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solar panel is the foundation of a photovoltaic system. In this study, the COPRAS 
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are renewable energy sources. Compared to fossil fuels, renewable energy sources 
cause little or no harm to nature. While renewable energy sources differ according 
to the countries, it is necessary to determine the most optimal renewable energy 
source for countries. In the literature, the most optimal renewable energy source 
selection has been made many times, and while this selection is made, multi-criteria 
decision-making (MCDM) methods are generally used. In these studies, the most 
optimal renewable energy source was selected by considering multiple criteria. In 
this chapter, criteria that are frequently used in the literature will be evaluated with 
the Plithogenic PIPRECIA method. In addition, the most important criterion will 
be determined.
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The electric vehicle segment is gaining momentum around the globe, and Morocco 
will not be the exception in this regard. The present study serves to look into the 
question of the current and future electricity needs of this segment of the means 
of transport. The main contribution is preparing the necessary adaptations in the 
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frame of electricity production capacity at the national level. This chapter aims to 
highlight the enablers to be seized and the main barriers to be overcome by the use of 
an integrated SWOT-PESTEL analysis in combination with the analytical hierarchy 
process. First, the SWOT-PESTEL framework is dedicated to identifying the main 
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Biomass energy is an essential and sustainable type of energy for today and the 
future because it is produced from renewable sources and is environmentally friendly 
compared to fossil-based energy. Biomass energy is the only renewable energy source 
that creates social and economic impact together. It creates added value, provides 
employment, and creates new tax opportunities in many fields from agriculture to 
industry, from the transportation sector to the banking insurance sector. While other 
renewable energy sources cannot be stored, the energy obtained from biomass can 
be stored. In this aspect, energy production from biomass stands out from other 
renewable energy sources. One of the crucial handicaps in evaluating biomass as an 
energy source is the collection of biomass. Biomass is produced in different amounts 
in different village centers, while country roads are suitable for trucks of different 
sizes. In this chapter, the multi-capacity vehicle routing problem is modeled for 
biomass collection in village centers at different production capacities.

Chapter 8
Multi-Criteria Decision-Making Methods for Biomass Energy Systems: A 
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Global climate change is one of the most challenging problems of today’s world and 
its effects have become more noticeable day after day. The magnitude of climate 
change is closely related to our carbon footprint, so replacing the resources such 
as petroleum, coal, nuclear energy by which humankind generates their energy 
requirements with new ones is essential. The usage of renewable energy resources 
is one of the effective ways to decrease CO2 emissions and environmental pollution. 
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Biomass energy is one of the promising future energies as a renewable resource. 
Therefore, many requirements should be considered and evaluated carefully to 
produce and sustain a successful biomass energy system. This chapter presents a 
review of academic research attempting to face the biomass energy sector’s problems 
using multi-criteria decision-making (MCDM) methods. Related articles in the 
international journals from 2010 to 2021 are collected and reviewed to answer the 
following questions: (1) Which methods are mainly used? (2) Which problems 
attract the most attention?
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involvement of various conflicting factors and uncertainty. Therefore, multi-criteria 
decision-making methods are commonly used to handle this complexity successfully. 
In this chapter, the studies focused on renewable energy resource selection problem 
in Turkey with multi-criteria decision-making methods were reviewed. Findings 
suggest that the number of studies increased due to the growing importance of 
renewables. Also, AHP, TOPSIS, and ANP have risen to the top of the literature as 
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Because of the effects of nuclear and fossil-based energy on the environment, 
economics, and security in the world, the need for alternative energy sources has grown 
steadily and dramatically during the last years. An increasing attraction in renewable 
power sources, due to rising energy expenses and country-level tax inducement, is 
driving the research to advance a sequence of improving unified resolutions and 
novel energy generation equipment. The novel wind turbine installation and the novel 
wind farm building are critical procedures for long time energy generation. In this 
chapter, a comprehensive analysis, which combines ARAS and ENTROPY methods, 
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Preface

We have no chance but to speed the changeover to sustainability of the world due to 
rising energy costs, climate change, and fossil fuel expenditure. We should expect 
increased strain on energy supplies from increasing population in the future decades, 
as well as a growing threat to power provides from climate change. Energy systems 
patterns are evolving, as highlighted in a latest protocol published through the 
International Agency of Renewable Energy, and the transition to more maintainable 
provide mechanisms may be unavoidable. Long-term power mechanisms sustainability 
is challenged by rising resource constraint and population. Many scholars had 
previously analyzed and investigated sustainability in the power industries in an 
isolated way and fragmented. Latest researchers have revealed that power systems 
are extremely interrelated, and that enhancing system operation while maintaining 
sustainability can’t be achieved just through research on individual energy systems. 
Additionally, energy planning has become more complicated in the sustainable 
development’s contemporary period due to the inclusion of numerous standards such 
as economic, social, environmental, and technical considerations. More worldwide 
investigation is required to better understand energy system behavior and build the 
technical enablers required to develop system efficiency.

Renewable energy, when comparing to conventional energy, tackles the global 
warming problem, