
composed from 3 bladed horizontal axis turbine connected to a
gearless synchronous generator with surface permanent magnets
having a radial flux and glued to an inner rotor. The choice of such
structure is based on several advantages. The absence of the gearbox
is considered as an achievement in the wind power generation
system offering a higher efficiency with lower vibration and noise
and a reduction of the maintenance of the turbine [5-6]. For the
PMSGs, they are the most popular electrical machines for the direct
drive wind turbines .they benefit with an excellent efficiency and
energy yield [7]. In addition, the permanent magnets PM replace the
excitation circuits in the rotor so it assures a permanent magnetic
field. Therefore, the maintenance in the rotor are removed and the
efficiency is improved.
In this paper, four models are treated. Several disciplines existing
within the turbine are taken into account. Mechanical model
processes the parameters of the dynamic behavior of the wind
turbine to predict the torque generated at the turbine shaft from the
kinetic torque of the wind. Geometric Model Allows to have a
feasible structure for the design and analysis of the system. Magnetic
model illustrates the influence of the permanent magnets by
producing a permanent magnet flux within the machine. Electrical
model determine the characteristics and the parameters of the
generator. The relevance of the elaborated models is tested by the
design in 2D of the PMSG with the MATLAB-FEMM software and
the study of the system electromagnetic behavior by the finite
element method FEM.

CURRENT STATUS OF WIND ENERGY
IN THE WORLD ENERGY PLAN

II.

In recent years the exploitation of wind energy power is increasing.
It is exploited since antiquity and has underwent a boom in the latest
thirteen years since the oil shocks. In fact, according to the statistics
of the International Energy Agency IEA, the global energy
consumption from wind power has increased from 3.4 TWh in 1990
to 790 TWh in 2016 [8]. In an other hand, the statistics given by the
World Wind Energy Association WWEA, mentioned in “Figure 1”,
show that the global capacity of wind farms is changing annually
from 435.284 GW in 2015 to reach 744 GW in 2020 [9]. This
capacity has provided 7% of global demand for electricity in 2020
[9]. In fact, the wind Turbine Installations in 2020 have an energy
capacity of 93 GW equivalent to 50% more than in 2019 and more
than ever installed in one year [9].
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to a permanent magnet synchronous generator. This generator
presents surface permanent magnets with radial flux glued to an
inner rotor. The electrical energy produced is stored to a battery
through a diode bridge rectifier. The direct transmission of the

turbine torque to the generator rotor encounters 2 types of
losses which are friction torque and inertia torque.

Figure 1. The Evolution of Installed Wind Turbines
Capacity between years 2015 and 2020
Many regions from the advanced nations had the courage to invest
in the installation of wind Turbines. The WWEA followed up the
evolution of installed wind turbines in different zone between 2018
and 2020 as clarified “Figure 2” [9]. By the way, China and UnitedStates have achieved new records in wind turbines installation. For
European countries, they show slight growth due to the coronavirus
crisis which has caused supply chain disruptions and luck of
manpower.

Figure 3. Simplified Wind Power Conversion
Chain

A.

Mechanical Model

Wind is the only variable that stimulate the mechanical movement
of the turbine. It represents the only input variable of the turbine
model. Its speed Vv in terms of time is described by a mathematical
model. Referring to [12], an analytical wind model related to an
urban site is given in “Equation 1” and represented in “Figure 4”.
V_v (t) = 10 + 0.2 sin (0.1047t) + 2 sin (0.2665t) +
sin (1.2930t) + 0.2 sin (3.6645t)

(1)

Figure 2. The Evolution of Installed Wind Turbines
Capacity in different regions in 2020
A report of Global Wind Energy Council GWEC affirms that
experts consider the year 2021 to be decisive year in confronting the
barriers imposed by global climate change caused by the carbon
emission and the harmful waste for the ecosystem [10]. They claim
that wind power is the most favorable source that offers the greatest
amount of de-carbonization per MW. They encourage the global
wind industry to be united to highlight the major role that can play
this energy in overcoming the barriers that threaten the world
evolution in the future.

III. WIND TURBINE

MODELLING

The modelling of a wind turbine is an important issue especially in
the elaboration of optimal design [11]. Therefore, the structure of
the wind conversion chain to be modeled in the study is a simplified
chain dedicated to small scale wind production as clarified “Figure
3”. It is a horizontal-axis turbine with three blades coupled directly

Figure 4. The Wind Profile as function of Time
The performance of the turbine in generating power is evaluated by
the power coefficient Cp which represents the ratio of the power
captured by the wind turbine and the kinetic power of the wind. For
a setting fixed angle, the Cp analytical model of the commercialized
BERGEY brand turbine is function of the reduced speed λ as
expressed in “Equation 2”.
Cp = −3,89. 10−8 λ7 − 4,21. 10−6 λ6 + 2,1. 10−4 λ5 −
3,1. 10−3 λ4 + 1,64. 10−2 λ3 − 1,76. 10−2 λ2 + 1,74. 10−2 λ −
1,93. 10−3

(2)
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The tip speed ratio λ, as defines “Equation 3”, is the ratio of
the tangential speed at the end of the blade R T Ω to the
instantaneous wind speed Vv . The blade radius of the chosen
turbine R T is equal to 1.25m [12-13].
λ=

RT Ω

(3)

Vv

According to Cp curve mentioned in “Figure 5”, the power
Turbine reaches its maximum for the optimal values of Cp.opt
equal to 0.442 and λ p.opt equal to 6.9.

Figure 6. Wind Turbine Power vs. Rotation Angular Speed

The dynamic coupling characterizing the turbine-Generator
mechanical behavior is given by the empirical “Equation 7” relating
the turbine torque TT and the electromagnetic torque Tem with the
rotation angular speed Ω, the turbine inertia JT and the generator
friction coefficient fm .
TT − Tem = JT

B.

dΩ
dt

+ fm Ω

(7)

Geometric Model

The geometric part of the turbine is summed up in the design of the
blades and the generator.
Figure 5. Aerodynamic Power Coefficient with respect to the
Tip Speed Ratio

1) Blades Geometric Model
The studied turbine consists of 3 blades located on a horizontal axis
sweeping a circular surface shown in “Figure 7” and equal to:
ST = πR T 2

The associated wind turbine power PT is defined as [14-15]:
1

PT = ρST Cp (λ)Vv 3
2

(8)

(4)

With ρ the air density (Kg.m-3) and ST represents the surface swept
by the turbine blades (m2).
The surface of the turbine ST differs depending on its type. For
horizontal axis wind turbines, the area swept by the blades is given
as follows.
ST = πR T 2

(5)

The intervention of the angular rotation speed Ω of the rotor shaft
product a turbine torque TT illustrated in “Equation 6” [14-15].
TT =

PT
Ω

1

=2

ρRST Cp (λ)Vv2
λ

(6)

The characteristics of the turbine through the power extraction
curves are shown in “Figure 6” as a function of the rotation speed Ω
for different wind values included in the wind interval admissible
for the turbine blades drive.

Figure 7. Geometric Model of the turbine Blades

2) PMSG Geometric Model
The principle of this methodology is based on fixing the
electromagnetic torque of the generator imposed by the rotor turbine
on the nominal value. According to the relation given in “Equation
9”, the bore radius rs will be calculated and geometric parameters
are deduced [12]. This equation connect the fixed electromagnetic
torque Tem of the generator with its bore radius rs , its active length
lr , the magnet fundamental induction peak value B1a and the linear
current effective value K1s [12-14]
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Tem = 2πrs lr B1a K1s

(9)

With:

The machine length l𝑟 is given as follow [12-15]
lr =

rs

h3 = 0.02rs

Rrl

With R rl is a virtual parameter chosen according to the designer
expertise.

g = 0.001 + 0.003√rs lr

p

rs

(12)

With p is the number of the generator pole pairs and αmagnet is the
magnet angle.
lm = K c g

μr
Br /Ba −1

(13)

With K c is the crankcase coefficient, μr is the magnet’s relative
permeability, Ba is the induction magnet peak value in the air-gap
and Br is the magnet’s remanent induction.
To simplify the design process, the stator and rotor depth, dy and dr ,
have equal values which is the same case for the slot and tooth width,
ws and wT . [12-15]. The expressions of these graders are given in
“Equation 14” to “Equation 15”.
dy = dr =

rs Ba
p By

αmagnet

(14)

Where By represents the induction in the stator yoke.
ws = wT =

4πrs
3Nslots

h1 = ds − h2 − h3

C.

b3 =

ws
2
3ws
4

Magnetic Model

Permanent magnets cause the presence of a permanent magnet field
in the air gap of the PMSG. In fact, the magnet fundamental
induction peak value B1a is expressed in “Equation 17” as function
of the magnet angle αmagnet and the induction magnet peak value in
the air gap Ba [12].
4

B1a = Ba sin (αmagnet )

(17)

π

The magnet angle αmagnet is a function of the filling factor of the
pole K p as mentioned bellow [12].
αmagnet =

4
π

Kp

(18)

The induction magnet peak value in the air gap Ba is given as
follows [12].
Ba = B r

lm/µr

(19)

Kc g+lm/µr

The vacuum magnetic flux received by a stator phase for a single
conductor per slot Φs1 is expressed as mentioned in “Equation 20”
[12-14].
Φs1 = 2K b Nspp B1a rs lr

(15)

With Nslots is the slots number.
The slot trapezoidal shape is presented in “Figure 8” having a depth
ds given in “Equation 16” [15]
ds = R dr rs

b2 =

8

(11)

The angular width of the magnet per pole wm is calculated as
mentioned in “Equation 12”. For the magnet thickness lm , it is
deduced as shown in “Equation 13” [12-15].
2 αmagnet

ws

h2 =

The generator air gap g is deduced from the empirical relation under
below [12-15].

wm =

b1 = ws

(10)

(16)

(20)

The total vacuum magnetic flux generated in a stator phase,
expressed in “Equation 21”, is function of the conductor number per
slot Ncs [12-14].
Φs = Ncs Φs1

D.

(21)

Electrical Model

The electrical part of the wind turbine lies in the electromagnetic
behavior of the generator. The calculation of the electrical graders is
based on the geometric model of the considered machine.
The linear current effective value K1s characterizes the current
distributed along the air gap per unit of length. It depends, as cited
in “Equation 22” on the surface density of the current Js , the tooth
width wT , the slot width ws , the slot depth ds , the winding factor
K B1 and the slot filling coefficient K r [12].
K1s =

Jsws ds
ws +wT

K B1 K r

(22)

The winding factor K B1 is limited to the fundamental term of the
distribution factor K z1 . It is deduced from the number of slots per
pole and per phase Nspp as clarified in “Equation 23” [12].
K z1 = K B1 = |

Figure 8. Characteristics of the trapezoidal slot

π
6

sin ( )

|

π
)
6Nspp

Nspp sin (

(23)

The slot filling factor K r is characterized by the ratio between the
slot surface actually filled with copper Scopper and the total slot
surface Sslot as given in “Equation 24” [12].
Kr =

Scopper
Sslot

(24)
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Therefore, the magnetizing inductance Lm1 , the leakage
inductance Lf1 , the mutual inductance between stator phases Ms1 ,
the generator phase inductance Ls1 , and the electrical resistance for
a phase R s1 are explained for a single conductor per slot as follow
in equations below [12-14].
4µ0 lr rs

Lm1 =

π(Kc g+lm )

Nspp 2 K B1 2

Ms1 =

−Lm1
2

Ls1 = Lm1 − Ms1 + Lf1
R s1 = 2ρcopper [lr +

2p

]

πrs dsKr

(27)

Ncs 2 − (Φ

(29)

The current in stator windings for a single conductor per slot Is1 is
function of the current density Js as shows “Equation 30” [15].
Is1 =

Js dsKr πrs
6pNspp

(30)

The vacuum electromotive force E generated in the stator windings
is given by “Equation 31” [12].
E = pΩΦs

(31)

With Ω is the rotational angular speed of the generator rotor.
The study is devoted to three-phase generator delivering on an
alternating voltage source of maximum amplitude Vdim . For the case
referred to in this paper, the voltage source delivers to a battery of
accumulators with voltages Vbat through a diode bridge.
Consequently, Vdim is related with Vbat as expressed in “Equation
32” [12].
Vdim =

2
𝜋

Vbat

(32)

The generative operation of the machine is described by the
fundamental “Equation 33”. Therefore, the Fresnel Diagram is
obtained at the base dimensioning point as illustrated in “Figure 9”.
In fact, the base dimensioning point is characterized by the sizing
voltage Vdim , electrical angular speed ωdim , and electromagnetic
design torque Tem_dim [12-14].
E = Vdim + R s Is + j Ls ωdim Is

(38)

Ncs

(26)

(28)

π2 (rs +0.5ds ) pNslots

Is =

(37)

Is1

As a conclusion, the number of conductors in a single slot is
obtained by solving the quadratic “Equation 39” obtained by
replacing the electrical quantities expressions developed above in
the formula spelled out from generator electrical diagram of “Figure
8”.

(25)

Lf1 = 2µ0 lr pNspp λslot

R s = Ncs 2

2Vdim Rs1 Is1
2
2
2
2
s1 ωdim ) −[Rs1 +(Ls1 ωdim ) ]Is1
Vdim 2
(Φs1 ωdim )2 −[Rs1 2 +(Ls1 ωdim )2 ]Is1 2

Ncs −

=0

IV. FINITE

(39)

ELEMENT ANALYSIS OF THE

PMSG
In order to design the generator in 2D, a MATLAB-FEMM code is
elaborated. This code has as input parameters geometric graders
resulting from structural model of the machine. The main target of
this part is to evaluate the performance of the interconnected models.
For a reference machine with electromagnetic torque of 27.5 N.m,
the bore radius is equal to 83.2 mm. The obtaining of the bore radius
value is due to expertise of the designer in design of electrical
machines and basing on several hypothesis. In fact, simplifying
hypotheses are cited. At first, the filling factor K p is chosen equal to
0.833. Thus, the angular width of the magnet αmagnet is equal to
75°. Such a value minimize the harmonics of the electromotive force
EMF and ensure a good ratio between the volume of the magnet and
the effective value of the induction in the air gap [12, 15]. The slot
fill factor K r is fixed to 0.35. The permanent magnets used are
Neodymium Iron Boron Magnets NdFe30 having residual
magnetization Br equal to 1.1 T and relative permeability µr equal
to 1.05. Subsequently, generator characteristics coming from
analytical models are calculated.
As a result, the 2D geometric model of the reference machine is
obtained by finite element software FEMM. It is represented in
“Figure 10” having 36 trapezoidal slots with 47 conductors per slot
and 12 magnets. All parameters of the reference machine are given
in the table in the appendix.

(33)

Figure 9. Generator Fresnel Diagram at Base Point
The purpose of this diagram is to calculate the number of conductors
per slot Ncs . Indeed, the generator electrical parameters are a
function of the number of conductors per slot and the calculated
graders for a single conductor per slot as mentioned in equations
bellow [12-14].
Lf = Ncs 2 Lf1

(34)

Lm = Ncs 2 Lm1

(35)

Ls = Ncs 2 Ls1

(36)

Figure 10. 2D Geometric Model of the PMSG with FEMM.
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The induction variation Ba in the air-gap is shown in “Figure 11”.
Its peak value is 0.9 T. It is close to the analytical value 0.846 T.

Figure 13. Electromagnetic Torque Curve Obtained by the
Finite Element Method
Figure 11. Induction as function of the air-gap perimeter
length.
The magnetic field lines generated by the rotation of the permanent
magnets glued to the rotor are represented in the stator and rotor
yoke as mentioned in “Figure 12”.

The simulation results curves allow the validation of the PMSG
analytical models. The feasible structure of the machine proved the
reliability of the geometric model. The induction curve and the safe
distribution of the field lines in the machine confirmed the magnetic
model. Indeed, the average value of the electromagnetic torque is at
the base of the determination of the parametric modelling of the
whole chain. Such curve look and value support the analytical
approach for the modeling of the wind turbine chain. Therefore, the
analytical models are validated.

V.

CONCLUSION

In this paper, a modelling method of a wind chain is described. The
analytical resolution of the mechanical-geometric parameters of the
airfoils, the geometric sizes of the PMSG and the calculation of the
electrical and magnetic graders allows the parameterized evaluation
of the wind power conversion chain. The performance of the
generator are tested with the finite element analysis using
MATLAB-FEMM software. A 17% error between analytical and
numerical value of the electromagnetic torque of the PMSG is
tolerable given the reliability of the considered method. As a
perspective, models are suitable for the elaboration of an
optimization model of the wind turbine to product optimal design to
the wind market.

Figure 12. Field Lines Distribution in the PMSG.
The rotational movement of the magnets-rotor assembly highlighted
in green in “Figure 12” is generated by the rotational movement of
the turbine. According to the induction phenomena, an induced
electromotive force EMF and an induced current in the three phase’s
stator windings. There will be a generation of an electromagnetic
torque. For the studied case, the electromagnetic torque curve
obtained by the finite element method with MATLAB-FEMM
software is represented in “Figure13”. Its average value is equal to
23.5 N.m. Comparing to 27.5 N.m, a tolerable error of 17% is
introduced between analytical and numerical results given the
smoothness of the finite element analysis approach and considering
the effect of the winding type.
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VI. Appendix
The attached table summarizes the Characteristics of the reference
machine used in the case studied.

VII.

Machine
Parameter

Unit

Value

rdr

--

0.366

rrl

--

2.025

Js

A/mm2

2.7

p

--

6

By

T

1.4

Nspp

--

1

Ωdim

rad/s

40

rs

mm

83.16

lr

mm

41.06

wm

mm

36.28

g

mm

1.17

lm

mm

4.94

ws

mm

9.68

dy

mm

11.3

ds

mm

30.44

[11] L. Gang, Z. Hanguo, G. Youguang, L. Chengcheng and M. Bo, “A
Review of Design Optimization Methods for Electrical Machines” ,
Energies, November 2017.
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Abstract
In the direction of being sustainable, agriculture must satisfy
the necessities of present and future generations while
guaranteeing expediency, ecological health, and social and
economic equity. Therefore, concerning only the environmental
or the economic aspect of the agricultural development is not
enough to satisfy the issues stated above. The social, economic,
and environmental aspects of the agricultural transition are
crucial. One cannot be separated from others. So, planning and
evaluating the current situation in agriculture is essential for
reaching a well-designed strategy for sustainable agriculture
(SA). The inclusion of stakeholders, collaborative working of
governments, municipalities, and practitioners are complete
resolutions to create shared knowledge and awareness. Starting
from this point of view, this paper suggests group decisionmaking (GDM) based design framework SA. For this purpose,
the Axiomatic Design (AD) technique is provided. To create a
flexible environment for decision-makers (DMs) and simplify
the computations, the AD technique is integrated with a 2-tuple
linguistic model. The 2-tuple model facilitates the interpretation
of the assessments by providing linguistic outputs. A case study
is presented to test the applicability of the suggested
methodology, and the results and analysis are provided
followingly.
Keywords: Sustainable agriculture, sustainable design,
MCDM, Axiomatic Design, 2-Tuple linguistic model

I. INTRODUCTION
In 2015, United Nations generated an agenda covering seventeen
different goals as the 2030 Sustainable Development Goals (SDGs).
Zero hunger (goal 1), clean water (goal 6), sustainable cities and
communities (goal 11), responsible consumption and production
(goal 12), and climate action (goal 13) are the crucial ones that are
highly related to the agriculture industry [16]. Consequently, the
revision of existing agricultural systems is one of the essential
targets to reach sustainable development. Agriculture stands at an
important place for humanity by providing food for a living.
Nevertheless, to be able to meet the increasing demand with
accelerated population growth, to overcome the loss of biodiversity
and food loss and waste, a novel agricultural approach is needed
[40].

Deniz Uztürk
Department of Business Administration
Galatasaray Univeristy
Istanbul, Turkey
duzturk@gsu.edu.tr

The sustainable Agriculture (SA) notion is on the agenda since the
1970s [4]. In these years, still the importance of recycling, having
less waste, and improving productivity were assigned as the
significant issues about SA. Today the expectations from SA remain
the same as before. Currently, novel digital technologies started to
involve in the traditional agricultural systems. We are facing a new
era with more automized, controllable, and transparent food
production. However, the rising hunger and malnutrition, and
overexploitation of natural resources continue. Accordingly, to
achieve a durable and robust plan for SA, a design methodology in
which all the stakeholders can be integrated may be a quality
solution [5, 32, 36]. Considering the stakeholder’s expectations, an
action/solution prioritization may be handy for practitioners,
governments, or municipalities. From this point of view, this paper
suggests a linguistic design framework for SA. The SA design
procedure is approached as multi-criteria decision-making (MCDM)
process, and the design parameters are based on the stakeholders'
expectations from SA.
As an MCDM technique, the Axiomatic Design (AD) approach is
suggested regarding its benefits, such as reducing design iterations
and random searches for solutions [20]. In favor of fortifying the AD
technique’s use of linguistic variables, the AD is extended with the
2-tuple linguistic model [24]. The 2-tuple linguistic model enables
the creation of computations with linguistic variables, and it
provides interpretability of the results via linguistic variables closer
to human thinking. A group decision-making (GDM) approach is
also followed in this recommended framework to mimic the
stakeholder integration. Aggregation of multiple evaluations is
handled with the 2-tuple model’s operators [22]. To the best of our
knowledge, the main contributions of this work can be summarized
as follows:
•
•

Integrating AD technique to SA design subject for the first
time,
Integrating the 2-tuple linguistic model and AD model for the
first time in the SA design problem.

The remaining parts of the paper are as follows: Section II presents
the theoretical background of the methodology by explaining the SA
notion and its expectations. Section III provides the methodological
background by giving the preliminaries about suggested techniques.
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Section IV provides the case study to test the applicability of the
suggested framework. The following section gives the results and
analysis of the case study. Finally, Section VI gives the concluding
remarques.

II. THEORETICAL BACKGROUND
A. Sustainable Agriculture
In the direction of being sustainable, agriculture must satisfy the
necessities of present and future generations while guaranteeing
profitability, environmental health, and social and economic equity
[17]. Therefore, concerning only the environmental or the economic
aspect of the agricultural development is not enough to satisfy the
issues stated above. The social, economic, and environmental aspects
of the agricultural transition are crucial. One cannot be separated
from others. In the literature, the transition/transformation to the SA
is commonly associated with the social movements created by the
stakeholders [3, 32, 36].
The need for a practice change and redesigning the farming systems
are the critical enablers for SA. Recently, the integration of
innovative technologies into the traditional farming environment
speeded up this transition for farmers [10, 12, 29]. However,
technological availability is not the same for every region in the
world. So, planning and evaluating the current situation in agriculture
is essential for reaching a well-designed strategy for SA.
The inclusion of stakeholders, collaborative working of
governments, municipalities, and practitioners are the key enablers
for social transition. Food and Agriculture Organization of the United
Nations (FAO) emphasizes five main principles for food and
agriculture sustainability [40]:
•

•
Conserve and intensify natural resources,
•
Support inclusive economic growth,
•
Reinforce resistance of communities and ecosystems,
•
Governance adaptation.
Concerning these main principles, this paper generates the main
expectations of stakeholders from academic and industrial literature.
Furthermore, the powerful solutions/actions based on the five main
principles of FAO are generated from the literature as well. The
details of the expectations and the actions will be given in Section
II.C. The following section will present the background of the SA
and the MCDM applications in the literature.

B. Sustainable Agriculture and MCDM
As aforementioned, the primary success factor for SA is the
evaluation of economic, social, and environmental components
together. MCDM approach is a possible way to investigate the
interactions and system components behaviors [26]. From
groundwater zone determination to the land suitability assessment
MCDM approaches proposed various techniques to analyze and
investigate complex models with multiple criteria and alternatives.
The design tools such as AD and the Quality Function Deployment
are also common techniques used in alternative selection problems.
However, in this paper, the AD technique is utilized thanks to its
design nature. It aims to prioritize the most suitable actions/solutions
that can cover all the expectations.
When the “sustainable agriculture” and “multi-criteria decisionmaking” words are search on the Scopus database together, eleven
different works were obtained. Their focused area and applied
techniques are listed in Table 1.

Adding value to food systems by augmenting production and
employment,
Table 1. MCDM based SA studies
Year and
The objective of the study
Technique
Reference

Linguistic
Technique

Case Study

2020 [28]

Land suitability analysis

AHP and WCL

No

Yes

2020 [2]

Land suitability assessment

AHP

No

Yes

2019 [41]

Suitability mapping for rice cultivation

AHP

No

Yes

2019 [13]

Assessment of sustainable sugarcane farms

VIKOR, TOPSIS,
VTOPES

No

2019 [42]

Agricultural supply chain risk management

SWARA
FMEA

No

2019 [15]

Agriculture supply chains

TOPSIS

2018 [30]

Crop selection pattern

2017 [11]

and

Yes
Yes

Yes

Illustrative
Example

TOPSIS

Yes

Yes

Land suitability evaluation for wheat cultivation

AHP

No

Yes

2016 [23]

Representation of groundwater potential

AHP

No

Yes

2014[25]

Selecting peach ideotypes

ELECTRE-Tri
and DRSA

No

2005 [26]

Economic and environmental analysis of farming
practices

MODAM

As Table 1 states, the most common technique for SA studies is the
AHP approach suggested by Saaty [31]. When the “sustainable
agriculture design” is searched on the Scopus database, two different
works are obtained, one is focused on the design and analysis of the
hydraulic structures for SA [34], and the other is concentrated on risk
analysis and design of activities concerning the risk factor [37].
When the whole related literature is analyzed, we can deduct that the
MCDM tools are potent solutions to handle complex decision

No

Yes
Yes

problems in the SA area. Moreover, we found that there is a lack of
a roadmap for policymakers and stakeholders. Consequently, this
paper aims to fulfill this gap and propose a design methodology for
policymakers and farmers. The model is based on linguistic variables
and the AD technique. The following section will give the details of
obtained expectations, solutions/actions, and the decision-making
model.
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C. Sustainable Agriculture Expectations
The expectations of all stakeholders for SA activities are derived
from the academic and industrial literature. Moreover, the industrial
experts who also helped assess the case study validated the listed
expectations and the potential solutions.

Figure 1 here presents the suggested decision model with the
expectations [1, 10, 17, 26, 29, 36], and followingly Table 2 gives the
identified actions/solutions [6, 17, 26, 39] for the SA approach.

Figure 1. Suggested decision-making model for action prioritization
Table 2. Actions to prioritize for SA
Stakeholder dialogue
Co-constructed knowledge with awareness rising
Creating inclusive platforms
Regulations and standards based on climate-change mitigation and adaptation
Enhance gender equity
Developing decentralized capacity
Develop financial incentive packages to support private investment and enable equitable distribution of benefits
Decentralize decision-making
Apply mediation and other conflict resolution mechanisms in resource governance
Generalize risk assessment/management and communication
Encouraging flexibility in production systems
Promote small/medium enterprises
Improve rural nutrition: production of more and affordable nutritious and diverse foods, including fruits &
vegetables
Increase/protect farmers’ access to resources, such as pasture, water, credit
Increase rural job opportunities e.g., in small and medium enterprises sustainability
and related activities

The listed actions in Table 2 are divided into three leading groups as
strategical, tactical, and operational. In favor of designing strategies
for SA, knowing the possible effects of the actions at the managerial
level also may guide the practitioners to create a better transition plan.

III. METHODOLOGICAL BACKGROUND
This section will provide the methodological background with
preliminary information about the 2-Tuple linguistic model and the
AD technique. First, the main benefits and properties of the 2-Tuple
model and AD are given, and later the principal methodology for
GDM aggregation is presented.

A. 2-Tuple Linguistic Model
Herrera and Martinez first represent this model in 2000 [24]. The 2tuple linguistic model and its extensions have been applied to various

Strategical
Strategical
Strategical
Strategical
Strategical
Tactical
Tactical
Tactical
Tactical
Tactical
Operational
Operational

S1
S2
S3
S4
S5
T1
T2
T3
T4
T5
O1
O2

Operational

O3

Operational

O4

Operational

O5

topics, mainly decision-making and decision analysis problems [24,
27, 35]. Basic definitions are as follows [24]:
The 2-Tuple fuzzy linguistic representation model represents the
linguistic information using a 2-Tuple (S, α) here; S is a linguistic
label, and α is a numerical value representing the value of the
symbolic translation. The function is defined as:
D s : éë0, g ùû ® S
ìi = round( b )
D s( b ) = (Si ,a ), with í
îa = b - i

(1)

The linguistic term set S could be converted into 2-Tuple form by
adding zero value as in the following relation:

Si ÎSÞ (Si ,0)

(2)
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For further details, the readers can refer to [24]. The main benefits of
a 2-tuple linguistic model have augmented the accuracy and
interpretability of the results, the possibility of dealing with variables
closer to human beings’ cognitive processes, and increased accuracy
of computations. Regarding these benefits to create a flexible
environment for the decision-makers (DMs) and better analysis and
knowledge about the SA area, the suggested 2-Tuple methodology is
integrated with the AD technique.

B. Axiomatic Design
AD is a technique first introduced by Suh [38]. For the selection
problem, a linguistic-based AD is proposed; it is used with 2-Tuple
linguistic information to overcome the multi-granularity arising from
multiple experts. The AD technique uses two axioms: the first one is
the independence axiom, which sets out that function requirements
(FRs) must be independent, and the second one is the information
axiom, which sets out that the design with the minimum information
content is better than all the other designs that satisfy the FRs [38].
AD is based on the information content (I), which is represented by
the probability function for fulfilling an FR. In 2-tuple AD, fuzzy
membership functions for linguistic variables are used instead of
probability functions. Figure 1 represents the System Range (SR) and
Design Range (DR) for fuzzy membership functions.
𝐼𝑖 is calculated as the following relation for Fuzzy AD [7]:
∞
, 𝑛𝑜 𝑖𝑛𝑡𝑒𝑟𝑠𝑒𝑐𝑡𝑖𝑜𝑛
𝑎𝑟𝑒𝑎 𝑜𝑓 𝑆𝑅
𝐼𝑖 {
𝑙𝑜𝑔2 (
) , 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
𝑐𝑜𝑚𝑚𝑜𝑛 𝑎𝑟𝑒𝑠

(3)

Then the weighted total information content (I) is calculated with:
𝑛

𝐼 = ∑ 𝑤𝑖 × 𝐼𝑖

(4)

𝑖=1

where 𝑛 is the number of criteria, 𝑤𝑖 is the weight of criteria and𝐼𝑖 is
the non-weighted information content calculated with Eq. (3).
Finally, the prioritization of alternatives is obtained by ranking the
options with increasing order. The alternative with the minimum
information content is the most appropriate one for the solution.

C. Aggregation Technique for GDM
This paper proposed a linguistic SA design framework with a GDM
approach. The main benefit of the GDM approach is to create an
unbiased, objective decision-making environment where the final
solution is beneficial to each DM. The GDM approach is based on
the aggregation of different opinions from multiple DMs [9]. GDM
is a commonly adopted method preferred over a single DM due to its
superiority in avoiding partiality and bias [8, 21].

Figure 1. System ranges, design ranges, and common area in fuzzy
membership functions [7]
Regarding all the benefits mentioned above, the 2-tuple linguistic
model’s Linguistic Hierarchies (LH) approach is selected as an
aggregation technique for this GDM methodology. The methodology
is based on the experts’ knowledge; however, the experience level
and knowledge may differ concerning the interest of DMs. So,
providing different granulated linguistic evaluations set to each DM
may be a powerful solution to balance the knowledge difference
rising from different backgrounds.
LH [24] approach unifies the multigranular linguistic input under the
one unified linguistic set. A transformation equation exists to
normalize label sets with different granularity. The following
equation gives the relations:
æ D -1 (Sin(t ) ,a n(t ) ) ×(n(t ') -1) ö
TFt t' (Sin(t ) ,a n(t ) ) = D ç
÷
n(t) -1
è
ø

(5)

where TF is the transformation function for LH, and the
transformation is from tth level to t’th level.
Furthermore, for aggregating normalized linguistic variables
Weighted Aggregation Operator (WAO) of 2-Tuple model is
recommended as well. The following equation gives the formulation:
∑𝑛𝑖=1 ∆−1 (𝑒𝑖 , 𝛼𝑖 ) × ∆−1 (𝑤𝑖 , 𝛼𝑖 )
𝑥⃑ = (
)
∑𝑛𝑖=1 ∆−1 (𝑤𝑖 , 𝛼𝑖 )
𝑛
∑𝑖=1 𝛽𝑖 × 𝑤𝑖
= ∆(
)
∑𝑛𝑖=0 𝑤𝑖

(6)

where, (𝑒𝑖 , 𝛼𝑖 ) is the assessments provided by each expert; (𝑤𝑖 , 𝛼𝑖 )
stands for the weights of experts and 𝑛 represents the number of
experts and 𝛽𝑖 is the 𝛽 values for 𝑖𝑡ℎ criterion’s importance.
The detailed steps of the suggested methodology will be given in the
next section.

Figure 2. Detailed steps of the suggested framework.
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weights of the expectations are obtained first by normalizing
assessment under nine scaled sets then unifying them using Eq. (6).
Table 3 gives the individual assessments of DMs and the aggregated
importance of expectations.

D. Suggested Framework
The preliminaries provided in the previous section forms the
methodological basis of the SA design framework. Here Figure 2
presents the flow of the recommended framework. Followingly, in
the case study, the indicated steps will be followed in order to test the
applicability of the design model.

The exact process is conducted for the assessment of relations
between expectations and actions. Due to the page restriction, only
the aggregated decision matrix for AD is given in Table 4.

IV. CASE STUDY
The case study is designed to test the applicability of the suggested
framework. When the framework is formed, the first step was
creating a decision-making group and validating the framework to
them.

Table 3. Expectation weights
Five
Unified
scaled
Nine scaled set
under nine
set
scaled

The decision-making group comprises three competent experts in
sustainable agriculture, sustainable design and agriculture, and
sustainable supply chain and its design. The DMs working on
sustainable agriculture and design are assessed by using nine scaled
linguistic sets. Due to the volatile background of DMs, two different
linguistic sets are provided. The third DM works on sustainable
supply chains, and their design used five scaled linguistic sets. The
details of linguistic sets are as follows:

DM1

DM2

DM3

Aggregated

E1

P

VH

P

(P,-0.39)

E2

P

P

P

(P,0)

E3

H

H

VH

(H,0.39)

E4

M

AH

H

(AH,0.17)

E5

M

H

VH

(VH,-0.04)

E6

H

VH

VH

(VH,-0.22)

E7

H

VH

H

(H,0.39)

E8

M

AH

AH

(AH,-0.22)

E9

P

P

P

(P,0)

The second level five scaled (Very Low(VL)- Low (L)- Medium (M)High(H)-Perfect (P)) and the third level nine scaled (Very low (VL)Low(L)-Medium Low (ML)- Almost Medium (AM)- Medium (M)Medium High (MH)- High (H)- Very High (VH)- Perfect (P))
hierarchy of letters [18].
The Delphi [23] method is followed for the separate meetings with
each DM. Their judgments are collected separately and aggregated
by using the 2-tuple model’s LH approach.

As stated in Figure 2, the first three steps of the framework are
completed as explained above. Then for the following steps, the
Table 4. The aggregated assessment matrix for 2-tuple AD.
DRs

S1

S2

S3

(H,0)

(P,0)

(VH,0.22
)

S4

(VL,0)

S5

(M,0)

T1

(VL,0)

T2

(L,0)

T3

(H,0)

T4

(H,0)

T5

(H,0)

O1

(M,0.39)

O2

(M,0)

O3

(P,0)

O4

(L,0)

O5

E1

LAM

(L,0)

E2

LAM

(AM,0.
22)

(AM,0.
22)

(AH,0
.22)

(P,0)

(L,-0.43)

(H,-0.43)

(VL,0)

(L,0)

(L,0)

(H,0)

(H,0)

(M,0.39)

(H,0)

(P,0)

(M,0.43)

E3

LMH

(AH,0.
22)

(H,0)

(L,0.4
3)

(P,0)

(AM,0.22)

(M,0)

(AM,0.22)

(M,0.39)

(H,0)

(M,0.39)

(L,0)

(AH,0.
22)

(H,-0.43)

(VH,0.22)

(H,0)

E4

LAM

(AH,0.22)

(M,0)

(VH,0.22)

(H,0)

(L,0)

(AH,0.22)

(P,0)

(M,0)

(M,0)

(H,0)

(M,0)

(P,0)

(AM,0.22)

(AM,0.22
)

(H,0)

E5

LAM

(M,0.43)

(AM,0.
22)

(H,0)

(H,0)

(M,0)

(M,0)

(VH,0.17)

(M,0)

(L,0)

(L,0)

(M,0)

(H,0)

(L,0)

(AM,0.22
)

(M,0)

E6

LAM

(VH,0.22)

(AM,0.
22)

(VH,0.22)

(P,0)

(AM,0.22)

(AH,0.22)

(H,0)

(VH,0.22)

(AH,0.22)

(H,0)

(L,0)

(AM,0.
22)

(AM,0.2
2)

(M,0)

(M,0)

E7

LMH

(H,0)

(H,0.39
)

(H,0)

(M,0)

(P,0)

(VH,0.22)

(L,0)

(M,0.39)

(M,0)

(M,0)

(L,0)

(AH,0.
22)

(M,0)

(H,0)

(P,0.39)

E8

LAM

(P,0)

(P,0.39)

(VH,0.22)

(AH,0.22)

(P,0)

(H,0)

(AM,0.22)

(M,0)

(M,0)

(L,0)

(L,0)

(H,0)

(H,0.39)

(P,0)

(P,0.39)

E9

LMH

(AH,0.22)

(P,0.39)

(VH,0.22)

(L,0)

(AM,0.22)

(M,0)

(H,-0.43)

(H,0)

(P,0)

(H,0)

(M,0)

(M,0)

(H,-0.43)

(H,-0.43)

(H,0.39
)

For the design ranges (DRs) in the AD technique, a nine-scaled
assessment set is suggested to DMs, and their compromise
assessment is obtained as a consensus. The suggested assessment set
is as follows: At least very low (LVL)- at least low (LL) - at least
medium low (LML) - at least almost medium (LAM) - at least medium
(LM) - at least medium high (LMH) - at least high (LH) - at least very
high (LVH) at least perfect (LP).
According to the design ranges and the aggregated DMs assessment,
as in Figure 1, the intersection area of both assessments is calculated
to obtain each action's information content. The information content
is obtained with Eq.(3). Then, the expectation importance will be
multiplied to obtain the final ranking as in Eq (4).
The results and their analysis will be given in the next section.

V. RESULTS AND ANALYSIS
After applying the steps stated in Figure 2, the final relation matrix
where the weighted information values are stated is given in Table 5.
The  refers to no intersection between the system and design ranges.
That means the solutions do not meet the expectations. Therefore, the
AD provided a pre-elimination to reach the most efficient solutions
for SA. The elimination of less effective actions narrows down the
design process, and it only suggests and ranks the most efficient
actions. The information content is calculated by taking the
intersection of each system range with the assigned design ranges.
The design ranges and the intersection of a system range are
presented as an example in Figure 3.
Moreover, all the operational solutions are eliminated. The
operational solutions contain the solutions for operational, short-term
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actions. We can assume that the short-term actions are not as
powerful as tactical and strategical solutions for SA.

As the existing literature confirms that the tactical and strategical
transition is the critical enabler for SA [17, 18], our suggested
methodology validated the same result by eliminating short-term
actions as a solution.

Table 5. Ultimate relation matrix with information contents
S4
S5
T1
T2
T3
T4
T5
O1

S1

S2

S3

E1

∞

0.03

0.00

0.00

∞

0.18

∞

∞

0.03

0.03

E2

0.08

0.08

0.01

0.00

∞

0.61

∞

∞

∞

E3

0.03

0.09

0.47

0.00

∞

1.00

∞

∞

E4

0.29

0.15

0.05

0.03

∞

0.29

0.00

E5

∞

0.05

0.02

0.02

0.11

0.11

E6

0.06

0.08

0.06

0.00

∞

E7

0.08

0.00

0.08

0.81

E8

0.00

0.08

0.04

E9

∞

1.30
1.88

Sum:

O2

O3

O4

O5

0.03

∞

0.18

0.00

∞

0.04

0.04

∞

0.04

0.00

∞

0.09

∞

∞

0.03

∞

0.23

0.09

0.15

0.15

0.03

0.15

0.00

∞

0.07

0.03

0.02

0.11

∞

∞

0.11

0.02

∞

0.05

0.11

0.36

0.04

0.06

0.36

0.04

∞

0.08

0.08

0.19

0.19

0.00

0.19

∞

∞

0.81

0.81

∞

0.02

0.81

0.08

0.99

0.27

0.00

0.03

∞

0.14

0.14

∞

∞

0.03

0.00

0.00

0.08

0.24

∞

∞

1.07

∞

0.10

0.00

0.10

1.07

1.07

∞

∞

0.00

0.97

1.13

3.84
1
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Figure 3. The intersection of design ranges and system range
Table 6. Ranking of the feasible solutions
S#

Solution

S2

Co-constructed knowledge with awareness rising

3

S3

Creating inclusive platforms

1

S4

Regulations and standards based on climate-change mitigation and adaptation

2

T1

Developing decentralized capacity

4

Furthermore, among appropriate solutions, the majority are the
strategical solutions that can transform the mentality of the
conventional agricultural systems. The ranking of the feasible
solutions concerning their weighted information values is given in
Table 6.
Creating inclusive platforms is selected as the most potent solution
for SA design. As stated in the literature, inclusive platforms are
significant enablers for long-term capacity building, knowledge
sharing, and consensus-based decision making [14, 17, 19, 33].
Therefore, for building shared knowledge and joint actions for SA
design, these platforms are the primary facilitator for technological
innovations as well.

Rank

VI. CONCLUSIONS
The accelerated population growth and the consumption of natural
resources to feed the increasing population are two significant
challenges that agriculture faces today. Plus, the severe effects of
climate change related to the extending natural sources cause
vulnerabilities at various stages of the agricultural value chain.
As a result, SA is recommended by various policymakers and
nongovernmental organizations. The SA approach suggested, yet
the need for an appropriate roadmap or a “to do” list for practitioners
was a gap in the literature. Therefore, this paper suggested a
linguistic design framework for SA design.
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The framework is built with the integration of the 2-tuple linguistic
model with the AD technique. The 2-tuple linguistic model provided
interpretability of the assessments closer to human thinking, and
also it enables to make computations with multi-granular data. The
multi-granular data eliminated the knowledge and background
differences of DMs. They felt comfortable while evaluating the
relations between the expectations and the solutions. As a result, a
ranking of four solutions is obtained. The majority of the results
were strategic solutions. The methodology also validated the
existing literature by emphasizing the importance of strategic
approaches for a successful SA design.
The SA expectations were generated from the academic and the
industrial literature as a significant input to the framework. Also,
they are validated by the experts. However, future studies can
improve the number of expectations, and real field research can be
applied to reach real stakeholders.
As a limitation, the number of DMs can be stated. In this paper, the
recommended methodology is tested with three DMs; however, the
framework can work with DMs up to more high numbers. Also, a
sensitivity analysis can be performed to investigate the solution
rankings by changing the design ranges.
Furthermore, for future studies, the same methodology can be
followed for other industries as well. The same methodology can
serve as valuable guidance for strategy and solution detection for
various sectors by improving the expectations according to the
industries.
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Abstract
Sustainability could be a good strategy or a path to follow
for any industry to achieve a durable and adaptable system. In
the construction sector, where a non-stop activity to build a new
environment exists, sustainability is a massive necessity for
continuity. Sustainable construction and design facilitate
adaptable solutions with nature rather than producing solutions
against it. Hence, this paper aims to propose a methodology for
designing farm buildings for sustainable agriculture. The need
for structures in the rural lands is a necessity for farming
activities and stocking. Creating a sustainable building for
farming practices is also an essential step to transition to
sustainable agriculture. For this purpose, the House of Quality
(HoQ) of the Quality Function Deployment (QFD) is suggested
with the 2-tuple linguistic model integration. The group
decision-making (GDM) approach is applied to simulate
stakeholder inclusion for the design phase. The 2-tuple model
helps to compute with multi-granular linguistic information.
The use of multi-granular information augments the accuracy
of computations and transforms the design phase closer to
human thinking. To test the plausibility of the recommended
methodology, a case study from Turkey is presented with the
results and the analysis. Finally, the concluding remarques are
provided at the end.
Keywords: Building design, sustainable farm building, HoQ,
QFD, 2-tuple linguistic model, GDM

I. INTRODUCTION
Sustainability becomes one of the critical trending notions in our
century with the rising awareness about the human effects on our
earth. When it comes to sustainability, the idea is addressed in three
dimensions: environmental, economic, and social. These three
notions are the three main components of sustainability. The
primary purpose of these components is to be stable or sustained in
any situation. For this purpose, efficient usage of economic,
environmental, and social sources is significant.
Sustainability could be a good strategy or a path to follow for any
industry to achieve a durable and adaptable system. In the
construction sector, where there is non-stop activity to build a new
environment, sustainability is necessary to have continuity. In the

Deniz Uztürk
Department of Business Administration
Galatasaray Univeristy
Istanbul, Turkey
duzturk@gsu.edu.tr

building sector, the realization of sustainable building remains at a
low rate, despite the increased need for it [13]. This low rate is a
consequence of challenges of environmental and economic issues.
To achieve an appropriate level of sustainability in a building, some
principles must be applied, such as [1]:
•

Lowering the energy demand and the consumption of
operating materials,
•
Utilization of reusable or recyclable building products and
materials,
•
Extension of the lifetime of products and buildings,
•
Risk-free return of materials to the natural cycle,
•
Comprehensive protection of natural areas and use of all
possibilities for space-saving construction.
For some, these principles could be challenging and hard to apply.
However, a prioritization of these principles could be done to
achieve a sustainable building step by step. Different multi-criteria
decision-making (MCDM) approaches could be used to handle the
complications of this application. In this paper, the House of Quality
(HoQ) of the Quality Function Deployment Method (QFD) is
recommended to translate customer requests into building design
requirements. The customer requests are treated as the sustainability
requirements for operating a methodology that serves for sustainable
design.
As an application area, the agricultural buildings are selected. The
agricultural systems have immense impacts on their environments
[30]. And the need for structures in the rural lands is a necessity for
farming activities and stocking. Therefore, designing a sustainable
building for farming practices is also an important step to transition
to sustainable agriculture.
Consequently, this paper suggests an HoQ based framework for a
sustainable farm building design. The HoQ technique is extended
with the 2-tuple linguistic model to fortify its ability to deal with
linguistic variables. Plus, the 2-tuple model facilitates the
interpretation of outputs with linguistic variables, creating an
assessment model closer to human thinking. A group decisionmaking (GDM) approach is followed to mimic the stakeholder or
end-user inclusion in the designing phase. By integrating the enduser and the sustainability issues into the building design, this
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methodology aims to propose valuable guidance for farmers for their
buildings.

Table 1. CNs for the farm building design [3–5, 10, 11].

The main contribution of this paper can be summarized as a firsttime proposition of a linguistic model for a sustainable farm building
design. The suggested linguistic-based design framework may guide
farmers and policymakers to reach a sustainable agriculture
environment. Plus, policymakers can use this methodology to create
regulations for their rural areas.
The remaining parts are organized as follows: The following section
gives the existing literature about HoQ and the building design area.
Moreover, the same section provides a detected customer needs
(CNs) and design requirements (DRs) for sustainable farm building
design. Section III presents the preliminaries about the
recommended methodology. Section IV gives the case study, and
the results and analysis are presented followingly. Finally, in Section
VI, the concluding remarques are provided.

II. LITERATURE REVIEW
This section gives the theoretical background about building design
and QFD and the suggested 2-tuple HoQ framework components.

A. Building Design and QFD
Shigeru Mizuno and Yoji Akao first introduced QFD at the end of
the ’60s. Concerning transferring customer expectations, QFD is a
robust approach with suitable applications[2]. Various studies
discussed QFD and its applications in different areas. The main idea
of the QFD approach is how to balance CNs. Prearranging CN is the
leading and first step for QFD. In this paper, it is recommended to
use for the design of a sustainable farm building. For this purpose,
detailed research about sustainable building requirements and their
design requirements is done.

CN#

CNs

CN1

Flexible interiors

CN2

Quick construction

CN3

Low cost

CN4

Less site preparation

CN5

Durability

CN6

Natural Ventilation

CN7

Natural Lighting

CN8

Less resource usage

CN9

Accessibility

CN10

Adaptability to the field

These ten requirements form the basis of sustainable design.
According to these dimensions, technical requirements for a building
will be evaluated. Their relations will be studied thanks to the HoQ
technique, and the 2-Tuple linguistic model will help to better
analyze the relations with linguistic variables.
As aforementioned, the GDM approach will be used to obtain an
objective weighting of dimensions and relations. Forming a group
will help to simulate a project group for the construction projects.
Table 2. DRs for sustainable farm building [5, 10, 14, 18, 29].

DR#

DRs

DR1

Sensor utilization

In the literature, Uztürk et al. suggested a fuzzy linguistic-based
approach for a hospital building design [24]. The healthcare sector is
the one sector that a QFD model is suggested for the building design
[8, 25]. Other studies commonly focus on building envelop design
[21–23] or building design management [19, 26, 27] with QFD
methodology.

DR2

Types, sizes, and shapes of openings

DR3

Fixed light windows for skylights

DR4

Flexible building envelop design

DR5

Non-toxic, low VOC glues and paints

As seen from the existing literature, the QFD and its HoQ are potent
tools to handle building design decisions. Moreover, its extension
with the fuzzy linguistic creates more accurate and unbiased findings
for the designers and construction teams. So, by generating robust
CNs and DRs, the recommended model may be convenient for the
building designers and construction firms. The detected customer
expectations and the technical requirements for a sustainable farm
building will be given in the next section.

DR6

Rainwater storage

DR7

Local material use for construction

DR8

Recycled material use

DR9

Life-cycle cost analysis before the construction

DR10

Innovative architecture

DR11

Heat emitting windows

DR12

Proper building operations and maintenance

B. Sustainable Farm Building Design
Sustainable construction and design facilitate adaptable solutions
with nature rather than producing solutions against it. In the long
term, it also helps for energy-saving and cost-saving for farming
activities [14]. The construction phase and the design phase are both
proposing solutions for sustainable building. Among them, the design
phase has a more critical role in the life cycle of the building [3, 21].
The initial decisions in the designing phase have an immense effect
on the long-term of the construction site and the building’s land use.
Consequently, a better analysis of the desired sustainability issues
should be addressed in the design phase. Considering the value of the
design components, in this paper, two groups of requirements are
generated from a comprehensive academic literature review.
The first group covers the CNs in the HoQ, and the second one
contains the DRs to reach the CNs. The CNs are assigned as the
sustainability requirements that a farm building has for its future life.
Table 1 and Table 2 present the detected CNs and the DRs for a
sustainable farm building design.

As Table 2 states, twelve technical attributes are derived from the
literature. The main aim is to prioritize them according to the CNs.
As a result, their prioritization will be obtained, and the results will
serve the practitioners as a roadmap for their construction projects.
The following section will present the preliminaries for the suggested
methodology and the detailed steps of the framework.

III. METHODOLOGY
As aforementioned, the selected primary tool for a farm building
design is HoQ. This section will give the details of the HoQ
technique and the 2-tuple linguistic model.

A. 2-Tuple Linguistic Model
Herrera and Martinez first represent this model in 2000 [15]. The 2tuple linguistic model and its extensions have been applied to various
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∑𝑛𝑖=1 ∆−1 (𝑒𝑖 , 𝛼𝑖 ) × ∆−1 (𝑤𝑖 , 𝛼𝑖 )
𝑥⃑ = (
)
∑𝑛𝑖=1 ∆−1 (𝑤𝑖 , 𝛼𝑖 )
∑𝑛𝑖=1 𝛽𝑖 × 𝑤𝑖
= ∆(
)
∑𝑛𝑖=0 𝑤𝑖

topics, mainly decision-making and decision analysis problems [15,
17, 20]. Basic definitions are as follows [15]:
The 2-Tuple fuzzy linguistic representation model represents the
linguistic information using a 2-Tuple (S, α) here; S is a linguistic
label, and α is a numerical value representing the value of the
symbolic translation. The function is defined as:

where, (𝑒𝑖 , 𝛼𝑖 ) is the assessments provided by each expert; (𝑤𝑖 , 𝛼𝑖 )
stands for the weights of experts and 𝑛 represents the number of
experts and 𝛽𝑖 is the 𝛽 values for 𝑖𝑡ℎ criterion’s importance.

D s : éë0, g ùû ® S
ìi = round( b )
D s( b ) = (Si ,a ), with í
îa = b - i

(1)

C. 2-Tuple HoQ Framework for Sustainable
Farm Building Design

The linguistic term set S could be converted into 2-Tuple form by
adding zero value as in the following relation:

Si ÎSÞ (Si ,0)

(2)

For further details, the readers can refer to [15]. The main benefits of
the 2-tuple linguistic model are the augmented accuracy and
interpretability of the results and the possibility to deal with variables
closer to the human beings’ cognitive processes. Regarding these
benefits, to create a flexible environment for the DMs and better
analysis and knowledge about the sustainable building design area,
the suggested 2-Tuple methodology is integrated with the HoQ
technique.

The computational steps of 2-Tuple QFD are as follows [9, 16, 28]:
1. Assigning an objective of the study. Then defining a problem
related to it. Afterward, detect requirements for this objective
and form a decision-making group to solve the problem.
2. Selecting a linguistic comparison scale for each DM to represent
their own opinion about the problem assigned. Different scales
could be chosen according to the experience of experts in the
case study. Tables 3 and 4 show the different scales for experts.

Table 3. Label Set for DMs [15]

Label Set for five scale
VL
Low
Medium
High
Perfect

B. Aggregation Technique for GDM
The main benefit of the GDM approach is to create an unbiased,
objective decision-making environment where the final solution is
beneficial to each DM. The GDM approach is based on the
aggregation of different opinions from multiple DMs [7]. GDM is a
commonly adopted method preferred over a single DM due to its
superiority in avoiding partiality and bias [6, 12].

LH [15] approach is used to unify the multigranular linguistic input
under the one unified linguistic set. A transformation equation exists
to normalize label sets with different granularity. The following
equation gives the relations:

3.

(5)
4.

where TF is the transformation function for LH, and the
transformation is from tth level to t’th level.
Furthermore, for aggregating normalized linguistic variables
Weighted Aggregation Operator (WAO) of 2-Tuple model is
recommended as well. The following equation gives the formulation:

Abbreviation
VL
L
M
H
P

𝑺𝟓𝒊
𝑺𝟓𝟎
𝑺𝟓𝟏
𝑺𝟓𝟐
𝑺𝟓𝟑
𝑺𝟓𝟒

Table 4. Label set for DMs

Label Set for nine scale
Very Low
Almost Low
Low
Almost Medium
Medium
Almost High
High
Very High
Perfect

Regarding all the benefits mentioned above, the 2-tuple linguistic
model’s Linguistic Hierarchies (LH) approach is selected as an
aggregation technique for this GDM methodology. The methodology
is based on the experts’ knowledge; however, the level of experience
and expertise may differ concerning the interest of DMs. So,
providing different granulated linguistic evaluation sets to each DM
may be a powerful solution to balance the knowledge difference
rising from diverse backgrounds.

æ D -1 (Sin(t ) ,a n(t ) ) ×(n(t ') -1) ö
TFt t' (Sin(t ) ,a n(t ) ) = D ç
÷
n(t) -1
è
ø

(6)

5.

6.

Abbreviation
VL
AL
L
AM
M
AH
H
VH
P

𝑺𝟗𝒊
𝑺𝟗𝟎
𝑺𝟗𝟏
𝑺𝟗𝟐
𝑺𝟗𝟑
𝑺𝟗𝟒
𝑺𝟗𝟓
𝑺𝟗𝟔
𝑺𝟗𝟕
𝑺𝟗𝟖

Detecting the CNs about the problem and taking their related
importance from the DM group. The importance taken from the
DM group is in a Label Set form.
3.1. Normalizing the multi-granulated assessments under the
highest granularity (𝑆𝑖9 ) by Eq. (5).
3.2. Aggregating DMs normalized assessments with Eq. (6).
Detecting DRs for QFD according to the CNs.
At this step, DRs need to be well evaluated according to CNs
to get logical relations between them during the relation matrix
construction.
Constructing the relation matrix for HoQ to determine pairwise
relations between CNs and DRs.
This step is to determine the level of relations between CNs and
DRs. The DMs can perform their evaluations again in the label
set form, and the same steps as 3.1 and 3.2 are to follow to
aggregate the DMs assessments.
Calculating the importance of DRs and ranking them in
decreasing order.
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Figure 1 represents the HoQ components and structure, and
followingly, Figure 2 summarizes the suggested framework’s steps.

Figure 1. The HoQ structures[2].

Figure 2. Summary of the suggested methodology

IV. CASE STUDY
In this section, a case study from Turkey is presented to test the
plausibility of the recommended methodology.
An organic farm closer to Istanbul city is chosen as a case study. The
selected farm also provides accommodation to its visitors in
sustainable buildings. So, the farm’s strategy is familiar with
sustainability and sustainable design. Besides its accommodation
areas, the farm also continues to produce organic food in the rural
regions of Kandıra. They plan to design a farming building closer to

their greenhouses and the production field. Therefore, we have
proposed our methodology as guidance for their farm building
project.
Consequently, a decision-making group is formed from two
owners/managers of the farm and one academician. Two DMs from
the farm had different experiences about the sustainable building
and design area so that 𝑆𝑖5 and 𝑆𝑖9 are provided to them. The
academician also made her assessments with 𝑆𝑖9 label set.
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As stated in Section III, Step 4, the DMs are asked to evaluate CNs
(Table 1) separately. Here Table 5 gives the individual assessments
of each DM and their aggregated importance.

As stated in Section III.C, Step 5, the relation matrix is constructed
to investigate the relations between the CNs and DRs. The following
Table 6 gives the aggregated ultimate relation matrix for the case
study.

Table 5. DMs assessments and the aggregated importance of CNs

DM1

DM2

DM3

Aggregated

Beta values

M

AH

P

(H,-0.04)

5.96

H

AM

M

(M,0.04)

4.04

M

H

P

(H,0.35)

6.35

P

VH

AH

(H,-0.43)

6.43

P

P

P

(P,0)

8.00

P

P

P

(P,0)

8.00

P

VH

P

(P,-0.39)

7.61

H

H

H

(H,0)

6.00

M

AM

AM

(M,-0.39)

3.61

H

AH

P

(H,0.39)

6.39

During the formation of aggregated relation matrix, each DMs’
assessments were collected separately. The normalization and the
aggregation steps in Section III are followed, and finally, the relation
matrix is obtained. Afterward, using the CNs importance,
prioritization for the DRs is obtained.
The details of the obtained results and the sensitivity analysis will
be given in the next section.

V. RESULTS AND ANALYSIS
The obtained beta values for each DR are given in Figure 3. By using
Eq. (1), the beta values can be presented in linguistic label set form.
When the DRs are ranked according to their final beta values, the
most critical five technical requirements are detected as:
1.
2.
3.

Innovative architecture
Local material use for construction
Flexible building envelop design

Table 6. Final aggregated relation matrix.
DR3

DR4

DR5

DR6

DR7

DR8

DR9

(H,-0.04)

(AM,0.22)

(P,0)

CN2

Quick construction

(M,0.04)

(H,0)

(M,0)

CN3

Low cost

(H,0.35)

CN4

Less site preperation

(H,-0.43)

CN5

Durability

(P,0)

CN6

Natural Ventilation

(P,0)

(M,0)

(VH,0.17)

CN7

Natural Lighting

(P,-0.39)

(H,0)

(VH,0.17)

CN8

Less resourse usage

(H,0)

(M,0)

CN9

Accessibility

(M,-0.39)

CN10

(L,0)

(AL,0.22)

2.78

(AM,-0.22)

(AH,-0.22)

(P,0)

(L,0)

(M,0)

(M,-0.43)

(AL,0.22)

(AH,-0.22)

Recyled material use

Rainwater storage

Local material use for construction

Innovative architecture

Flexible interiors

(H,0)

(P,0)

(VH,0.22)

(H,0.39)
(L,0)

(AH,0.22)
(P,0)

(AH,0.22)

(H,0.39)

(P,0)

(L,0.29)

(VH,0.22)

(AH,-0.22)
(AH,-0.22)

(L,0)
(AH,-0.22)

(M,0)
(M,0.39)

(L,-0.39)

2.75

DR11

1.22

DR10

4.38

DR9

2.27

DR8

1.51

DR7

3.56

DR6

1.60

DR5

1.16

DR4

3.40

DR3

1.10

DR2

2.75

DR1
0.00

(L,0.29)
(VH,-0.22)

(VH,-0.22)

DR12

(AH,-0.22)

(L,0)
(VH,-0.22)

(AH,-0.22)

(AH,-0.22)

(P,0)

(M,0)
(VH,0.17)

DR12

(H,0)

(AH,-0.22)
(P,0)

Adaptability to the field (H,0.39)

DR11

Life-cycle cost analysis before the construction

CN1

Non-toxic low VOC glues and paints

Flexible building envelop design

Fixed ligh windows for skylights

CNs I mportance

Sensor utilization

CNs

Types, sizes and shapes of openings

DRs

DR10

Proper building operations and maintenance

DR2

Heat emitting windows

DR1

1.83
0.50

1.00

1.50

2.00

2.50

3.00

3.50

4.00

4.50

5.00

Figure 3. Obtained beta values for the final ranking of DRs.
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4.
4.
5.

Types, sizes, and shapes of openings
Proper building operations and maintenance
Fixed light windows for skylights

Ten different scenarios are created; each scenario emphasizes one
CN. Ten different rankings are obtained, and the values show that
the suggested model ranks the DRs according to CN weights.
The same sensitivity analysis also enables us to investigate DR-CN
relations more carefully. The changing ranking of DR shows us
which CN has a significant impact on which technical attributes.
Accordingly, by analyzing these differences more comprehensive
understanding of the sustainable farm building design can be
obtained.

The ranking of DRs proposes a roadmap to follow to reach a
sustainable farm building. By changing the CNs importance, each
project can have its road for designing with their preferences.
Accordingly, testing the robustness and the replicability of the
model is essential. For that purpose, a sensitivity analysis is
conducted. Figure 4 gives the results of the sensitivity analysis.

Case 1

Case 2

Case 3

Case 4

Case 5

Case 6

Case 7

Case 8

Case 9

Case 10

DR8

DR9

6
66

4

5
2 3 4
2 3
3 4

3

3 4
3

11

2 3

1

1 2

1

2

4

5

66

8

10

6
6

7 8

10
DR7

2

4

5
1

2 3

4

DR6

66
6

666

8
66

66
33

2 33

1

2
1

DR5

5

6

5

66

3

4

2 3

1
DR4

9
7 8

8

8

4 5

66
6

7

7 8
44

8

10
DR3

3

4

5
1

3

4

DR2

444
5 6
2 3

8
6
6

7 88
5

2
DR1

1 2

3

4

55

3

4

44
5

5

6
6

7 8
77
8

10

11

12

Case Study

DR10

DR11

DR12

Figure 4. Sensitivity analysis

VI. CONCLUSIONS
Nowadays, where sustainability is a critical issue for creating more
durable and flexible systems, this paper proposes a valuable
framework for sustainable agriculture. Transition to sustainable
agriculture is a process which is needed to be designed carefully.
One of the agricultural system components is the farm buildings that
are located in the farming fields. So, to reach a sustainable
agricultural system, whole system components should design
concerning the sustainability issues. Consequently, a comprehensive
design approach is needed for environmentally friendly agriculture
fields.
The well-known design tool, HoQ, is suggested for designing
sustainable farm buildings. Moreover, the HoQ technique is
extended with the 2-tuple linguistic model to create a model that can
operate with the linguistic information. To test the applicability of
the recommended framework, a real case study from Turkey is
presented. The results from the case study showed that the
innovative architecture, local material usage, and the envelop design
are the primary first three steps to follow for a sustainable farm
building.
This paper aims to present guidance for practitioners and
construction companies to follow during their projects. The
methodology is adaptable for different cases; by changing the CNs'
weights, each project can obtain its roadmap for its projects.
As a limitation, the number of DMs can be stated. In this paper, the
recommended methodology is tested with three DMs; however, the
framework can work with DMs up to higher numbers.

Furthermore, for future studies, the same methodology can be
followed for other industries as well. The same methodology can
serve as valuable guidance for strategy and solution detection for
various sectors by improving the CNs according to the sectors.
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Abstract
The construction of predominantly glazed facades in
commercial buildings has become a standard practice in India
irrespective of the climate and in particularly in cities such as
Bangalore, an Indian IT hub with temperate climate. In recent
decades, urbanisation has been rapid and fully glazed buildings
have increased, resulting in high energy consumption and
demand. The development and implementation of energy
efficiency codes and initiatives can help ensure a sustainable
future. Window wall ratio is one of the key parameters and if
designed properly, could have a substantial impact on the
overall energy consumption of a building. In order to
understand the impact of solar radiation and daylight entering
through the building envelope, a reference high rise office
building with an operation period of 24 hours was simulated and
after optimization of WWR with daylight utilization, the
average EPI of 350 kWh/m2/yr. (BEEP India 2013) improved to
306 kWh/m2/yr. The building envelope is evaluated with
reference to different WWR and orientation (North, South, East
and West). The optimum WWR was selected on the basis of the
lowest energy consumption while at the same time achieving the
lighting threshold as specified in the ECBC. The building has
been modelled and analysed using Energy Plus and COMFEN.
Keywords: Optimum WWR, orientation, EPI, daylight utilization,
Annual energy consumption, office building

I. INTRODUCTION
The Fast-increasing world energy consumption levels have already
raised concerns over the excessive usage of resources and
subsequent environmental impacts. According to WEO (2009),
energy is accounting for 65% of the World’s Greenhouse gas (GHG)
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emissions. Being a developing country, power consumption has
been increasing at greater pace in India. (Nagaraju Kaja,2015).
Unfortunately, the current building stock is oriented towards high
energy consumption (Hirst, 2013) and the commercial sector has
become the fastest growing energy demand sector globally (EIA,
2016). The commercial sector accounts for 8.6% of total electricity
consumption of India and increasing with 5% rate annually due to
rapid urbanization. The building's major energy consuming end-uses
are air-conditioning including heating, cooling, lighting, and
equipment during the operational phase (Bhatnagar et al, 2019). The
average annual electricity consumption for space conditioning and
lighting in India is around 160 KWh/m2 for commercial (Nagaraju
Kaja,2015). In a typical commercial office building, the major share
of energy is from Cooling-25%, Equipment 28%, Lighting
30%.(Central Electric Authority). Energy savings in the building
sector are critical for the achievement of sustainable development.
Current trends of energy use indicate that buildings’ energy
demands and related emissions will continue to increase.
However, buildings offer great opportunities to reduce growth in
energy demand in terms of design and architects have a great role to
play in it. The energy conscious design approach helps designers and
building owners to economically reduce building operating costs,
while improving comfort for the building’s occupants. The energy
consumed by a building depends on its use (whether residential,
commercial or industrial), the type of building (air-conditioned or
naturally ventilated and the climate classification. Architects have to
ensure that the design of the built form suits the intended use of the
building and the specific needs of the user within the framework of
the prevailing climatic conditions.
The construction of predominantly glazed facades in
commercial building has become a standard practice in India
irrespective of the climate which has led to high energy consumption
in such buildings. The glazed components of the building allow heat
and solar gain which primarily determines the operational energy
requirement of buildings.
Especially in cities like Bangalore, an IT hub of India which
has a temperate climate. It has seen rapid urbanization in the past
few decades and rise in fully glazed buildings without any
consideration for energy efficiency which has resulted in high
energy demand and consumption. Heat loss or gain through the
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building envelope and solar gain should be considered together with
internal energy demands in assessing the energy performance of
glazed building components (Grynning, 2013).
Optimizing the glazing system considering area, thermal
performance, and localization of glazed building components in a
building envelope are ways to reduce energy consumption in
buildings (Grynning, 2013). Window wall ratio restricted up to 40%
in Energy Conservation Building Code (ECBC) is one of the key
parameters, if designed properly, could have a substantial impact on
the overall energy consumption of a building. Hence, the analysis
and optimization of WWR is an important way to achieve efficiency
in the energy performance of a building. But there is an apparent
lack of understanding amongst practitioners of what might be
considered appropriate in the temperate climatic context of
Bangalore.

Table 1. Averages Annual Energy Consumption for different
office building typologies (Source: Building Energy
Benchmarking study undertaken by the USAID ECO-II
Project)
No. of
Buildi
ngs

145

55

II. BACKGROUND STUDY
A. WWR- Window to Wall ratio
The window-to-wall ratio is the measure of the percentage area
determined by dividing the building's total glazed area by its exterior
envelope area. Window-to-wall ratio (WWR) is an important
variable affecting energy performance in a building and determining
thermal and visual comfort indoors. Window area will have impacts
on the building's heating, cooling, and lighting, as well as the indoor
environment in terms of access to daylight, ventilation,
comfort and views. The Window Wall Ratio is restricted up to 40%
in ECBC.

B.

224

Daylighting

Daylight has qualities that cannot be replicated by artificial lighting.
The design of a window and choice of glazing can dramatically
affect the quantity and quality of daylight in a space and how it is
experienced. Daylight design is far more sophisticated than simply
providing a window with a high enough visible transmittance. More
daylight does not necessarily equate to better lighting conditions. It
is a matter of balancing daylight admission with glare control, as
well as providing uniform light distribution.
The usability of daylight is dependent on the task. For some tasks,
bright illumination improves visual acuity and glare is of little
concern. For computer tasks, glare may be problematic and it is
better to control illuminance levels. The average annual daylight
illuminance is linearly related to the product of the window-to-wall
ratio and visible transmittance (VT*WWR).
The Useful Daylight Illuminance (UDI) is a holistic analysis method
measuring the useful daylight as well as glare on the work plane.
The ECBC defines UDI between 300 to 500 Lux as useful daylight.
We are considering 500 lux as the threshold daylight level on the
work plane in an office space for this study.

C.

88

EPI-Energy Performance Index

Energy performance index (EPI) is total energy consumed in a
building over a year divided by total built up area in kWh/sq.m./year
or MJ/sq.m./year (where 1kWh= 3.6MJ) and is considered as the
simplest and most relevant indicator for qualifying a building as
energy efficient or not. Most commercial buildings in India have
EPI between 200-400kWh/m2/year. Energy conscious buildings in
India have achieved EPIs of 100-150kWh/m2/year. The national
benchmark is 180kWh/ m2/year. Buildings with EPI of
180kWh/m2/year are ECBC compliant.
In order to understand the impact of solar heat and daylight entering
through the façade of a reference high rise office building with an
operation period of 24 hours and an average EPI index of 350
kWh/m2/yr (approx.) as mentioned in Table 1.

10

D.

Building
Type

One
shift
Buildin
g
Three
shifts
Buildin
g
Public
Sector
Buildin
gs
Private
Sector
Buildin
gs
Green
Buildin
gs

Floor
Area
(sq.m.)

Annual Energy
Consumption
(kWh)

Benchmarking
Indices
kW
h/sq
.m./
year

kWh/s
q,m,/h
our

16,716

20,92,364

149

0.068

31,226

88,82,824

349

0.042

15,799

18,38,331

115

0.045

28,335

44,98,942

258

0.064

8,382

15,89,508

141

-

Research gap

Previous research has clearly established the role and benefits of
building envelope optimization on the overall energy performance
of the building. But there is lack of understanding of daylight
integration to reduce artificial lighting energy consumption in an
office building. This research paper fills that gap as it aims to
determine an optimum WWR for different orientation of a building
whilst achieving a threshold lighting level and studying the impact
on the building’s energy performance.

III. AIM
The main aim of the paper is to determine an optimum WWR for
each orientation of a building situated in Bangalore, which lies in
temperate climatic zone to reduce the overall energy consumption
whilst achieving a threshold lighting level as mentioned in ECBC.

IV. OBJECTIVE
In order to meet the aim, the study focuses on the following
objectives:
1. To understand the importance of energy efficiency in the
current commercial building sector in India.
2. Optimization of WWR of the glazing systems taking
daylight utilization into consideration in different
orientation using simulation tools- Modelling, input data,
shoebox analysis
3. To study and analyze the results of the simulation and
formulate solutions for future reference.

V. SCOPE & LIMITATION
The study of daylight use was one of the main objectives of this
work and shading devices were not considered. Additional
optimization of features for each orientation will require more
study, with shading included. This methodology could be
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followed during the initial stages of designing to determine
fenestration levels which would lead to a building with better
energy performance.

VI. METHODOLOGY & RESEARCH DESIGN
In order to understand the impact of solar heat and daylight entering
through the façade of a reference high rise office building with an
operation period of 24 hours and an average EPI of 350 kWh/m2/yr.
(acc. to BEEP India 2013), the building fenestration is assessed with
reference to different WWR and orientation. The optimum WWR
was selected on the basis of least energy consumption whilst
achieving a threshold lighting level as mentioned in ECBC. The
building has been modelled and analysed using Design Builder,
Energy Plus and COMFEN.

To understand the importance of energy
efficiency in the current commercial building
sector.
A.

A detailed literature study of the current trends in commercial
building design and its impact on the energy performance of the
building was conducted. A major issue identified was increased
levels of energy consumption due to lack of attention paid to
climatic responsive design instead following international trends of
extensively glazed facades. Through the literature study, the relation
between specific components of building envelope and their impact
on the overall energy consumption.

Optimization of WWR of the glazing systems in
different orientation using simulation toolsModelling, input data, shoebox analysis.
A baseline building as mentioned above was modelled using Design
Builder. COMFEN (COMmercial FENestration), an energy
modeling tool developed by LBNL (Lawrence Barkley National
Laboratory), for comprehensive analysis of building glazing
systems with respect to energy efficiency and comfort was used to
achieve the objectives of this study. COMFEN also uses the
powerful calculation engine of Energy Plus. A reference building
envelope was referred for the baseline building specifications and
inputs.
The impact of altering WWR on the energy consumption of a
building with daylight utilization was studied for each orientation
(north, south, east, west). The energy use intensity (EUI), in MJ/m2yr for each variant was determined to find the optimum WWR.
Investigation of the optimum WWR with daylight utilization
required the use of a dynamic daylight performance metric. For this,
DA (Daylight Autonomy) was used to implement daylighting in a
building. DA is regarded as a comprehensive parameter since it
considers the effects of orientation, climate and fenestration optical
properties to describe the daylighting performance of the space.
With daylight utilization, identification of optimum WWR for each
orientation was based on the lowest energy consumption for the
parameters at which the work plane illuminance threshold criteria of
500 lux were met by daylight alone for 50% of the occupancy time
during the year. Annual energy consumption and daylight
availability at the work plane were calculated.
COMFEN -Input data
The input data was derived from the reference building modelled in
previous research where they studied around 200 office buildings.
According to ASHRAE 2010 the perimeter and interior zones need
to be separated for energy modelling. So, a reference room which is
4m wide, 3.05m high (floor to ceiling height) with a perimeter zonal
depth of 4.57m (thermal and daylight lighting zone depth as per
ASHRAE standard 90.1 and International Energy Conservation
Code (IECC).It was assumed that the reference office room forms
part of a perimeter zone of an office building (as per the reference
building zoning). The base case glazing was double glazed, clear

glass (DGI). It was assumed that there was no shading from
additional shading devices or any surrounding buildings.
Input data required in this study for an office building/reference
room including thermostat set points, schedules (occupancy,
lighting, equipment), and outdoor air flow rate were set according to
the default values of COMFEN. The loads for each schedule were
set according to reference building specifications. Work place
density, miscellaneous equipment power and artificial Lighting
Power Density (LPD) for an office building were specified as 14 m2
/ person, 16.14 W/m2 and 8.32 W/m2 respectively. The illumination
level of 500 lux was specified at the work plane height during office
hours as recommended by ASHRAE standards and IESNA
(Illuminating Engineering Society of North America). Daylight
control logic is embedded in the software COMFEN. Continuous
lighting controls were modeled in this study as providing continuous
dimming control based on daylight levels to maintain constant,
undisturbed, fluorescent light levels during office hours.
Since a building can have maximum glazing of about 40%, the
WWRs considered for simulation are 10%, 15%, 20%, 25%, 30%,
35%, 40% (Fig.1) respectively for each orientation (North, South,
East, West) considering the building is perfectly aligned in the N-S
direction. Window position has significant effect on lighting energy
demand when there is a daylight control system. Windows
positioned in the center of the façade were considered in this study
as being most advantageous when daylight controls are to be used
(Bokel, 2007). The outdoor climatic data used in this study included
monthly average temperatures, horizontal solar radiations,
horizontal illuminance were set according to an in-built file in
COMFEN with climatic details of the city.

Figure 1. Different WWRs considered for simulation

To study and analyze the results of the
simulation and formulate solutions for future
reference.
B.

Shoebox modelling is a good practice in the energy modelling
process, as it helps the architects/engineers to take informed
decision on what passive measures to integrate in the building
design. In shoebox modelling we plot a graph between the annual
energy consumption derived from the simulation and the different
WWRs selected for the study and a linear relation between the two
variables is established which is then compared and analyzed further
to draw conclusions and derive an optimum WWR which is case
specific.

Figure 2. Methodology- Research Design Outline
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VII.

RESULT & DISCUSSION

It was found from the simulation results that daylight utilization
reduced building energy demand significantly by reducing the
artificial lighting requirement and also the cooling load associated
with artificial lighting. Optimum WWR selection with daylight
utilization was based on the lowest energy consumption for the
parameters which satisfied the preset threshold criteria of 500 lux
provided at the work plane by daylight alone. For this purpose,
intermediate WWRs between the two with lowest energy
consumption were simulated to investigate the optimum condition
for energy demand reduction and find the minimum WWR that
provided the required daylighting.

A.

hours with reasonable energy demand. If required, a higher WWR
up to 25% could most readily be planned on the north façade due to
low solar gains from this direction.
Table 3. Annual average hourly daylight (lux) at different
(intermediate) WWRs for North orientation
WWR
Annual average hourly daylight (lux) for five
counted hours

20%
23%
25%

North Orientation

It was derived from Figure 3 for North orientation, WWRs between
20% and 25% have to be simulated to find the optimum condition
for energy demand reduction in order to find the minimum WWR
that provided the required daylighting.
Table 2. Total energy consumption and heat gain for North
orientation with daylight utilization
Sc
en
ar
io
/S
r.
N
o.
1.
2.
3.
4.
5.
6.
7.

W
W
R

10
%
15
%
20
%
25
%
30
%
35
%
40
%

Averag
e
Daylig
ht
Illumi
nance
lux

Co
olin
g

79.49

347
.32
349
.89
354
.44
361
.84
377
.83
388
.49
399
.13

131.13
205.15
264.98
338.36
425.72
492.89

MJ
/m2
-yr

Fans
MJ/
m2yr

96.4
5
97.5
5
98.7
0
100.
56
110.
01
113.
21
116.
45

Ligh
ting
MJ/
m2yr

150.
69
132.
30
115.
02
108.
67
105.
33
103.
32
102.
39

Total
energy
consu
mptio
n

Win
dow
total
heat
gain

MJ/m
2-yr

MJ/
m2yr
55.43

594.47

B.

89.81

568.17

129.1
2
164.4
5
201.6
2
238.9
6
275.5
1

593.18
605.01
617.97

Figure 3. Comparison of energy consumption of different
WWRs for North orientation with daylight utilization.
After comparing all the WWRs for daylight availability for north
orientation, a WWR of 20% (Table 3) was identified as optimum for
north orientation, providing the
. required threshold daylight
illumination levels of 500 lux throughout the working time. As
direct sunlight does not strike the north façade at this latitude in the
northern hemisphere, higher WWRs on the north orientation were
found to provide sufficient daylight levels throughout the occupancy

12:00
pm
562.96
620.71
697.52

1:00
pm
591.83
643.53
732.51

2:00 pm
537.268
676.32
763.38

South Orientation

2.

571.07

11.00
am
542.87
593.86
668.25

It was derived from Figure 4 for south orientation, WWRs between
15% and 20% have to be simulated to find the optimum condition
for energy demand reduction in order to find the minimum WWR
that provided the required daylighting.
Table 4. Total energy consumption and heat gain for South
orientation with daylight utilization.
Scen
W
Avera Coo Fan Ligh
Total
Win
ario
W
ge
ling
s
ting energy dow
/Sr.
R
Daylig MJ/ MJ/ MJ/
consu
total
No.
ht
mption
heat
m2- m2- m2Illumi
yr
yr
yr
MJ/m2 gain
nance
-yr
MJ/
lux
m21.

579.75

10:00
am
469.43
537.03
605.51

3.
4.
5.
6.
7.

10
%
15
%
20
%
25
%
30
%
35
%
40
%

111.80
184.35
288.14
372.48
475.94
599.91
695.07

356.
03
364.
25
376.
51
389.
92
411.
92
427.
93
443.
09

95.0
8
95.8
6
96.6
5
97.9
9
106.
41
109.
02
111.
52

139.
62
122.
51
109.
76
106.
46
104.
36
102.
81
102.
03

590.73
582.62
582.92
594.37
622.69
639.77
656.65

yr
83.4
4
137.
62
201.
96
258.
21
317.
85
377.
68
435.
61

Figure 4. Comparison of energy consumption of different
WWRs for South orientation with daylight utilization.
A WWR of 18% (Table 5) was identified as optimum glazing size
for south orientation satisfying the pre-set criteria for the working
duration with lowest energy consumption of 579.81 MJ/m-yr.
The south orientation was found. to be better than north, east and
west orientations for useful daylighting as it receives direct sunlight
throughout the working time. However, minimum energy demand
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was found with a WWR of 18%, allowing natural light to bathe the
space for most of the working time without causing glare or
overheating.
Table 5. Annual average hourly daylight (lux) at different
(intermediate) WWRs for South orientation.
WWR
Annual average hourly daylight (lux) for five
counted hours

C.

15%

10:00
am
440.16

11.00
am
524.95

12:00
pm
568.94

1:00
pm
586.09

2:00
pm
575.45

18%

611.15

728.13

791.20

820.33

815.48

20%

678.72

808.01

877.23

909.03

903.64

East Orientation

It was derived from Figure 5 that for East orientation, WWRs
between 10% and 15% have to be simulated to find the optimum
condition for energy demand reduction in order to find the minimum
WWR that provided the required daylighting.
Table 6. Total energy consumption and heat gain for East
orientation with daylight utilization
Scen
W
Avera Coo Fan Ligh
Total
Win
ario
W
ge
ling
s
ting energy dow
/Sr.
R
Daylig MJ/ MJ/ MJ/
consu
total
No.
ht
m2- m2- m2- mption heat
Illumi
yr
yr
yr
MJ/m2 gain
nance
-yr
MJ/
lux
m21.
2.
3.
4.
5.
6.
7.

10
%
15
%
20
%
25
%
30
%
35
%
40
%

119.51
203.90
338.57
443.02
561.40
789.80
928.25

387.
91
413.
80
446.
60
477.
41
511.
20
546.
65
580.
16

126.
85
146.
68
171.
01
193.
68
218.
72
245.
33
269.
95

143.
53
127.
67
114.
52
109.
02
105.
55
103.
25
102.
21

658.29
688.15
732.13
780.11
835.47
895.23
952.33

yr
87.4
9
144.
45
212.
85
272.
54
336.
18
400.
43
462.
42

Figure 5. Comparison of energy consumption of different
WWRs for East orientation with daylight utilization.
A WWR of 15% (Table 7) was found to be optimum for east
orientation, providing the required illumination at the work plane
with daylight alone for 55% of the. working time. High illumination

levels (causing glare or visual discomfort) were observed during
morning hours for east orientation due to low solar altitudes.
Table 7. Annual average hourly daylight (lux) at different
(intermediate) WWRs for East orientation.
WWR
Annual average hourly daylight (lux) for five
counted hours
9:00
am
469.62
568.63
773.73

10%
12%
15%

D.

10:00
am
512.33
622.79
842.58

11.00
am
415.17
505.58
681.93

12:00
pm
288.72
351.43
474.19

1:00
pm
226.36
275.39
371.69

West Orientation

It was derived from Figure 6 that for West orientation, WWRs
between 10% and 15% have to be simulated to find the optimum
condition for energy demand reduction in order to find the minimum
WWR that provided the required daylighting.
Table 8. Total energy consumption and heat gain for West
orientation with daylight utilization.
Scen
W
Avera Coo Fan Ligh
Total
Win
ario
W
ge
ling
s
ting energy dow
/Sr.
R
Daylig MJ/ MJ/ MJ/
consu
total
No.
ht
mption
heat
m2- m2- m2Illumi
yr
yr
yr
MJ/m2 gain
nance
-yr
MJ/
lux
m21.
2.
3.
4.
5.
6.
7.

10
%
15
%
20
%
25
%
30
%
35
%
40
%

132.26
217.09
336.79
440.11
623.35
801.90
923.84

365.
72
379.
17
413.
18
442.
97
474.
81
506.
25
537.
05

105.
40
109.
51
132.
62
151.
93
172.
64
193.
02
213.
47

133.
82
119.
38
109.
32
105.
57
103.
59
102.
37
101.
71

604.93
608.06
655.12
700.48
751.04
801.64
852.23

yr
91.5
9
149.
05
214.
97
273.
95
335.
85
397.
89
485.
90

Figure 6. Comparison of energy consumption of different
WWRs for West orientation with daylight utilization.
A WWR of 12% (Table 9) was found to be optimum for west
orientation, providing the required illumination at the work plane
with daylight alone for 55% of the. working time. High illumination
levels (causing glare or visual discomfort) were observed during
evening hours for west orientation due to low solar altitudes.
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Table 9. Annual average hourly daylight (lux) at different
(intermediate) WWRs for West orientation.
WWR
Annual average hourly daylight (lux) for five
counted hours
1:00
2:00
3:00
4:00
5:00
pm
pm
pm
pm
pm
10%
260.36
376.72
484.27
491.52
390.49
12%
316.68
457.79
587.49
594.64
470.88
15%
427.96
621.04
800.09
813.40
729.68
By optimizing WWR for all orientations from the presently
traditional (reference building model) 30% WWR, a total of 4% to
19% of the energy could be saved as shown in Table 10. Owing to
different solar conditions, the optimal glazing size varies for
different orientations in daylight use. With daylight utilization,
energy demand is reduced by 19% by use of optimum WWR for east
and west, while 6.88% and 4.21% reductions are available from
optimum WWRs for south and north orientations, respectively,
compared to 30% WWR. For more than 50% of the working time,
these optimum WWRs have daylighting levels above 500 lux at desk
level.
Table 10: Total reduction in annual energy consumption
optimum WWR for East, West, North and South orientation
with daylight utilization.
Orienta
Baseline
Optimized
Reduction
tion
scenario
scenario
s in
overall
Total
Total
energy
W
energy
W
energy
WR consump WR consump requireme
nt %
tion
tion

North
South
East
West

30%
30%
30%
30%

MJ/m2yr
593.18
622.69
835.47
751.04

20%
18%
12%
12%

MJ/m2yr
568.17
579.81
668.68
604.95

Buildings with EPI of 180 kWh/m2/year or 648 MJ/sq.m./year
are ECBC compliant. The average EPI index of a standard 24 hours
operation high rise office building is 350 kWh/m2/yr. which reduced
to 306 kWh/m2/yr. after optimization of WWR with daylight
utilization..
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VIII. CONCLUSION
This study illustrated that by using optimized WWRs, substantial
energy savings in glazed commercial buildings are possible in
cooling dominant climates. By optimizing WWR for all orientations
from the presently traditional (reference building model) 30%
WWR, a total of 4% to 19% of the energy could be saved as shown
in Table 10. Owing to different solar conditions, the optimal glazing
size varies for different orientations in daylight use. With daylight
utilization, energy demand is reduced by 19% by use of optimum
WWR for east and west, while 6.88% and 4.21% reductions are
available from optimum WWRs for south and north orientations,
respectively, compared to 30% WWR. For more than 50% of the
working time, these optimum WWRs have daylighting levels above
500 lux at desk level. The results showed that the heat gained
through windows is responsible for the excessive energy demand in
Bangalore (a cooling dominant region).
Therefore, the control of penetration of solar radiations through
windows is essential for saving energy. Daylight use lowered the
energy demand for buildings by reducing the energy requirements
for artificial lighting and the cooling load associated with artificial
lighting. Therefore, a choice needs to be made between taking
advantage of natural daylighting by optimal WWR in order to
minimize energy demands; hence, decreasing the use of artificial
lighting and decreasing WWR to suitable sizes to minimize heat
gains via windows.
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Abstract
India is key within the many global corporates around the
world when it comes to development and revolution as one of the
rapid economic growth is seen within India, which not only
opens up a lot of opportunities in the building and construction
field but also needs to set a balance for the mass construction.
This paper suggests an integrated design solution involving the
mass of construction materials to help reduce the dead loads on
the structural frame of the building, releasing pressure off the
beams, columns, and footing. This resolves into keeping a
healthy balance of resource utilization and reducing any sort of
material exploitation. This study incorporates the use of
optimization techniques to obtain the best possible solution for
various cases under consideration in five climate zones by
minimizing the mass of the wall assembly while meeting the UValue constraints specified by ECBC.
Keywords: dead weight, mass optimization, lightweight
construction

I.

INTRODUCTION

A. Urbanization
India is one of the fastest-growing economies in the world.
Industrialization, commercialization, social benefits and services,
employment opportunities, modernization and changes in the
standard of living, rural-urban transformation, and spread of
education are some of the reasons for massive urbanization across
the country. With an increasing number of people, there is an evident

increase in demand for employment around the country. Thus there
is a dire need for infrastructure to support this growth. Increased
population also increases demand in the residential sector. The
construction industry contributes up to 8% of India’s GDP. The
commercial building stock is expected to increase five times in over
ten years from now. There is a potential 70% of floor space that is
yet to be constructed over a period until 2030 in India [1].

B. Resource Optimization
Throughout the life-cycle of a building, it can contribute
significantly to emissions and waste generation as it consumes an
enormous amount of material and energy resources to develop and
sustain the built environment. This is why the construction industry
is capable of making a noteworthy contribution to the objectives of
sustainability. The current and anticipated pace of global
urbanization makes it imperative for the process to be accountable
in all three platforms of sustainability: environmental, social, and
economic [10] .
Brundtland Commission's report of " Our Common Future" from
1987, outlines various sustainable development options including
sustainable construction which underscores the idea of meeting the
present-day needs of housing, infrastructure, etc., without having to
compromise with the future requirements. The construction industry
can walk the path of sustainable construction by reducing its
ecological footprint and be more socially supporting, while also
creatively responding to the high demand for built spaces.
Newer technology will inevitably replace the current trend of
construction. But until then we must maximize the essence of the
current building practices to make it more sustainable and
approachable. The current resources are getting exhausted and
therefore there is a need for resource optimization to support
sustained infrastructural growth.
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II.

LITERATURE REVIEW

It is impossible to stunt the growth of construction in India. The
increasing population and the demand will continue to grow over the
years increasing the landmass of construction. Old buildings get
replaced with new ones. This will lead to construction waste across
the country, defying the whole concept of sustainable construction
or resource optimization. Yet we need to continue with the mass
construction keeping in mind the impact and trying to reduce the
construction wastage as much as possible. Using newer and better
materials is one-way approach to the problem but better accessibility
to such material probes an issue to many cities within the country.
Hence a better use and balance of the currently available materials
will be the most sound option in such scenarios. One such example
for better material optimization and resource management is from a
study by Kishore et al., in their paper, they have analyzed the current
material library users across the country and have suggested the best
possible mix of the wall composition that not only will be of
constrained thickness but also confides within the u-value defined
as per Energy Conservation Building Code (ECBC), India. This
helps everyone to follow the basic norms of sustainability in terms
of thermal heat barrier that should be maintained by the external wall
without having to worry about using newer materials which demand
a higher level of transportation, skilled professionals, or even
increased costing [2].
Sustainable construction is defined as "the creation and responsible
management of a healthy built environment based on resource
efficiency and ecological principles".
The Organisation for Economic Co-operation and Development
(OECD) is an international platform that works to “build better
policies for better lives”, a project that identifies majorly five
objectives for sustainable buildings: Correlation with the
environment including environmental assessment; resource
efficiency; prevent pollution which includes indoor air quality and
noise abatement; resource efficiency; energy efficiency which
includes greenhouse gas emission control and finally integrated and
systematic approaches including environmental management
strategies [3].

A. Gap Identification:
The domain of the paper focuses on construction materials for nonload bearing structures. This paper takes references to code
compliance for wall construction specific to India like the Energy
Conservation Building Code, 2017 which applies to "buildings or
building complexes that have a connected load of 100 kW or greater
or a contract demand of 120 kVA or greater and are intended to be
used for commercial purposes” [7]. A connected load of 100 kW
indicates that the building in conversation is mostly a G+2 and G+3
or more commercial structure which is normally advised to be of
load-bearing structural construction. To make full use of the FAR
(Floor Area Ratio) it is inevitable to go higher, thus building up great
structural pressure on the beams, columns, and footing. This paper
aims to lessen the dead weight of the building structure through
walls, a major part of the building is consumed by walls. Using a
new technique or material to achieve this goal is one approach but
it's not advisable to be used across the country without this being
normalized, causing problems in costing, transportation, skilled
labor requirement, etc. Hence this an attempt to optimize the
currently available materials in the construction market to achieve
the task without facing any above-mentioned problems and also
creating alternative for easier acceptance in the construction and
architectural field of today. Table 1 highlights the research findings
of various lightweight construction-related topics that show the
importance of lightweight construction and also the current status in
the field.

III.
METHODOLOGY
A. Code compliance-based wall
construction in India
Thermal transmittance is one of the critical parameters for
understanding heat loss or gain from the envelope of a building.
Walls constitute a major part of the building envelope and receive
maximum solar radiation along with exposure to extreme
temperature and other weather conditions. To maintain steady
indoor thermal comfort conditions, it is necessary to reduce heat
transfer through exterior walls. It is very important to consider the
heat storage capacity of the wall along with its thermal conduction
properties. Energy Conservation Building Code (ECBC) for
commercial buildings 2017 regulates the compliance conditions for
the wall assemblies in terms of its U-factor(Thermal Transmittance).
ECBC, ECBC +, and ECBC Super are the three categories for
compliance specified in ECBC 2017 [7] for five climate zones in
India as classified by the Indian Meteorological Department (IMD)
which are “C1-Composite, C2-Hot and Dry, C3-Warm and humid,
C4-Temperate and C5-Cold”. Thermal transmittance in terms of the
opaque wall construction assemblies (U- factor limitations),
maximum U-factor (W/m2.K) mentioned for E1-ECBC, E2-ECBC
+, and E3-ECBC Super categories in different climate zones of India
for different building typologies namely B1- All building types
except the following, B2- No star hotel <10000 sq.m AGA, B3Business <10000 sq.m AGA, B4- School <10000 sq.m AGA and
B5- unconditioned building, are detailed in table 2, 3, and 4.
The Bureau of Indian Standards approved ‘Handbook for the
functional requirement of buildings other than industrial buildings’,
SP-41, divided into four sections which include climatology, heat
insulation, ventilation, and lighting [8]. The calculation
methodology for thermal heat transfer through the wall surface is
acquired from this handbook as a reference. "Total Thermal
Resistance (Rt) is the sum of the thermal resistance of each layer of
the wall section."
“Rt = R1 +R2+ …+ Rn = L1/K1+ L2/K2+ …+ Ln/Kn
Where L1-n is the thickness and K1-n is the thermal conductivity for
all the layers of the assembly."
U-factor is given by:
U= 1/Rt where,
Rt= 1/hi+1/ho+L1/K1+ L2/K2+ …+ Ln/Kn
Where, hi and ho represent the inside and outside air heat transfer
coefficients. The heat transfer for the inside and outside film of air
is stated in the Heat Insulation section of the SP-41 handbook. At an
air velocity of 8km/h, the outside film coefficient (h0) is 19.86W/m2
K and for still air, the inside film coefficient (hi) is 9.36W/m2 K [8].

B. Mass calculation and considerations
Mass = Density * Volume
To compare results among the various combination of wall
assemblies comprising of various inside finish material, outside
finish material, and block material making up the assembly type, the
cross-section of that wall is taken as per 1m3 volume of the
assembly, for the calculation of the mass of each assembly type.

C. Data collection
The materials selected for the wall assemblies in the study are code
amenable with ECBC 2017 and verified and tested per the Indian
standards[2]. The study pivots on the mass of these materials listed
in the paper which are currently being used in India. Tables 5 and 6
list the materials classified as block opaque wall material, exterior
finish material, and interior finish material respectively. Thickness
(T) is shown in meters(m) and conductivity (k) is measured by the
unit W/mK. Density is represented in kg/m3 and the rate is identified
as Indian Rupees per sqm (INR/m2).
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Table 1. Literature review and gap finding
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D. Mass and u value distribution
A Business as Usual wall in India consists of the wall assembly
shown in Figure 1.
The objective of this paper is to focus on finding the optimized
solution for the wall section that not only abide by the thermal
transmittance constraint imposed by ECBC India but also with the
least possible mass to reduce the overall dead load of the structure
reducing the load on the structural components of the building like
beams, columns, and footings.

Figure 1. Wall assembly for a Business as Usual wall in India
Table 2 ECBC compliance category suggested maximum U-factor for various climate zones of India and different building
categories [7]

Table 3 ECBC + compliance category suggested maximum U-factor for various climate zones of India and different building
categories [7]

Table 4 ECBC Super compliance category suggested maximum U-factor for various climate zones of India and different building
categories [7]
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Table 5. Material dataset for block material and exterior wall finish materials [2]

Table 6. Material dataset for interior wall finish materials [2]
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E. Optimization
Optimization is the technique of selecting the best and most effective
resources while conforming to a set of rules and precisely achieving
the solution for a given problem statement. The objective function
is represented as f(x1, x2, … xn). This function is inclusive of
variables and their constraints. The function can achieve minima or
maxima at some values of variables ranging from x1 to xn. A tangent
is drawn just before the point ‘x’ to determine a point of minima or
maxima.
Using an exhaustive search method of optimization, the best
practicable wall assembly scenarios are attained with the minimum
possible mass for each U-value constraint as provided by ECBC
2017 for five different climate zones with the wall thickness
constraints of T1- 0.15m, T2- 0.2m, T3- 0.25m, T4-0.3m, T5-0.35m,
T6-0.4m, and T7- 0.45m. The algorithm ceaselessly tries to obtain
the results every time it runs for every probable case considered. The
optimization algorithm does not make any supposition. Constraints
are added to the optimizer to keep in check the inputs along with
variables ensuring that the optimizer resolves every possible case
and gives the best possible solution which will be practically
possible to consider. If the constraints are not satisfied, the system
re-runs.

Inside finish material, outside finish material, and opaque block
material and their respective thicknesses are mentioned in the
dataset considered for the study in the paper [2]. Constraints
comprise U-values specified by ECBC 2017, the number of layers
of finish materials and block materials that can be used to form a
particular wall assembly, and various thicknesses of wall section
practically possible are included within the study. Figure 2 gives an
overall flow of the process that has been adopted in this study.
Keeping in mind the practical possibility of the number of layers of
materials that can be used to comprise a wall assembly, the
minimum and maximum limit for the number of layers of each
material is 0-3 i.e., it was decided not to exceed 3 layers of material
for either of Inside finish material nor outside finish material. The
lower and upper limit of layers for block material is considered from
1-3 layers. The four different combinations of finish material are
represented as, F1- no interior wall finish, opaque, no exterior wall
finish; F2- interior wall finish, opaque, exterior wall finish; F3- no
interior wall finish, opaque, exterior wall finish; F4- interior wall
finish, opaque, no exterior wall finish. The objective function of
mass was minimized to understand the feasibility of lightweight wall
construction with respect to the ‘The Code 2017’.

Figure 2. Process flow chart of evolutionary optimization

IV.

RESULTS, DISCUSSION,
ANALYSIS

AND

Graphs 1 to 4 depict the scenarios as a result of minimizing the
objective function i.e., mass construction for a wall section that
conforms with the ECBC criteria of thermal transmittance for
various building typologies, across five climate zones of India. The
x-axis of the graph explains the hierarchy of the combination of
constraints that are applied to the six variables considered in the
study i.e., type of wall finish materials (interior and exterior), block
material and their respective thicknesses. The primary y-axis of the
graph shows the mass of the construction assembly in kg/sq.m while
the secondary y-axis shows thermal transmittance in W/sq.m.K. The
constraints include various u-values for different categories of

compliance, namely ECBC, ECBC +, and ECBC Super, different
for different category of building and five climate zones of India.
Graph 1-4 shows ECBC and ECBC + results only. The cases
included within the study are the different climate zones, overall
thickness of the wall assembly from T1-T7 and the type of ECBC
compliance category. There are scenarios shown in the graphs for
which no practical solution exist, which indicates that there is no
possible solution i.e., there is no combination of material from the
dataset that abides by the given level of ECBC compliance category
for that particular climate zone

Graph 1 shows the least mass obtained for the case all building types (B1)
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Graph 2 shows the least mass obtained for the cases of no star hotels<10000 sqm AGA (B2)

Graph 3 shows the least mass obtained for the cases business<10000 sqm AGA (B3)

Graph 4 shows the least mass obtained for the cases of school<10000 sqm AGA (B4)
Graph 5 shows the results obtained for unconditioned building
compliance category i.e., ECBC + and ECBC. The thickness,
(naturally ventilated building) type mentioned in The Code 2017
climate zones, and ECBC constraint are considered the same for all
manual. The hierarchy of the x-axis remains the same and also the
four wall finish types throughout this study.
graph shows the possible solutions for only two levels of the ECBC

Graph 5 shows the least mass obtained for the cases of unconditioned buildings (B5)
Graph 6 is a compiled result of all building typologies from B1- All
irrespective of different building typologies and different climate
building types except the following, B2-no-star hotels<10000 sqm
zones. The variations shown in the graph are for seven wall
AGA, B3-School <10000 sqm AGA, B4-Business<10000 sqm
thicknesses and four combination of wall finish.
AGA and B5-Unconditioned type. This is because the ECBC Super
compliance category states the same value of thermal transmittance

Graph 6 shows the least mass obtained in all five building categories for ECBC Super criteria
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V.

CONCLUSION

The results of the optimization show that foam concrete is
the most recurring solution to the least mass construction
material that can be used as a block material for minimum
mass construction than the rest of twenty-eight block
materials from the material library. Higher mass
construction in buildings has a higher saving on building
energy consumption because of the time lag provided by
thermal mass but adversely impacts on the dead load of
the structure and results in unbalanced material utilization.
This paper suggests a lower mass solution for wall
construction while conforming with the thermal
transmittance requirements per ECBC, 2017. This makes
it an efficient and practical solution that is more
sustainable. Foam concrete has reduced mass due to air
pockets embedded within the block. This in turn acts as an
extra layer of insulation as air is the bad conductor of heat.
Lesser mass also helps with lowering the dead load
overall. In solid mechanics bending moment is a reaction
that is seen in structural elements when an external force
is applied which causes the element to 'bend'. The moment
is given by force * distance; force is given by mass *
acceleration. This relation shows the connectivity of how

VI.
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Abstract
The world’s population is on a rise, and this has resulted in a
huge loss of natural green spaces as the demand for housing
increases. As the land is limited in an urban area, green spaces
are being cleared out to set up high-rise buildings as they can
accommodate more people. The absence of green spaces in an
urban area has resulted in increased pollution levels,
temperature etc. To cope up with these problems faced by the
urban population, green facades are an excellent solution.
These methods can be applied to high-rise or mid-rise buildings
which contribute a lot towards the increase in temperature
around an urban area. Green walls are also a great to reduce
the internal temperatures within buildings. This paper aims to
discuss and assess the benefits of inculcating green facades in
high rise buildings in an Indian-Urban scenario.
Design builder is the simulation software used to simulate
buildings in 5 urban locations in India, and the advantages and
disadvantages of introducing green walls is assessed.
Keywords: Green walls, High-rise buildings, temperature, India

1.INTRODUCTION
With the ever-growing population of the planet, the demand for
housing has rapidly increased, which has resulted in a large chunk
of the population hunting for job opportunities and hence moving
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into cities and urban areas. As the demand for housing rises, much
greenery eventually gets removed, and the cities tend to expand
horizontally. As per the UN report, Today, 55% of the world's
population lives in urban areas, which is foreseen to increase to
68% by 2050. Predictions show that urbanization, the progressive
shift in the residence of the human population from rural to urban
areas, coupled with the global growth of the world's population,
might add another 2.5 billion people to urban areas by 2050, with
near to 90% of this increment taking place in cities in Asia and
Africa. To accommodate such a drastic change in the population
with limited land availability, the most acceptable option is to go
vertical in the form of Skyscrapers and Multifunctional High rises.
While these buildings are being designed, the designers and
construction companies need to keep sustainability in mind.
Increasing temperatures in urban areas due to the Urban heat island
effect is also a growing problem. Urban building elements are
another reason that urban areas trap heat. Many modern building
materials are impervious and rugged surfaces. This means that
water cannot flow through surfaces like a brick or a patch of cement
like it would through a plant. Without a cycle of running and
evaporating water, these surfaces have nothing to cool them down.
Planting gardens on urban roofs can also help to cool down the city
too. A study conducted in California estimated that changes like
these would be enough to avoid close to $100 million per year in
energy costs. Green Walls were especially important in the Arts &
Crafts and Modern style movements in Europe, which led to an
increase in its significance as an aesthetic element and a sustainable
one. At the beginning of the 20th century, some movements like
the 'Jugendstil Movement' used various climbing plants on building
façades to merge buildings with their gardens. In England, Garden
Cities are exceptional examples of Green Walls. William Robinson
and Gertrude Jekyll designed outdoor vegetated rock walls used for
screens and boundaries in gardens. Green Walls and climbing
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plants' usage on the façade declined after the 1930′s due to
development of new building techniques and people's fear about
compromises of wall life and durability. Stanley Hart White
(University of Illinois Urbana-Champaign) developed the modern
Green Wall with integrated hydroponics in 1931-1938. White owns
the first known patent for a green wall or vertical garden,
conceptualizing this new type of garden to solve the problem of
modern garden design. Studies done imply that vegetated facades
can decrease the effect of urban heat island around 2 degrees
Celsius, improving air quality, thermal comfort, and human health,
with savings in electricity consumption of up to 5% to 10%.

1.1 Green walls
Green walls are vertical surfaces /structures that have different
types of plants or other greenery growing on or attached to them.
The greenery is planted in a growth medium such as soil, stone, or
water. A green wall will also usually have a built-in water supply
system so as to irrigate the plants. According to the CTBUH guide,
the main elements of green walls are:
i) Plants
ii) Planting media
iii) Structures that support and attach plants to the façade
iv) The irrigation system
Green walls can be broadly divided in two categories:
i) Façade Supported Green Walls
ii) Façade Integrated Green Walls
Façade supported green walls include 2D and 3D systems in the
form of vertical cables, rods, trellis, nets etc whereas the Façade
integrated green walls include climbing plants and Living walls.
These Living walls usually have the irrigation system integrated.
within the green wall panels.

1.2 Background Study
In the Thermal Performance Simulation of Hydroponic Green Wall
conducted in Shahrekord City, Iran which enjoys cold climate,
where a green wall was modelled at a distance of 20cm from the
exterior walls of a school building using Energy Plus Software.
Results showed that during the warmer seasons, the indoor
temperatures reduced by a maximum of 1.13°C and a minimum of
0.7°C. During the colder seasons, the temperatures increased by an
average of 1.46°C. [1]
In the study mentioned in the book “Green Walls in High-Rise
Buildings: An output of the CTBUH Sustainability Working
Group” wherein several case studies of high rise buildings with
green walls is included, Consorcia Santiago Building in Chile, with
a Mediterranean climate, experienced a reduction in energy
consumption in floors of the building having external green walls
of up to 35% and operation costs of up to 25% as compared to the
floors without the green walls. [2]
In Athens City, which falls under the Mediterranean climate zone,
while testing the thermal performance of a green wall using the
design builder software, it was observed that the application of a
green wall on the East side brings a reduction of the building
heating need to about 10%. Average decrease in the internal surface
temperatures of the eastern walls of two rooms was 1.08 and 1.48
Celsius, respectively [3].
In Cairo, Egypt the simulation of a green wall was conducted using
the Design Builder Software on three typical Residential buildings.
It was observed that in Arid Climates such as the one Cairo
Experiences, the results show that an extensive soil thickness of
15cm performs better in the arid climates. Annual electricity
consumption reduced by 17% to 25% per annum when a vegetated
layer was added, in addition to enhancing the indoor air
temperature by 5°C [4].

In a simulation study conducted using the TRNSYS software in
two cities La Rochelle with an oceanic climate and Athens with a
Mediterranean climate it was found that the green walls decrease
the surface heat transfer from indoor to outdoor and the façade
surface temperature. As a result, the green walls will contribute,
also, to the urban microclimate mitigation. The difference in the
operative temperature was more prominent in Athens where
average reduction of 1.5 °C between the reference building and the
vegetated building [5].
In a field experiment conducted by the Department of Architecture,
NUM, Malaysia in a tropical climate on two identical thermal labs,
one with a green wall and one without, the results indicated that
indoor air temperature of thermal lab with the green façade is
always lower than indoor air temperature of reference thermal lab
at all times. Maximum reduction of indoor air temperature is 1.7°C.
Daily average of indoor air temperature with Green Facades is
1.0°C lower compared to indoor air temperature of reference
thermal lab, with 29.8°C and 30.8°C, respectively [6]. In another
live study and monitoring of summertime indoor temperatures of a
5 storeyed building in Shanghai, where green wall was integrated
within a double skin glass façade, the results showed that the indoor
thermal improvement by the Vertical Greening System, evaluated
by operative temperature, is 1.1 °C averagely and 2.7 °C maximally
on the South-facing office, and 0.6 °C averagely and 1.9 °C
maximally on the North-facing office. [7]
To assess the benefits of a green wall in an urban microclimate,
Envimet Software was used to model a locality in Hong-Kong. The
urban temperature was recorded. It was found that when 30% of
each building’s façade was incorporated with greenery, the urban
temperature dropped by 1°C. This proved that the green walls are
not only beneficial for better indoor temperatures but also helps in
reducing the temperatures in an urban level. [8]

2. METHODOLOGY
The research will be conducted with the help of DesignBuilder
Software. Design Builder is an Energy Plus based software tool
which is used for energy, carbon, lighting and comfort
measurement and control. Design Builder is developed to help in
easing up the building simulation process.

Step 1: Selection of Urban Areas
The first step involved the selection of 5 urban areas in India. Since
India is a large country with varying climate zones throughout the
region, ECBC has divided the country broadly into 5 climatic zones
i.e., Hot & Humid, Hot & Dry, Moderate, Composite, and Cold.
An urban area from each of these climatic zones has been selected
to run the simulation.

Step 2: Modelling of Reference Building
A 9 storeyed building (g+8) was modelled on the Design Builder
Software. The reference building has an exterior dimension of 90m
x 39m (aspect ratio of 1:2.3 [9] ) The reference building was
divided into various zones with Core and Perimeter Zones. A
Perimeter width of 4.5m was considered. The details of the
building envelope have been shown in table 1.
Table 1. Reference Building Model Envelope Details
City
Mumbai
Ahmadabad
Delhi
Bangalore
Srinagar

Wall U-value
1.26 - Fly Ash Brick Wall
(200 mm) with plaster
1.46 - Brick Wall (200
mm) with plaster
1.46 - Brick Wall (200
mm) with plaster
1.46 - Brick Wall (200
mm) with plaster
2.15

Roof UValue

Window
U-Value

1.18

2.05

0.64

2.05

0.64

2.05

0.64

2.05

1.65

1.1
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90m

Figure 2: Methodology Flowchart

39m

Figure 1: Reference Building Model Isometric View and
thermal Zone Divisions on the floors.

Step 3 : Retrofitting of Green wall
A façade integrated green wall was modelled on the Design Builder
Software. This Green wall was then retrofitted into the existing
walls of the Reference Building Model. An Air Gap of 8cm was
considered between the existing wall and the green walls aluminum
back panel for the provision of irrigation lines for the green wall.
Peat soil has been chosen as the growing medium for the plants as
peat soil is an organic matter that can be found throughout the
country irrespective of the climatic region. The details of the Green
Wall have been given in Table 2. A cross section of the green wall
has been shown in figure 4.

Figure 3: Green Wall Cross Section

Step 4: Running of Simulation
The 8th Floor of the reference Building model was simulated for
the summer day of May 19th to check the Indoor Air Temperatures,
Radiant Temperatures, Inside Surface Temperature, Exterior
Surface Temperature, Humidity Levels, and the Outside Dry Bulb
Temperature in all the four perimeter zones of the floor. Once the
Simulation was completed for the Reference building in a Climate
Zone, the modelled green wall was retrofitted into the Exterior
walls and the simulation was run again. The results where then
Compared. The same Procedure was followed for all the 5 Cities.

3. RESULTS

Table 2: Details of Green Wall Given to Design Builder
Plant Height
Leaf Area Index
Air Gap between Exterior
wall and Green wall

0.2m
3
0.08m thickness

Growing Medium: Peat
soil with 133% Moisture

0.15m thickness

Vapour Permeable Felt
Aluminium Backing

0.005m
0.005

Case 1: Hot and Humid
In Mumbai, the Outside Dry Bulb Temperature was 30.75°C. The
average reduction in Air Temperature and the Radiant Temperature
on the 8th floor was 1.13°C and 1.47°C, respectively.
The floors interior surface temperatures reduced by 1.65°C and the
exterior surface temperatures reduced by 2.48°C. Figure 4
Graphically compares the temperature levels before and after
retrofitting a green wall. It is observed that the highest temperature
reduction is seen on the building’s exterior Surface.
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temperatures experience a maximum dip of 0.9°C on the Southern
zone and the least reduction is observed on the Western Façade
with a temperature decrease of 0.46°C. The exterior surface
temperature reduction is the max on the southern wall with a
decrease of 4.59°C and the least is observed on the Western side
with a reduction of 0.47°C. The difference in the temperatures on
the various perimeter zones with and without the green wall is
graphically represented in figure 7.

Figure 4: Graph of Average Temperature Levels before
and After Retrofitting a green wall in Mumbai.
The maximum air and radiant temperature decrease is seen on the
Northern perimeter zone, with a temperature dip of 1.1°C and
1.27°C respectively, and the least decrease in the air and radiant
temperature is seen on the Western Perimeter with a dip of 0.76°C
and 0.86°C, respectively. The inside surface temperatures
experience a maximum dip of 1.33 on the northern zone and the
least dip is observed on the Eastern Façade with a temperature
decrease of 0.71°C. The exterior surface temperature reduction is
the max on the southern wall with a decrease of 1.37°C and the
least is observed on the Western side with a reduction of 0.31°C.
The difference in the temperatures on the various perimeter zones
before and after introducing a green wall is graphically represented
in figure 5.

Figure 7: Perimeter Zone wise recorded temperatures before
and after retrofitting a green wall in Bangalore.

Case 3:Hot and Dry
In Ahmadabad, the Outside Dry Bulb Temperature on the 19 th of
May was 34.27°C. The average reduction in Air Temperature and
the Radiant Temperature on the 8th floor was 2.27°C and 2.77°C,
respectively. The floors average interior surface temperatures
lowered by 3.05°C and the exterior surface temperatures decreased
by 5.32°C. Figure 8, Graphically compares the temperature levels
before and after retrofitting a green wall.

Figure 5: Perimeter Zone wise recorded temperatures before
and after retrofitting a green wall in Mumbai.

Case 2: Temperate Climate
In Bangalore, the Outside Dry Bulb Temperature on the 19th of
May was 27.74°C. The average reduction in Air Temperature and
the Radiant Temperature on the 8th floor was 0.89°C and 1.09°C,
respectively. The floors interior surface temperatures lowered by
1.25°C and the exterior surface temperatures decreased by 2.63°C.
Figure 6, Graphically compares the temperature levels before and
after retrofitting a green wall.

Figure 8: Graph of Average Temperature Levels before
and After Retrofitting a green wall in Ahmadabad.
The maximum air temperature and radiant temperature decrease is
seen on the Northern perimeter zone, with a temperature dip of
2.64°C and 3.19°C respectively, and the least decrease in the air
and radiant temperature is seen on the Western Perimeter with a
dip of 2.22°C and 2.61°C, respectively. The inside surface
temperatures experience a maximum decline of 3.47°C on the
Southern zone and the least reduction is observed on the Western

Figure 6: Graph of Average Temperature Levels before
and After Retrofitting a green wall in Bangalore.
The maximum air temperature and radiant temperature decrease is
seen on the Northern perimeter zone, with a temperature dip of
0.59°C and 0.72°C respectively, and the least decrease in the air
and radiant temperature is seen on the Western Perimeter with a
dip of 0.39°C and 0.49°C, respectively. The inside surface

Figure 9: Perimeter Zone wise recorded temperatures before
and after retrofitting a green wall in Ahmadabad.
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Façade with a temperature decrease of 2.61°C. The exterior surface
temperature reduction is the max on the southern wall with a
decrease of 5.63°C and the least reduction is observed on the
Western side with a reduction of 1.55°C. The difference in the
temperatures on the various perimeter zones with and without the
green wall is graphically represented in figure 9.

Case 4: Composite Climate
In Delhi, the Outside Dry Bulb Temperature on the 19th of May
was 32.06°C. The average reduction in Air Temperature and the
Radiant Temperature on the 8th floor was 1.9°C and 2.37°C,
respectively. The floors average interior surface temperatures
lowered by 2.7°C and the exterior surface temperatures decreased
by 6.1°C. Figure 10, Graphically compares the temperature levels
before and after retrofitting a green wall.

Figure 12: Graph of Average Temperature Levels before and
After Retrofitting a green wall in Srinagar.
The maximum increase in air temperature and radiant temperature
is seen on the Western perimeter zone, with a temperature rise of
1.77°C and 2.97°C respectively, the other perimeter zones
experience a similar result with the least increase seen in the eastern
perimeter zone with 1.63°C and 2.73°C.The inside surface
temperatures experience a maximum increase of 3.46°C on the
Eastern zone while the other perimeter zones also had a similar
result. The maximum average exterior surface temperature increase
is seen on the eastern façade with an increase of 6.41°C. The least
increase is seen on the south perimeter with 5.27°C. The difference
in the temperatures on the various perimeter zones with and
without the green wall is graphically represented in figure 13.

Figure 10: Graph of Average Temperature Levels before and
After Retrofitting a green wall in Delhi.
The highest air temperature and radiant temperature decrease is
seen on the Northern perimeter zone, with a temperature dip of
2.02°C and 2.22°C respectively, and the least decrease in the air
and radiant temperature is seen on the Eastern Perimeter with a dip
of 1.65°C and 1.95°C, respectively. The inside surface
temperatures experience a maximum decline of 2.71°C on the
Southern zone and the least reduction is observed on the Eastern
Façade with a temperature decrease of 1.98°C. The exterior surface
temperature reduction is the max on the southern wall with a
decrease of 6.1°C and the least reduction is observed on the Eastern
side with a reduction of 3.3°C. The difference in the temperatures
on the various perimeter zones with and without the green wall is
graphically represented in figure 11.

Figure 13: Perimeter Zone wise recorded temperatures before
and after retrofitting a green wall in Srinagar.

Humidity
Although the green walls help in having a better ambient
temperature within the building’s environment and its surrounding,
a major drawback of green walls are its potential to increase the
humidity levels within the building and its surroundings. The
Average increase in the humidity levels in the all the 5 cities is
5.26% with the maximum increase seen in Bangalore with a
Temperate climate. The least increase is observed in Srinagar of
cold climate with an increase of 3.27%. Figure 14 graphically
represents the increase in humidity in the 5 mentioned cities.

Figure 11: Perimeter Zone wise recorded temperatures
before and after retrofitting a green wall in Delhi.

Case 5: Cold Climate
In Srinagar, the Outside Dry Bulb Temperature on the 19th of May
was 14.24°C. The Air Temperature and the Radiant Temperature
on the 8th floor increased by 1.46°C and 2.34°C, respectively. The
floors average interior surface temperatures increased by 2.89°C
and the exterior surface temperatures increased by 5.41°C. Figure
12, Graphically compares the temperature levels before and after
retrofitting a green wall.

Figure 14: Graphically representation of change in the
humidity levels in the 5 mentioned cities.
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4. DISCUSSIONS
The simulation’ results suggest that the green walls thermal
impacts on the building and its surroundings are dependent on the
climatic zone of the building site. In terms of temperature reduction
pertaining to the interior of the building, the green wall seems to be
the least effective in Bangalore with a temperate climate, where the
Air temperature, Radiant Temperature and the interior surface
temperature reduced by 0.89 °C, 1.09°C, 1.25°C, respectively.
Whereas the results suggest that the green wall is most affective in
Ahmadabad with Hot and Dry climate, where the Air temperature,
Radiant Temperature, and the interior temperatures reduced by
2.27°C, 2.77°C and 3.05°C, respectively.
Though Ahmadabad and Delhi fall under two different climate
zones, during the summer month of May, both the cities experience
Excessive heat and very low air humidity which are the two most
significant climatic indicators. The reduction in the temperatures in
both of these two cities are the highest and similar.
Figure 15 shows the percentage wise change in the temperature
levels in all the 5 climatic zones. It can be inferred that, a green
wall is most effective in a hot and dry climate, where the average
reduction in interior surface temperatures in Ahmadabad and Delhi
is 3.05°C and 2.07°C. The effectiveness of green walls is reduced
with the decrease in the outdoor dry bulb temperature and the
increase in the humidity levels. This is evident in the case of
Mumbai, when compared with the results of that of Ahmadabad
and Delhi. In the case of Srinagar with a cold climate, it is observed
that the results are different than the rest. Here the green wall is
increasing the temperature levels within the building as well as the
exterior wall temperature.

Figure 15: Changes in the temperature levels in the 5
climatic zones
The exterior walls of a high-rise building are one of the highest
contributors of heat in an urban canyon. A bare plastered wall
would re-radiate the suns heat into the surroundings which results
in the central business districts of a city to have higher temperatures
than the exterior of the city. Figure 15 suggests that the maximum
change in the temperature levels is happening at the exterior
surface, whereas in cities like Delhi, a reduction in the temperature
by 15.58%. This would suggest that a green wall not only helps in
having better interior ambient temperature levels but also
contributes to having a better microclimate within a city.
The exteriors wall temperatures are reducing the most towards the
southern façade. This is probably due to the direct solar heat gain
on the south façade experienced by most of the buildings in the
northern hemisphere. Because of the presence of a constant inbuilt
irrigation system and the process of evapotranspiration undertaken
by the plants, in all the climatic zones, it is observed that the
humidity levels are increasing with the introduction of a green wall.

5. CONCLUSION
The results of the study have shown that the green walls help in
reducing the internal temperatures in warmer regions and in a

colder climate such as Srinagar a green wall helps in increasing the
temperatures. This shows that they also act as insulation assisting
to regulate a building’s temperature, keeping it warmer in Winter
and cooler in Summer. Results show that the green walls not only
contribute to having better interior temperatures, but also
contributes to regulating the temperatures on the building’s
exterior, which would lead to a better urban microclimate.
Humidity is one of the key parameters in thermal comfort. When
installing green walls to reduce temperature, attention must be
given to ventilation and humidity control especially in cities such
as Mumbai with an already prevailing humid climate.
The climate of the area is a crucial factor for the magnitude of the
thermal effect of green walls in a building’s microclimate. It is
observed that areas with higher temperature and lower humidity
(hot and dry regions), tend to benefit more from green walls.
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building and construction market will become the third-largest in the
world [6].

Abstract
Shading devices are used to maintain thermal and visual
comfort in a space. They aid in reducing the cooling loads and
visual glare by reducing the amount of direct solar radiation
entering the space. However, it also leads to an increase in the
heating load for a heating-dominated climate or winter season.
Therefore, a universal solution or a one size fits all approach for
the type and characteristics of shading devices cannot work for
every space or building and will depend on the location and
orientation. This study suggests optimum shading strategies like
horizontal louvers, vertical louvers, inclined louvers and
overhangs, their characteristics like the number of louvers and
angle of inclination that are location and orientation specific for
India. A shading device is an imperative design component for
an architect and hence, the optimum solutions from this study
can be used by an architect or designer for window design.
Keywords: shading device, angle of inclination, direct solar
radiation, optimization

I. INTRODUCTION
A. UNSDGs and the built

environment

The United Nations’ 2030 agenda for Sustainable Development
defined 17 sustainable development goals (UNSDGs) for a holistic
approach towards sustainable development [1]. UNSDG 3: Good
Health and Well Being, highlights the importance of healthy living
and a healthy built environment. Indoor climates are of major
importance because humans spend a majority of their time indoors,
which in turn has major effects on health [2,3]. Goal 7: Affordable
and Clean Energy and Goal 9: Industry, Innovation and
Infrastructure, highlight how the built environment is a major
contributor to energy consumption hence, energy efficiency is the
need of the hour [4,5]. By the year 2022, it is expected that the Indian
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Indian climate and shading devices

B.

ECBC 2017 has classified the Indian climate into five climate zones
[7]. Except for the regions classified under the cold climate
typology, the other regions experience harsh summer. Hence, India
can be characterized as a country that prominently has a warm
climate [8]. The impact of heat from solar radiation that enters the
buildings are mitigated using external shading devices. External
shading devices also help control the amount of daylight and glare
entering the building thereby aiding in maintaining visual comfort
which in turn affects the productivity of the users [9, 10]. The use of
daylight has been associated with a large set of benefits for
architectural spaces, energy-saving and the occupants’ visual
comfort [11]. But in the field of view, certain limits have been
defined for Luminance ratios. If the value is too high, the eyes would
have difficulty adapting. Glare from daylight can cause visual
discomfort and hamper the execution of a task (disability glare) or
decreases the performance of the viewer (discomfort glare).
Disability glare is caused due to bright light while discomfort glare
is caused due to visual contrast [12]. Hence, it is imperative to
control the glare and design an appropriate external shading device
that can be a viable solution.

C.

Indian building codes- shading device design

The National Building Code (NBC-2016) suggest ways to design
shading device after fixing one parameter like the overhang depth
and then the calculation of spacing and louvers [13]. BIS SP-41 has
divided India into geographical zones and has given
recommendations for the type of overhang [8]. However, location
specific overhang design has not been specified.

II.

LITERATURE STUDY

Daylight availability and daylight glare index has been used to
calculate the type of fixed shading device required for a space [14].
Genetic optimization for an office building space with a southfacing window has been studied for the design of an optimal fixed
shading device to minimize the overall energy consumption. Genetic
optimization proved to be a viable tool for the designer to get the
solutions [15]. UDI (useful daylight index) and DA (daylight
autonomy) have been used as parameters to decide the effectiveness
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of a shading device. Results obtained showed that the use of a
shading device decreased the DA but increased the UDI for an
indoor space [16]. For composite, hot and humid and hot and dry
climatic zones appropriate shading devices can decrease the cooling
loads and the polluting effects of the building [17].

III. GAP

𝑀𝑎𝑥. 𝑎𝑛𝑔𝑙𝑒 𝑜𝑓 𝑖𝑛𝑐𝑙𝑖𝑛𝑎𝑡𝑖𝑜𝑛 = tan−1

FINDING

Studies providing the type of shading device and its characteristics
like, the number of louvers and angle of inclination according to the
architect’s need for various locations and orientations have not been
conducted in the Indian context. Overhang design that can abide by
the overhang depth requirements while optimizing the construction
cost for a specific location and orientation has not been explicitly
defined for India. The proposed study covers the above-mentioned
aspects of shading device design.

IV. METHODOLOGY
A. Location and orientation

C.

Solar position angles and shadow angles

Azimuth and altitude angles are the solar position angles that define
the sun’s position in the sky. They depend on the declination,
latitude and hour angle [19]. The equations are mentioned below:
Alititude = sin−1 (sin 𝐷𝑒𝑐𝑙𝑖𝑛𝑎𝑡𝑖𝑜𝑛 × sin 𝐿𝑎𝑡𝑖𝑡𝑢𝑑𝑒
+ cos 𝐷𝑒𝑐𝑙𝑖𝑛𝑎𝑡𝑖𝑜𝑛 × cos 𝐿𝑎𝑡𝑖𝑡𝑢𝑑𝑒
× cos 𝐻𝑜𝑢𝑟 𝑎𝑛𝑔𝑙𝑒) … … … … … … . (1)

𝐷𝑒𝑝𝑡ℎ 𝑜𝑓 𝑙𝑜𝑢𝑣𝑒𝑟
𝑆𝑝𝑎𝑐𝑖𝑛𝑔 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑡ℎ𝑒 𝑙𝑜𝑢𝑣𝑒𝑟𝑠

……… (7)

Shading device types and cost optimization

Eight overhang typologies have been considered in the study that is
explained in the following table:
Table 1. Shading devices
S. No.
1
2
3
4
5
6
7
8

selection

Twenty-nine states and six union territories (UTs) have been
considered with five cities taken up from each state according to the
demarcation as Central, North, East, West and South zones (C-N-EW-S) [18]. Eight cardinal and sub cardinal directions have been
considered for the orientation of the window for which the shading
design needs to be provided. North (N) is taken as 0 degrees
similarly, in clockwise direction North-East (NE) is 45˚, East (E) is
90˚, South-East (SE) is 135˚, South (S) is 180˚, South-West (SW) is
225˚, West (W) is 270˚ and North-West (NW) is 315˚ [19]. A
window of 1200mm height (according to the standard window sizes
in India) [13,20] and 900mm width (according to Indian
ergonomics) [21] has been considered for shading device
calculations in the algorithm but they can be changed according to
the architect’s need and specifications.

B.

by a value taken as the minimum spacing between the louvers i.e.,
250mm; and the window width is divided by 250mm to get the
number of vertical louvers. For the angle of inclination calculations
in the case of inclined louvers the maximum angle of inclination
possible is calculated using the equation below:

Overhang type
Horizontal shading device – one overhang
Vertical shading device – one fin
Horizontal inclined shading device – one overhang
Vertical inclined shading device – one fin
Horizontal louvers
Vertical louvers
Horizontal inclined louvers
Vertical inclined louvers

The type of shading device, the angle of inclination and the number
of louvers has been taken as variables in the algorithm to get the
optimum solution. The type of shading device varies from 1 to 8.
The angle of inclination varies from 0 (which means normal to the
wall) to the maximum value calculated from the above-mentioned
formula in equation (7). To calculate the volume of the shading
device, Reinforced Cement Concrete (RCC) has been considered as
the building material with overhang/louver thickness of 50mm. A
market study has been conducted and the cost of RCC per cubic
meter is derived as 6000 INR. Excel solver has been used for
optimization, keeping cost minimization as the objective function.
Therefore, the results generated are first and second-best strategies
for a certain location and orientation with their specifications i.e.,
angle of inclination and number of louvers that are feasible with
minimal cost. Shading device depths have been rounded up to the
nearest hundred millimeters (mm). The angle of inclination has been
rounded into an integer and number louvers have been rounded up
to the nearest whole number.

Azimuth = cos−1 [( cos 𝐿𝑎𝑡𝑖𝑡𝑢𝑑𝑒 × sin 𝐷𝑒𝑐𝑙𝑖𝑛𝑎𝑡𝑖𝑜𝑛 −
cos 𝐷𝑒𝑐𝑙𝑖𝑛𝑎𝑡𝑖𝑜𝑛 × sin 𝐿𝑎𝑡𝑖𝑡𝑢𝑑𝑒 × cos 𝐻𝑜𝑢𝑟 𝑎𝑛𝑔𝑙𝑒)/
cos 𝐴𝑙𝑡𝑖𝑡𝑢𝑑𝑒] … …………………………………………. (2)

Horizontal shadow angle (HSA) equation (3) and Vertical shadow
angle (VSA) equation (4) express the sun’s position for a building
façade in a specific orientation [8,19]. They are used for shading
device calculation. Equations are as follows:
… ...… (3)

𝐻𝑆𝐴 = 𝐴𝑧𝑖𝑚𝑢𝑡ℎ − 𝑂𝑟𝑖𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛
𝑉𝑆𝐴 = tan−1

tan 𝐴𝑙𝑡𝑖𝑡𝑢𝑑𝑒

……….……. (4)

cos 𝐻𝑆𝐴

The shadow angles have been used to calculate the required
overhang depth to prevent the direct radiation component of the sun
to enter through the window [9].
𝐻𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑜𝑣𝑒𝑟ℎ𝑎𝑛𝑔 𝑑𝑒𝑝𝑡ℎ =
𝑉𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑓𝑖𝑛 𝑑𝑒𝑝𝑡ℎ =

𝑊𝑖𝑛𝑑𝑜𝑤 ℎ𝑒𝑖𝑔ℎ𝑡

𝑊𝑖𝑛𝑑𝑜𝑤 𝑤𝑖𝑑𝑡ℎ
tan 𝐻𝑆𝐴

tan 𝑉𝑆𝐴

…. (5)

……………… (6)

The maximum depth of the required horizontal or vertical shading
device has been calculated from 365 or 366 days of the year between
the timings of 9 a.m. and 4 p.m. The depth of the required shading
device has a constraint of 1200mm beyond which the algorithm does
not give a solution. To obtain the maximum number of louvers
possible, for horizontal louvers the height of the window is divided

Figure 1. Process flowchart for the algorithm

V.

RESULTS AND DISCUSSION

Table 2 and figures (graphs) 2,3,4 and 5 have been used for denoting
the results. Graphs have been presented for 6 states and 6 UTs. The
selection criteria of states for which graphs have been presented is
based on a logic to cover all five climate zones defined by ECBC,
where mostly one state belongs to a specific climate zone.
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The graphs denote the type of overhang/louver (ref. Table 1) and the
number of louvers on the primary y-axis. The secondary y-axis

shows the overhang depth (in cm) and angle of inclination. The xaxis denotes the state, city and orientations in alphabetical order.
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Figure 3. Graph showing best and next best shading device strategies for the states Punjab and Rajasthan

120

OH depth(in cm)/ Angle of inclination

8
7
6
5
4
3
2
1
0

100
80
60
40

.

20
E
N
NE
NW
S
SE
SW
W
E
N
NE
NW
S
SE
SW
W
E
N
NE
NW
S
SE
SW
W
E
N
NE
NW
S
SE
SW
W
E
N
NE
NW
S
SE
SW
W
E
N
NE
NW
S
SE
SW
W
E
N
NE
NW
S
SE
SW
W

Type of OH / No. of louvers

Figure 4. Graph showing best and next best shading device strategies for the states Jammu & Kashmir and Uttar Pradesh
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In Figure 2, the orientations at which the windows have been
considered are arranged as E, N, NE, NW, S, SE, SW and W in the
graphs. For the states of Karnataka (which has Bangalore which falls
under the Temperate climate zone) and Kerala (Warm and Humid
Climate zone), the best shading device strategy is 7 i.e., Horizontal
inclined louvers and the number of louvers that would serve the
purpose at minimal cost is 2. For Karnataka, the depth of horizontal
inclined louvers varies from 300mm to 500mm and for Kerala it
varies from 300mm to 400mm. The angle of inclination varies from
11 degrees to 26 degrees for Karnataka, while for Kerala it varies
from 17 to 26 degrees as per the orientation. The next-best strategy
for Karnataka is 5 i.e., horizontal louvers without any inclination for
all five cities and eight orientations under consideration except for
Gulbarga in the NW and SE orientations where the suitable strategy
suggested is 3 i.e., one inclined horizontal overhang with a depth of
1200mm and angle inclination as 31 and 32 degrees respectively.
For all the cases where horizontal louvers without any inclination
(strategy 5) is the solution, the number of louvers varies from 2 to 6
and the louver depth varies from 400mm to 1200mm. The next-best
strategy for Kerala is also 5 except for the N and S orientations in
Calicut, Cochin and Quilon where one inclined horizontal overhang
(strategy 3) is the most feasible solution with overhang depth as
1200mm and angle of inclination is 32 degrees. For the other cases
where strategy 5 is the solution, the number of louvers vary from 3
to 6 and louver depths varies from 400mm to 1200mm.
In Figure 3, for the states of Punjab (Composite climatic zone) and
Rajasthan (mostly Hot and Dry climatic zone), the best shading
device strategy is 7 i.e., Horizontal inclined louvers and the number
of louvers which would serve the purpose at minimal cost is 2. For
Punjab, the depth of horizontal inclined louvers varies from 300mm
to 1200mm while for Rajasthan it varies from 300mm to 900mm.
The angle of inclination varies from 5 to 31 degrees for Punjab and
7 to 32 degrees for Rajasthan. The next-best strategy for Punjab is 5
i.e., horizontal louvers without any inclination for all cities of Punjab
for the NW and SE window orientations with the louver depth
varying from 500mm to 1200mm and the number of louvers varying
from 4 to 6. For Rajasthan also the next best strategy 5 i.e.,
horizontal louvers without any inclination for all cities with window
orientations as N, NW, S and SE. The louver depth varies from
400mm to 1200mm and the number of louvers varies from 2 to 6.
In Figure 4, for the cities of Jammu and Kashmir (Cold climatic
zone) there is no shading strategy following the defined constraints
of the algorithm that can completely shade the windows in all
orientations except for the city of Kathua where shading strategy 7
i.e., Horizontal inclined louvers (having 2 louvers) is the optimum
solution for all 8 orientations with the angle of inclination varying
from 5 to 21 degrees and louver depth ranging from 700mm to
1200mm. The next-best strategy for all cities of Jammu and Kashmir
under consideration is horizontal louvers without any inclination
(strategy 5) for NW and SE window orientations. For Uttar Pradesh
(Composite climatic zone) Horizontal inclined louvers (strategy 7)
is the optimum solution for all cities and orientations with the
number of louvers required being 2. The louver depths vary from
300mm to 1000mm and the angle of inclination varies from 6 to 31
degrees. The next-best shading strategy for both the states for
orientations where solutions are possible is strategy 5 i.e., horizontal
louvers without any inclination. For Jammu and Kashmir horizontal
louvers without any inclination (strategy 5) gives the second-best
solution for all 5 cities with window orientations as NW and SE with
louver depths varying from 700mm to 1100mm. In Uttar Pradesh,
the city of Azamgarh shows horizontal louvers without any
inclination (strategy 5) as the second-best solution for all 8
orientations where the louver depth varies from 400mm to 900mm.
In figure 5, which represents the details of the optimum and nextbest shading device strategies for 6 union territories (UTs). For all
UTs the optimum shading strategy is 7 i.e., Horizontal inclined
louvers (having 2 louvers) for all 8 orientations. For Chandigarh, the
louver depths vary from 300mm to 1000mm and angle of inclination

ranges from 7 to 24 degrees. For Dadra & Nagar Haveli, the louver
depth varies from 300mm to 500mm and the angle of inclination of
the louver is 14 degrees for windows in all orientations. For Daman
and Diu, the louver depth varies from 400 mm to 600 mm and the
angle of inclination ranges between 8 to 19 degrees. For New Delhi,
the louver depth varies from 300 mm to 800 mm and the angle of
inclination ranges from 8 to 27 degrees. For Lakshadweep Islands,
the louver depth varies from 300 mm to 400 mm and the angle of
inclination ranges from 16 to 25 degrees. For Puducherry, the louver
depth varies from 300 mm to 500 mm and the angle of inclination
ranges from 17 to 19 degrees. For Chandigarh, the next best shading
strategy is 5 i.e., horizontal louvers without any inclination for N,
NW, S and SE window orientations where the louver depth varies
from 500 mm to 1100 mm and the number of louvers to used are 5
or 6. For Dadra & Nagar Haveli, horizontal louvers without any
inclination (strategy 5) is the next-best shading strategy for all 8
orientations where the number of louvers varies between 3 to 6, the
louver depth varies from 700 mm to 1200 mm. At Daman and Diu,
for NW and SE window orientations the next-best strategy is 3 i.e.,
one inclined horizontal overhang with a depth of 1200mm and angle
inclination as 32 degrees. For all other orientations in Daman and
Diu horizontal louvers without any inclination (strategy 5) is the
next-best shading strategy where the number of louvers ranges from
4 to 6 and the louver depth varies from 800 mm to 1200 mm. For
New Delhi, the next best strategy for N, NW, S and SE window
orientations is horizontal louvers without any inclination (strategy
5) where the number of louvers is 6 and the louver depth varies from
400 mm to 900 mm. At Lakshadweep Islands, for N and S window
orientations the next-best shading strategy is 3 i.e., one inclined
horizontal overhang with a depth of 1200mm and angle of
inclination as 32 degrees; for all other window orientations the nextbest shading strategy is horizontal louvers without any inclination
(strategy 5) where the number of louvers is 5 and the louver depth
varies from 500 mm to 800 mm. For Puducherry, the next-best
shading strategy for all 8 window orientations is horizontal louvers
without any inclination (strategy 5) where the number of louvers
ranges from 2 to 4 and the louver depth is either 1000 mm or 1100
mm.
The following table (Table 2) shows results for optimum and nextbest shading strategy for 8 different orientations and cities of the
remaining 23 states. The results also provide information about the
depth of the shading device, the angle of inclination and the number
of louvers. Results for different states and cities (according to zones
C-N-E-W-S) are represented in the order: Shading device strategy
number (refer Table 1) / shading device depth / number of
louvers / angle of inclination of the shading device.
The results mentioned in the table are the optimum solution for a
window of height 1200 mm and width 900 mm which is a standard
dimension of a window in the Indian scenario [13,20]. However,
these results can be used to extract data for windows of different
dimensions. For e.g.: - the first city for which the results have been
presented in the table is Guntur, Andhra Pradesh. According to the
results, the optimum shading strategy for a window
(1200mm*900mm) is 7 i.e., horizontal inclined louvers where the
number of louvers required is 2. For a North oriented window, the
depth of the required louvers is 300 mm at an angle of inclination as
24 degrees. From the tabular data, it can be inferred that the 2
horizontal inclined louvers would be installed at a gap of 600 mm
for a window height of 1200 mm. Hence, for a window height of
1800 mm the number of louvers required would be 3 placed at 600
mm distance from each other. In the case of a window height of 1500
mm, 2 louvers of 300 mm depth would not serve the purpose but 3
louvers placed at a 500 mm distance from each other would be a
functional solution. A similar method can be followed for vertical
shading devices. Hence, a functional overhang design can be derived
from the results for any given window size.
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Table 2. Results of 23 states and their respective cities for the 8 cardinal and sub cardinal orientations
State

City

Andhra Pradesh

Guntur (C)
Vishakhapatnam (N)
Nellore (E)
Kurnool (W)
Chittoor (S)

Arunachal Pradesh

Doporijo (C)
Yingkiong (N)
Chonglong (E)
Upper Subansi (W)
Itanagar (S)
Tezpur (C)

Assam

Dibrugarh (N)
Jorhat (E)
Barpeta (W)
Silchar (S)
Patna (C)

Bihar

Darbhanga (N)
Siwan (E)
Katihar (W)
Nawada (S)

Chhattisgarh

Raipur (C)
Baikunthpur (N)
Raigarh (E)
Kawardha (W)
Bijapur (S)
Goa

Panjim (C)
Marmagao (S)
Ahemadabad (C)

Gujarat

Palanpur (N)
Vadodara (E)
Jamnagar (W)
Bhavnagar (S)

Haryana

Rohtak (C)
Kaithal (N)
Panipat (E)
Sirsa (W)
Rewari (S)

Results
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH

N
7/300/2/24
5/900/3/0
7/200/2/30
3/1100/1/31
7/300/2/26
5/800/3/0
7/300/2/23
5/500/5/0
7/300/2/17
5/1200/2/0
7/300/2/23
5/500/5/0
7/300/2/21
5/500/5/0
7/500/2/14
5/1200/5/0
7/300/2/19
5/800/3/0
7/300/2/32
5/800/3/0
7/300/2/17
5/400/6/0
7/300/2/22
5/600/4/0
7/300/2/19
5/800/3/0
7/300/2/22
5/600/4/0
7/300/2/22
5/1100/2/0
7/300/2/15
5/1100/2/0
7/300/2/22
5/600/4/0
7/300/2/22
5/800/3/0
7/300/2/22
5/1100/2/0
7/300/2/15
5/1100/2/0
7/400/2/20
5/1100/3/0
7/300/2/14
3/1200/1/32
7/300/2/17
3/1200/1/29
7/400/2/18
5/700/5/0
7/300/2/18
5/1000/3/0
7/300/2/22
5/500/5/0
7/300/2/22
5/500/5/0
7/400/2/19
5/1000/4/0
7/400/2/16
5/1000/4/0
7/300/2/22
5/700/5/0
7/300/2/22
5/1200/3/0
7/400/2/14
5/700/5/0
7/500/2/14
5/1100/5/0
7/600/2/10
5/1200/5/0
7/500/2/14
5/1200/5/0
7/400/2/17
5/1200/4/0
7/500/2/15
5/900/6/0

NE
7/500/2/15
5/900/6/0
7/300/2/26
5/900/3/0
7/400/2/17
5/1200/4/0
7/500/2/14
5/1000/5/0
7/400/2/17
5/900/5/0
7/400/2/15
5/800/5/0
7/400/2/19
5/800/5/0
7/300/2/22
5/900/3/0
7/400/2/19
5/800/5/0
7/300/2/22
5/1200/3/0
7/300/2/26
5/600/6/0
7/400/2/19
5/1000/4/0
7/300/2/22
5/1200/3/0
7/300/2/22
5/700/5/0
7/400/2/22
5/700/5/0
7/300/2/24
5/700/5/0
7/300/2/22
5/700/5/0
7/300/2/22
5/700/5/0
7/400/2/14
5/700/5/0
7/400/2/12
5/700/5/0
7/600/2/12
5/1100/6/0
7/400/2/14
5/800/4/0
7/300/2/20
5/600/5/0
7/600/2/10
5/1100/6/0
7/500/2/14
5/1200/5/0
7/500/2/15
5/1000/5/0
7/500/2/15
5/1000/5/0
7/600/2/11
5/1200/6/0
7/700/2/10
5/1200/6/0
7/600/2/11
5/1200/6/0
7/600/2/11
5/1200/6/0
7/600/2/12
5/1100/6/0
7/300/2/28
0/0/0/0
7/1000/2/7
0/0/0/0
7/900/2/7
0/0/0/0
7/800/2/9
0/0/0/0
7/800/2/8
0/0/0/0

E
7/400/2/16
5/800/6/0
7/300/2/26
5/1100/2/0
7/500/2/17
5/1100/4/0
7/400/2/17
5/900/5/0
7/400/2/17
5/700/6/0
7/300/2/19
5/600/5/0
7/300/2/19
5/600/5/0
7/800/2/8
0/0/0/0
7/300/2/19
5/600/5/0
7/300/2/22
5/700/4/0
7/200/2/28
5/700/4/0
7/300/2/19
5/600/5/0
7/300/2/22
5/700/4/0
7/300/2/22
5/900/3/0
7/300/2/22
5/900/3/0
7/600/2/12
5/900/3/0
7/300/2/22
5/900/3/0
7/300/2/22
5/900/3/0
7/300/2/24
5/900/3/0
7/300/2/23
5/900/3/0
7/500/2/13
5/1000/6/0
7/300/2/23
5/500/5/0
7/300/2/20
5/800/3/0
7/500/2/14
5/1000/6/0
7/500/2/14
5/1000/5/0
7/400/2/17
5/1100/4/0
7/400/2/17
5/1100/4/0
7/600/2/11
5/1100/6/0
7/600/2/10
5/1100/6/0
7/500/2/14
5/1000/6/0
7/500/2/14
5/1000/6/0
7/500/2/13
5/1000/6/0
7/400/2/16
0/0/0/0
7/800/2/8
0/0/0/0
7/800/2/8
0/0/0/0
7/700/2/9
0/0/0/0
7/800/2/8
0/0/0/0

SE
7/300/2/16
5/1100/2/0
7/300/2/26
5/900/3/0
7/300/2/17
5/600/4/0
7/300/2/17
5/1100/2/0
7/300/2/17
5/400/6/0
7/400/2/19
5/800/5/0
7/400/2/19
5/800/5/0
7/1000/2/7
0/0/0/0
7/400/2/19
5/800/5/0
7/300/2/22
5/900/4/0
7/300/2/26
5/900/4/0
7/400/2/19
5/800/5/0
7/300/2/22
5/900/4/0
7/300/2/22
5/700/5/0
7/400/2/22
5/700/5/0
7/1000/2/6
5/700/5/0
7/300/2/22
5/700/5/0
7/400/2/17
5/700/5/0
7/400/2/22
5/700/5/0
7/400/2/21
5/700/5/0
7/300/2/13
3/1200/1/29
7/400/2/19
5/800/4/0
7/300/2/20
5/1000/3/0
7/300/2/14
3/1200/1/31
7/300/2/14
3/1200/1/32
7/300/2/17
5/1100/2/0
7/300/2/17
5/1100/2/0
7/300/2/16
3/1200/1/30
7/300/2/28
3/1200/1/31
7/300/2/14
3/1200/1/32
7/300/2/14
3/1200/1/32
7/300/2/13
3/1200/1/30
7/700/2/10
5/500/5/0
7/300/2/20
5/900/3/0
7/300/2/21
5/900/3/0
7/300/2/20
5/600/4/0
7/300/2/25
5/400/6/0

S
7/300/2/20
5/900/3/0
7/200/2/28
3/1100/1/32
7/300/2/17
5/600/4/0
7/300/2/21
5/500/5/0
7/300/2/17
5/400/6/0
7/300/2/26
5/500/5/0
7/300/2/25
5/500/5/0
7/500/2/14
5/1000/6/0
7/300/2/19
5/800/3/0
7/300/2/22
5/600/4/0
7/300/2/26
5/600/4/0
7/300/2/19
5/600/4/0
7/300/2/22
5/600/4/0
7/300/2/22
5/800/3/0
7/300/2/22
5/1100/2/0
7/700/2/9
5/1100/2/0
7/300/2/22
5/600/4/0
7/300/2/29
5/600/4/0
7/300/2/22
5/1100/2/0
7/300/2/17
5/1100/2/0
7/400/2/13
5/1100/3/0
7/300/2/19
3/1200/1/29
7/300/2/17
3/1200/1/29
7/400/2/14
5/700/5/0
7/300/2/20
5/600/5/0
7/300/2/23
5/500/5/0
7/300/2/23
5/500/5/0
7/400/2/14
5/1200/3/0
7/400/2/16
5/600/6/0
7/300/2/22
5/700/5/0
7/300/2/22
5/700/5/0
7/400/2/13
5/700/5/0
7/600/2/10
5/1100/5/0
7/500/2/14
5/1200/5/0
7/500/2/14
5/1200/5/0
7/400/2/17
5/1200/4/0
7/500/2/12
5/900/6/0

SW
7/500/2/15
5/900/6/0
7/300/2/26
5/900/3/0
7/400/2/17
5/1200/4/0
7/500/2/12
5/1000/5/0
7/400/2/17
5/900/5/0
7/400/2/19
5/800/5/0
7/400/2/19
5/800/5/0
7/300/2/22
5/900/3/0
7/400/2/19
5/800/5/0
7/300/2/22
5/900/4/0
7/300/2/26
5/900/4/0
7/400/2/19
5/1000/4/0
7/300/2/22
5/900/4/0
7/300/2/22
5/700/5/0
7/400/2/22
5/700/5/0
7/300/2/25
5/700/5/0
7/300/2/22
5/700/5/0
7/400/2/19
5/700/5/0
7/400/2/22
5/700/5/0
7/400/2/17
5/700/5/0
7/600/2/12
5/1100/6/0
7/400/2/19
5/800/4/0
7/300/2/17
5/600/5/0
7/600/2/12
5/1100/6/0
7/500/2/14
5/1200/5/0
7/500/2/13
5/1000/5/0
7/500/2/13
5/1000/5/0
7/600/2/11
5/1200/6/0
7/700/2/10
5/1200/6/0
7/600/2/11
5/1200/6/0
7/600/2/11
5/1200/6/0
7/600/2/12
5/1100/6/0
7/300/2/21
0/0/0/0
7/1000/2/7
0/0/0/0
7/900/2/7
0/0/0/0
7/800/2/9
0/0/0/0
7/800/2/8
0/0/0/0

W
7/400/2/16
5/800/6/0
7/300/2/26
5/1100/2/0
7/500/2/17
5/1100/4/0
7/400/2/17
5/900/5/0
7/400/2/17
5/700/6/0
7/300/2/19
5/600/5/0
7/300/2/19
5/600/5/0
7/800/2/8
0/0/0/0
7/300/2/19
5/600/5/0
7/300/2/22
5/700/4/0
7/300/2/26
5/700/4/0
7/300/2/19
5/600/5/0
7/300/2/22
5/700/4/0
7/300/2/22
5/900/3/0
7/300/2/22
5/900/3/0
7/300/2/25
5/900/3/0
7/300/2/22
5/900/3/0
7/300/2/22
5/900/3/0
7/300/2/22
5/900/3/0
7/300/2/25
5/900/3/0
7/500/2/14
5/1000/6/0
7/300/2/23
5/500/5/0
7/300/2/17
5/800/3/0
7/500/2/14
5/1000/6/0
7/500/2/14
5/1000/5/0
7/400/2/17
5/1100/4/0
7/400/2/17
5/1100/4/0
7/600/2/11
5/1100/6/0
7/600/2/10
5/1100/6/0
7/500/2/14
5/1000/6/0
7/500/2/14
5/1000/6/0
7/500/2/13
5/1000/6/0
7/300/2/22
0/0/0/0
7/800/2/8
0/0/0/0
7/800/2/8
0/0/0/0
7/700/2/9
0/0/0/0
7/800/2/8
0/0/0/0

NW
7/300/2/24
5/1100/2/0
7/300/2/26
5/900/3/0
7/300/2/17
5/600/4/0
7/300/2/17
5/1100/2/0
7/300/2/17
5/400/6/0
7/400/2/19
5/800/5/0
7/400/2/19
5/800/5/0
7/1000/2/7
0/0/0/0
7/400/2/19
5/800/5/0
7/300/2/22
5/900/4/0
7/400/2/17
5/900/4/0
7/400/2/19
5/800/5/0
7/300/2/22
5/900/4/0
7/300/2/22
5/700/5/0
7/400/2/22
5/700/5/0
7/400/2/19
5/700/5/0
7/300/2/22
5/1200/3/0
7/300/2/22
5/700/5/0
7/400/2/22
5/1200/3/0
7/400/2/22
5/700/5/0
7/300/2/20
3/1200/1/32
7/400/2/19
5/800/4/0
7/300/2/17
5/1000/3/0
7/300/2/14
3/1200/1/30
7/300/2/14
3/1200/1/32
7/300/2/17
5/1100/2/0
7/300/2/17
5/1100/2/0
7/400/2/11
3/1200/1/32
7/300/2/21
3/1200/1/31
7/300/2/14
3/1200/1/32
7/300/2/14
3/1200/1/30
7/300/2/13
3/1200/1/31
7/600/2/11
5/500/5/0
7/300/2/22
5/900/3/0
7/300/2/23
5/900/3/0
7/300/2/31
5/600/4/0
7/300/2/23
5/400/6/0
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State

City

Himachal Pradesh

Mandi (C)
Chamba (N)
Kullu (E)
Dharamsala (W)
Shimla (S)
Ranchi (C)

Jharkhand

Hazaribag (N)
Dumka (E)
Latehar (W)
Chaibasa (S)

Madhya Pradesh

Sagar (C)
Gwalior (N)
Umaria (E)
Indore (W)
Betul (S)

Maharashtra

Parbhani (C)
Jalgaon (N)
Chandrapur (E)
Mumbai (W)
Satara (S)
Imphal (C)

Manipur

Senapati (N)
Kamjong (E)
Tamenglong (W)
Churachandpur (S)
West-khasi-hills(C)

Meghalaya

Ribhoi (N)
Jaintia Hills (E)
Garo Hills (W)
East-khasi-hills (S)

Mizoram

Lunglei (C)
Aizawl (N)
Champhoi (E)
Mamit (W)
Saiha (S)

Results
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH

N
7/700/2/8
5/1200/6/0
7/700/2/10
0/0/0/0
7/700/2/10
0/0/0/0
7/700/2/9
0/0/0/0
7/600/2/9
5/1100/6/0
7/300/2/19
3/1200/1/29
7/300/2/16
5/700/3/0
7/300/2/21
3/1200/1/32
7/300/2/21
5/700/3/0
7/300/2/21
3/1200/1/30
7/300/2/24
5/1000/4/0
7/400/2/17
5/900/5/0
7/400/2/19
5/800/5/0
7/300/2/22
5/600/6/0
7/400/2/19
5/700/5/0
7/300/2/24
5/500/6/0
7/400/2/14
5/1100/3/0
7/400/2/13
5/800/4/0
7/300/2/22
5/600/5/0
7/300/2/25
5/700/4/0
7/300/2/17
5/1100/2/0
7/300/2/22
5/1100/2/0
7/300/2/22
5/1100/2/0
7/300/2/20
5/1100/2/0
7/200/2/37
3/1200/1/32
7/300/2/22
5/1100/2/0
7/300/2/22
5/1100/2/0
7/300/2/22
5/1100/2/0
7/300/2/26
5/1100/2/0
7/300/2/22
5/1100/2/0
7/300/2/26
3/1200/1/32
7/300/2/22
5/700/3/0
7/300/2/21
3/1200/1/30
7/300/2/15
5/700/3/0
7/300/2/17
3/1200/1/32

NE
7/1100/2/6
0/0/0/0
7/1200/2/5
0/0/0/0
7/1100/2/6
0/0/0/0
7/500/2/25
0/0/0/0
7/1100/2/6
0/0/0/0
7/400/2/22
5/800/4/0
7/400/2/16
5/1100/3/0
7/400/2/21
5/1100/3/0
7/400/2/21
5/800/4/0
7/400/2/21
5/800/4/0
7/500/2/12
5/1200/6/0
7/700/2/10
0/0/0/0
7/600/2/11
5/1200/6/0
7/600/2/11
5/1200/6/0
7/600/2/10
5/1100/6/0
7/300/2/25
5/1000/6/0
7/600/2/12
5/1100/6/0
7/500/2/13
5/1000/6/0
7/500/2/14
5/1200/5/0
7/500/2/15
5/900/6/0
7/400/2/17
5/700/5/0
7/400/2/22
5/700/5/0
7/400/2/22
5/700/5/0
7/400/2/20
5/700/5/0
7/300/2/26
5/1100/3/0
7/400/2/22
5/700/5/0
7/400/2/22
5/700/5/0
7/400/2/22
5/700/5/0
7/400/2/22
5/700/5/0
7/400/2/22
5/700/5/0
7/400/2/22
5/800/4/0
7/400/2/22
5/800/4/0
7/400/2/21
5/800/4/0
7/400/2/15
5/1100/3/0
7/400/2/17
5/800/4/0

E
7/900/2/7
0/0/0/0
7/1200/2/5
0/0/0/0
7/1000/2/6
0/0/0/0
7/1100/2/6
0/0/0/0
7/900/2/7
0/0/0/0
7/700/2/8
5/500/5/0
7/300/2/21
5/900/3/0
7/300/2/21
5/900/3/0
7/300/2/21
5/500/5/0
7/300/2/26
5/500/5/0
7/400/2/14
5/1100/6/0
7/700/2/10
0/0/0/0
7/600/2/11
5/1100/6/0
7/500/2/14
5/1000/6/0
7/500/2/14
5/1000/6/0
7/500/2/15
5/900/6/0
7/500/2/13
5/1100/5/0
7/500/2/13
5/900/6/0
7/500/2/14
5/900/6/0
7/400/2/16
5/800/6/0
7/300/2/20
5/900/3/0
7/300/2/22
5/900/3/0
7/300/2/22
5/900/3/0
7/300/2/20
5/900/3/0
7/300/2/26
5/900/3/0
7/300/2/22
5/900/3/0
7/300/2/22
5/900/3/0
7/300/2/22
5/900/3/0
7/300/2/22
5/900/3/0
7/300/2/22
5/900/3/0
7/300/2/22
5/500/5/0
7/300/2/22
5/500/5/0
7/300/2/21
5/500/5/0
7/300/2/21
5/900/3/0
7/300/2/26
5/500/5/0

SE
7/400/2/20
5/800/4/0
7/400/2/22
5/700/5/0
7/400/2/12
5/800/4/0
7/400/2/15
5/1100/3/0
7/300/2/21
5/500/6/0
7/1200/2/5
5/800/4/0
7/400/2/21
5/1100/3/0
7/400/2/21
5/1100/3/0
7/400/2/21
5/800/4/0
7/400/2/19
5/800/4/0
7/300/2/14
5/700/3/0
7/300/2/25
5/1100/2/0
7/300/2/18
5/700/3/0
7/300/2/14
3/1200/1/29
7/300/2/14
3/1200/1/32
7/800/2/8
5/700/3/0
7/300/2/13
3/1200/1/29
7/300/2/13
5/700/3/0
7/300/2/14
5/700/3/0
7/300/2/16
3/1200/1/31
7/400/2/20
5/700/5/0
7/400/2/22
5/700/5/0
7/400/2/22
5/700/5/0
7/400/2/20
5/700/5/0
7/300/2/26
5/1100/3/0
7/400/2/22
5/700/5/0
7/400/2/22
5/700/5/0
7/400/2/22
5/700/5/0
7/400/2/22
5/700/5/0
7/400/2/22
5/700/5/0
7/400/2/22
5/800/4/0
7/400/2/22
5/800/4/0
7/400/2/21
5/800/4/0
7/400/2/21
5/1100/3/0
7/400/2/19
5/800/4/0

S
7/700/2/9
5/1200/6/0
7/700/2/8
0/0/0/0
7/600/2/11
5/1200/6/0
7/700/2/10
0/0/0/0
7/600/2/12
5/1100/6/0
7/1100/2/6
3/1200/1/30
7/300/2/21
5/700/3/0
7/300/2/21
3/1200/1/32
7/300/2/21
5/700/3/0
7/300/2/19
3/1200/1/31
7/300/2/14
5/1000/4/0
7/500/2/15
5/900/5/0
7/400/2/18
5/1000/4/0
7/300/2/22
5/900/4/0
7/400/2/14
5/700/5/0
7/700/2/9
5/1000/3/0
7/400/2/13
5/1100/3/0
7/400/2/13
5/800/4/0
7/300/2/18
5/1000/3/0
7/300/2/25
5/700/4/0
7/300/2/20
5/1100/2/0
7/300/2/22
5/1100/2/0
7/300/2/22
5/1100/2/0
7/300/2/20
5/1100/2/0
7/200/2/26
3/1200/1/32
7/300/2/22
5/1100/2/0
7/300/2/22
5/1100/2/0
7/300/2/22
5/1100/2/0
7/300/2/22
5/1100/2/0
7/300/2/22
5/1100/2/0
7/300/2/22
3/1200/1/30
7/300/2/22
5/700/3/0
7/300/2/21
3/1200/1/30
7/300/2/21
5/700/3/0
7/300/2/19
3/1200/1/32

SW
7/1100/2/6
0/0/0/0
7/1200/2/5
0/0/0/0
7/1100/2/6
0/0/0/0
7/500/2/25
0/0/0/0
7/1100/2/6
0/0/0/0
7/400/2/16
5/800/4/0
7/400/2/21
5/1100/3/0
7/400/2/21
5/1100/3/0
7/400/2/21
5/800/4/0
7/400/2/19
5/800/4/0
7/400/2/16
5/1200/6/0
7/800/2/8
0/0/0/0
7/600/2/11
5/1200/6/0
7/600/2/11
5/1200/6/0
7/600/2/12
5/1100/6/0
7/300/2/26
5/1200/5/0
7/600/2/12
5/1100/6/0
7/500/2/13
5/1200/5/0
7/500/2/14
5/1200/5/0
7/500/2/15
5/900/6/0
7/400/2/20
5/700/5/0
7/400/2/22
5/700/5/0
7/400/2/22
5/700/5/0
7/400/2/20
5/700/5/0
7/300/2/26
5/1100/3/0
7/400/2/22
5/700/5/0
7/400/2/22
5/700/5/0
7/400/2/22
5/700/5/0
7/400/2/22
5/700/5/0
7/400/2/22
5/700/5/0
7/400/2/22
5/800/4/0
7/400/2/22
5/800/4/0
7/400/2/21
5/800/4/0
7/400/2/21
5/1100/3/0
7/400/2/19
5/800/4/0

W
7/900/2/7
0/0/0/0
7/1100/2/6
0/0/0/0
7/1000/2/6
0/0/0/0
7/1100/2/6
0/0/0/0
7/900/2/7
0/0/0/0
7/700/2/10
5/500/5/0
7/300/2/21
5/900/3/0
7/300/2/21
5/900/3/0
7/300/2/21
5/500/5/0
7/300/2/22
5/500/5/0
7/400/2/16
5/1100/6/0
7/700/2/9
0/0/0/0
7/600/2/11
5/1100/6/0
7/500/2/12
5/1000/6/0
7/500/2/13
5/1000/6/0
7/400/2/19
5/900/6/0
7/500/2/13
5/1100/5/0
7/500/2/13
5/900/6/0
7/500/2/14
5/900/6/0
7/400/2/17
5/800/6/0
7/300/2/20
5/900/3/0
7/300/2/22
5/900/3/0
7/300/2/22
5/900/3/0
7/300/2/20
5/900/3/0
7/300/2/26
5/900/3/0
7/300/2/22
5/900/3/0
7/300/2/22
5/900/3/0
7/300/2/22
5/900/3/0
7/300/2/22
5/900/3/0
7/300/2/22
5/900/3/0
7/300/2/22
5/500/5/0
7/300/2/22
5/500/5/0
7/300/2/21
5/500/5/0
7/300/2/21
5/900/3/0
7/300/2/24
5/500/5/0

NW
7/400/2/15
5/800/4/0
7/400/2/16
5/700/5/0
7/400/2/22
5/800/4/0
7/400/2/22
5/1100/3/0
7/300/2/19
5/500/6/0
7/1100/2/6
5/800/4/0
7/400/2/21
5/1100/3/0
7/400/2/21
5/1100/3/0
7/400/2/21
5/800/4/0
7/400/2/19
5/800/4/0
7/300/2/16
5/700/3/0
7/300/2/26
5/1100/2/0
7/300/2/29
5/700/3/0
7/300/2/27
3/1200/1/29
7/300/2/13
3/1200/1/32
7/600/2/11
5/700/3/0
7/300/2/13
3/1200/1/31
7/300/2/13
5/700/3/0
7/300/2/14
5/700/3/0
7/300/2/17
3/1200/1/32
7/400/2/20
5/700/5/0
7/400/2/22
5/700/5/0
7/400/2/22
5/700/5/0
7/400/2/20
5/700/5/0
7/300/2/26
5/1100/3/0
7/400/2/22
5/700/5/0
7/400/2/22
5/700/5/0
7/400/2/22
5/700/5/0
7/400/2/22
5/700/5/0
7/400/2/22
5/700/5/0
7/400/2/22
5/800/4/0
7/400/2/22
5/800/4/0
7/400/2/21
5/800/4/0
7/400/2/21
5/1100/3/0
7/400/2/19
5/800/4/0
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State

City
Zunheboto (C)

Nagaland

Mon (N)
Kiphire (E)
Mokokchung (W)
Kohima (S)
Deogarh (C)

Odisha

Baleshwar (N)
Cuttack (E)
Sonepur (W)
Rayagada (S)

Sikkim

Mangan (N)
Gangtok (E)
Gezingo (W)
Namchi (S)

Tamil Nadu

Tiruchirappalli (C)
Tiruvannamalai (N)
Thanjavur (E)
Erode (W)
Virudunagar (S)
Hyderabad (C)

Telangana

Jagtial (N)
Warangal (E)
Medak (W)
Nalgonda (S)
Gomati (C)

Tripura

Dharmanagar (N)
Ambassa (E)
Agartala (W)
Belonia (S)

Uttarakhand

Almora (C)
Chamoli (N)
Pithoragarh (E)
Dehra Dun (W)
Nainital (S)

West Bengal

Berhampur (C)
Jalpaiguri (N)
Kolkata (E)
Puruliya (W)
Tamluk (S)

Results
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH
Choice 1 OH
Choice 2 OH

N
7/300/2/22
5/600/4/0
7/300/2/22
5/600/4/0
7/300/2/22
5/600/4/0
7/300/2/20
5/1200/2/0
7/300/2/22
5/1100/2/0
7/500/2/17
3/1200/1/31
7/300/2/28
3/1200/1/31
7/200/2/26
3/1200/1/29
7/300/2/26
3/1200/1/29
7/200/2/26
3/1100/1/28
7/300/2/17
5/800/3/0
7/300/2/19
5/600/4/0
7/300/2/22
5/600/4/0
7/300/2/22
5/800/3/0
7/300/2/26
5/700/3/0
7/300/2/19
5/1100/2/0
7/300/2/17
5/700/3/0
7/300/2/17
3/1200/1/32
7/300/2/17
3/1200/1/30
7/300/2/22
5/900/3/0
7/300/2/18
5/600/5/0
7/300/2/24
5/700/4/0
7/300/2/22
5/700/4/0
7/300/2/26
5/900/3/0
7/300/2/19
3/1200/1/30
7/300/2/22
3/1200/1/30
7/300/2/22
5/700/3/0
7/300/2/17
5/700/3/0
7/300/2/22
3/1200/1/32
7/500/2/14
5/1200/5/0
7/600/2/12
5/1100/6/0
7/500/2/14
5/1000/6/0
7/600/2/12
5/1100/6/0
7/500/2/14
5/1200/5/0
7/200/2/39
3/1100/1/29
7/300/2/26
5/600/4/0
7/300/2/22
3/1200/1/32
7/300/2/22
3/1200/1/30
7/300/2/22
3/1200/1/32

NE
7/400/2/22
5/700/5/0
7/300/2/22
5/700/5/0
7/400/2/22
5/700/5/0
7/300/2/22
5/700/5/0
7/400/2/22
5/700/5/0
7/700/2/10
5/500/6/0
7/300/2/19
5/500/6/0
7/300/2/26
5/500/6/0
7/300/2/26
5/500/6/0
7/300/2/26
5/700/4/0
7/400/2/17
5/1000/4/0
7/400/2/19
5/1000/4/0
7/400/2/19
5/1000/4/0
7/400/2/19
5/1000/4/0
7/300/2/19
5/700/6/0
7/400/2/17
5/1100/4/0
7/400/2/17
5/700/6/0
7/400/2/17
5/700/6/0
7/400/2/17
5/1000/4/0
7/500/2/15
5/900/6/0
7/500/2/14
5/1200/5/0
7/500/2/15
5/900/6/0
7/500/2/15
5/900/6/0
7/500/2/15
5/900/6/0
7/300/2/14
5/800/4/0
7/400/2/22
5/1100/3/0
7/400/2/22
5/1100/3/0
7/400/2/17
5/800/4/0
7/400/2/22
5/800/4/0
7/900/2/7
0/0/0/0
7/1000/2/7
0/0/0/0
7/900/2/7
0/0/0/0
7/900/2/7
0/0/0/0
7/900/2/7
0/0/0/0
7/300/2/22
5/700/4/0
7/300/2/22
5/900/4/0
7/400/2/22
5/800/4/0
7/400/2/22
5/800/4/0
7/400/2/22
5/800/4/0

E
7/300/2/22
5/900/3/0
7/300/2/22
5/900/3/0
7/300/2/22
5/900/3/0
7/300/2/22
5/900/3/0
7/300/2/22
5/900/3/0
7/600/2/11
5/400/6/0
7/300/2/19
5/400/6/0
7/300/2/26
5/400/6/0
7/300/2/26
5/400/6/0
7/300/2/26
5/600/4/0
7/300/2/19
5/1000/3/0
7/300/2/19
5/700/4/0
7/300/2/19
5/700/4/0
7/300/2/19
5/700/4/0
7/300/2/19
5/800/5/0
7/400/2/17
5/1000/4/0
7/400/2/17
5/1000/4/0
7/400/2/17
5/1000/4/0
7/400/2/17
5/1000/4/0
7/400/2/16
5/800/6/0
7/500/2/14
5/1000/5/0
7/500/2/15
5/1000/5/0
7/400/2/15
5/800/6/0
7/400/2/17
5/800/6/0
7/300/2/23
5/500/5/0
7/300/2/22
5/900/3/0
7/300/2/22
5/900/3/0
7/300/2/24
5/500/5/0
7/300/2/22
5/500/5/0
7/800/2/8
0/0/0/0
7/800/2/8
0/0/0/0
7/800/2/8
0/0/0/0
7/800/2/8
0/0/0/0
7/800/2/8
0/0/0/0
7/600/2/12
5/600/4/0
7/300/2/22
5/700/4/0
7/300/2/22
5/500/5/0
7/300/2/22
5/500/5/0
7/300/2/22
5/600/4/0

SE
7/400/2/22
5/700/5/0
7/300/2/22
5/700/5/0
7/400/2/22
5/700/5/0
7/300/2/22
5/700/5/0
7/400/2/22
5/700/5/0
7/300/2/31
5/500/6/0
7/300/2/19
3/1200/1/31
7/300/2/26
5/500/6/0
7/300/2/26
5/500/6/0
7/300/2/26
5/700/4/0
7/400/2/19
5/1000/4/0
7/400/2/19
5/1000/4/0
7/400/2/19
5/1000/4/0
7/400/2/19
5/1000/4/0
7/300/2/19
5/600/4/0
7/300/2/17
5/600/4/0
7/300/2/17
5/600/4/0
7/300/2/17
5/600/4/0
7/300/2/22
5/500/5/0
7/300/2/16
3/1200/1/31
7/300/2/14
3/1200/1/32
7/300/2/15
3/1200/1/32
7/300/2/15
3/1200/1/32
7/300/2/17
5/1100/2/0
7/500/2/14
5/800/4/0
7/400/2/22
5/1100/3/0
7/400/2/22
5/1100/3/0
7/400/2/22
5/800/4/0
7/400/2/22
5/800/4/0
7/300/2/25
5/900/3/0
7/300/2/22
5/700/4/0
7/300/2/21
5/900/3/0
7/300/2/26
5/700/4/0
7/300/2/26
5/900/3/0
7/1000/2/7
5/700/4/0
7/300/2/22
5/900/4/0
7/400/2/22
5/800/4/0
7/400/2/22
5/800/4/0
7/300/2/22
5/800/4/0

S
7/300/2/22
5/600/4/0
7/300/2/22
5/600/4/0
7/300/2/22
5/600/4/0
7/300/2/22
5/1200/2/0
7/300/2/22
5/1100/2/0
7/500/2/15
3/1200/1/31
7/300/2/19
3/1200/1/31
7/200/2/26
3/1200/1/29
7/300/2/26
3/1200/1/29
7/200/2/26
3/1200/1/25
7/300/2/19
5/600/4/0
7/300/2/19
5/600/4/0
7/300/2/19
5/600/4/0
7/300/2/19
5/800/3/0
7/300/2/19
5/700/3/0
7/300/2/17
5/1100/2/0
7/300/2/17
5/700/3/0
7/300/2/17
3/1200/1/32
7/300/2/22
3/1200/1/30
7/300/2/20
5/900/3/0
7/300/2/23
5/500/6/0
7/300/2/20
5/700/4/0
7/300/2/25
5/700/4/0
7/300/2/20
5/900/3/0
7/500/2/14
5/700/3/0
7/300/2/22
3/1200/1/32
7/300/2/22
5/700/3/0
7/300/2/22
5/700/3/0
7/300/2/22
3/1200/1/29
7/500/2/14
5/1000/6/0
7/600/2/12
5/1100/6/0
7/500/2/14
5/1000/6/0
7/600/2/12
5/1100/6/0
7/500/2/14
5/1200/5/0
7/800/2/8
3/1200/1/29
7/300/2/22
5/600/4/0
7/300/2/22
3/1200/1/30
7/300/2/22
3/1200/1/30
7/300/2/22
3/1200/1/31

SW
7/400/2/22
5/700/5/0
7/300/2/22
5/700/5/0
7/400/2/22
5/700/5/0
7/300/2/22
5/700/5/0
7/400/2/22
5/700/5/0
7/800/2/8
5/500/6/0
7/300/2/19
5/500/6/0
7/300/2/26
5/500/6/0
7/300/2/26
5/500/6/0
7/300/2/26
5/700/4/0
7/400/2/19
5/1000/4/0
7/400/2/19
5/1000/4/0
7/400/2/19
5/1000/4/0
7/400/2/19
5/1000/4/0
7/300/2/19
5/700/6/0
7/400/2/17
5/1100/4/0
7/400/2/17
5/700/6/0
7/400/2/17
5/700/6/0
7/400/2/19
5/800/5/0
7/500/2/15
5/900/6/0
7/500/2/14
5/1000/6/0
7/500/2/15
5/900/6/0
7/500/2/15
5/900/6/0
7/500/2/15
5/900/6/0
7/300/2/14
5/800/4/0
7/400/2/22
5/1100/3/0
7/400/2/22
5/1100/3/0
7/400/2/22
5/800/4/0
7/400/2/22
5/800/4/0
7/900/2/7
0/0/0/0
7/1000/2/7
0/0/0/0
7/900/2/7
0/0/0/0
7/900/2/7
0/0/0/0
7/900/2/7
0/0/0/0
7/300/2/25
5/700/4/0
7/300/2/22
5/900/4/0
7/400/2/22
5/800/4/0
7/400/2/22
5/800/4/0
7/400/2/22
5/800/4/0

W
7/300/2/21
5/900/3/0
7/300/2/22
5/900/3/0
7/300/2/22
5/900/3/0
7/300/2/22
5/900/3/0
7/300/2/22
5/900/3/0
7/600/2/11
5/400/6/0
7/300/2/19
5/400/6/0
7/300/2/26
5/400/6/0
7/300/2/26
5/400/6/0
7/300/2/26
5/600/4/0
7/300/2/19
5/500/6/0
7/300/2/19
5/700/4/0
7/300/2/19
5/700/4/0
7/300/2/19
5/700/4/0
7/200/2/26
5/800/5/0
7/400/2/17
5/1000/4/0
7/400/2/17
5/1000/4/0
7/400/2/17
5/1000/4/0
7/400/2/19
5/800/5/0
7/400/2/17
5/800/6/0
7/500/2/14
5/1000/5/0
7/500/2/15
5/1000/5/0
7/400/2/15
5/800/6/0
7/400/2/17
5/800/6/0
7/300/2/24
5/500/5/0
7/300/2/22
5/900/3/0
7/300/2/22
5/900/3/0
7/300/2/22
5/500/5/0
7/300/2/22
5/500/5/0
7/800/2/8
0/0/0/0
7/800/2/8
0/0/0/0
7/800/2/8
0/0/0/0
7/800/2/8
0/0/0/0
7/800/2/8
0/0/0/0
7/500/2/14
5/600/4/0
7/300/2/22
5/700/4/0
7/300/2/22
5/500/5/0
7/300/2/22
5/500/5/0
7/300/2/22
5/600/4/0

NW
7/400/2/21
5/700/5/0
7/300/2/22
5/700/5/0
7/400/2/22
5/700/5/0
7/300/2/22
5/700/5/0
7/400/2/22
5/700/5/0
7/300/2/28
5/500/6/0
7/300/2/19
3/1200/1/31
7/300/2/26
5/500/6/0
7/300/2/26
5/500/6/0
7/300/2/26
5/700/4/0
7/400/2/19
5/800/5/0
7/400/2/19
5/1000/4/0
7/400/2/19
5/1000/4/0
7/400/2/19
5/1000/4/0
7/300/2/26
5/600/4/0
7/300/2/17
5/600/4/0
7/300/2/17
5/600/4/0
7/300/2/17
5/600/4/0
7/300/2/22
5/500/5/0
7/300/2/17
3/1200/1/31
7/300/2/14
3/1200/1/32
7/300/2/15
3/1200/1/32
7/300/2/15
3/1200/1/32
7/300/2/17
5/1100/2/0
7/500/2/15
5/800/4/0
7/400/2/22
5/1100/3/0
7/400/2/22
5/1100/3/0
7/400/2/22
5/800/4/0
7/400/2/22
5/800/4/0
7/300/2/26
5/900/3/0
7/300/2/25
5/700/4/0
7/300/2/24
5/900/3/0
7/300/2/20
5/700/4/0
7/300/2/26
5/900/3/0
7/900/2/7
5/700/4/0
7/300/2/22
5/900/4/0
7/400/2/22
5/800/4/0
7/400/2/22
5/800/4/0
7/400/2/22
5/800/4/0
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In Table 2 for certain cities and orientations, the result shown is
‘0/0/0/0’, which means that no results are possible for that specific
orientation for the selected location, which adhere to the shading
device depth constraints specified in the algorithm. For the window
orientations where the results are ‘0/0/0/0’, has a design implication
that for that space inside a building windows should not be provided
for those wall orientations during the specified hours and if
necessary then there should be a provision of a buffer space or a
portico which can shade the window. Hence, an optimum shading
strategy for a window of standard dimensions (1200mm*900mm)
has been suggested for the selected locations in all cardinal and sub
cardinal directions for most of the cases.
Limitations of the study are that an optimum and the next-best
solution have been provided only for a window of standard
dimensions (1200mm*900mm). For other window dimensions, suboptimal solutions that provide functional shading device design can
be derived from the results.

VI.

CONCLUSION

The design of shading devices should be location and orientation
specific to get the optimum benefit and tradeoff between first cost
and operational energy cost. Use of horizontal inclined louvers (with
two louvers) is the best strategy for all locations because it prevents
direct radiation to enter a space or building while keeping the cost
minimum. Horizontal louvers without any inclination and one
inclined horizontal overhang are the next-best suggested shading
device strategies. The Architects and designers can incorporate the
results presented in the study to provide shading device strategies
for windows in building design. A universal solution or a one size
fits all approach for the type and characteristics of shading device
that is used in standard practice cannot work for every space or
building and will depend on the location and orientation. This gap
has been covered by making the results location and orientation
specific with shading device characteristics like the angle of
inclination of the overhang/louvers, the number of louvers and the
overhang/louver depth being defined explicitly for all cases. The
results from this paper can also be incorporated into the Indian
building codes to provide the architects and designers with a much
more precise and location specific shading strategy. Further studies
can explore how the different shading strategies affect the natural
lighting inside spaces in a building. The shading strategies will also
affect the overall carbon emission of a building by changing the
heating and cooling loads.

VII.
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Abstract
In this paper, a new insight of cryptocurrency mining usage
related to renewables, reuse of excess heat from mining rigs into
heating, drying, energy generation and growing crops in
greenhouses as well as defining green-coins are presented. Finally,
possible energy harvesting case for boosting mining energy
economy and efficiency is suggested for the first time in literature
and open web.
As the effects of climate change are increasing, environmental
awareness, actions towards energy economy and emission
reduction are increasing. Meanwhile, unless renewables are
subsidized by government, collaborative projects and feed-in-tariff,
implementation of renewable power plants is facing difficulties
due to long period of redemption. Cryptocurrency mining is
commonly indicated as giant source of energy consumption and
one of the greatest sources of resulted greenhouse-gas emissions
due to traceable structure based on transparency of blockchain.
However, cheap energy is the fundamental step for mining to cover
mining costs and generate profit. The chronological shift to receive
cheap energy started from: (i) Locating in cold regions to both cool
mining hardware and receive cheaper electricity; (ii) to locating in
hot regions with solar power plants to achieve self-sustaining
energy generating mining farms where the cooling energy is also
covered and profit upon mining. Meanwhile, another trend is that
(iii) localization of mining farms near renewable power plants. The
latter two (ii and iii) opened a new financially sustainable model
for renewable energy. Cryptocurrency mining reduced the period
of redemption of renewables from 5 years to a year as well as
tripling the profit. Additionally, the option (i) is also evolved into:
(1) mining rig heaters for households (brands such as Hotmine and
Qarnot), (2) novel bio-generation plant, (3) heating greenhouse
crops like strawberries and tomatoes (“cryptomatoes”) and (4)
Canadian well ventilation together with heating greenhouses.
Novel bio-generator (2) consumes biofuel, has trigeneration that
feeds mining, adsorption unit upon waste-heat and heat pump.
Eventually, energy distribution is looped to feed mining, heat the
building, cool mining rigs; and mining results in financial profit
stem from mining reward, transaction fees and minimized
maintenance cost due to efficient cooling. UnitedCorp’s
BlockchainDome (4) collect rising waste-heat and feed
greenhouses via well ventilation. Rejected heat is then exchanged
to subsoil which is chilled underground and pumped to cool the
mining rigs without the need of fan or air conditioning.

While the green-coin definition started as a metaphor due to
cryptocurrency mining empowered by renewable energy sources,
green-crop producing sustainable mining models are introducing
additional layer for the real meaning of green.
Pioneer application suggestions of this study are: (A) Thermoelectric generator (TEG) implementation on mining hardware
(application-specific integrated circuit chips, ASICs) as energy
harvesting from cryptocurrency mining; and finally, (B)
Desalination of salt water from the waste-heat of mining. Reuse of
waste-heat from cryptocurrency mining for desalination and
greenhouse heating together would also provide irrigation of the
crops in greenhouse. Therefore, fully sustainable profit-making
green mining model is projected.
Keywords: Blockchain, Cryptocurrency Mining, Mining Rigs,
ASICs, Renewable Cryptocurrency Mining, Green-Coins, Climate
Change, Green Mining, Energy Harvesting, Energy Harvesting
from Mining
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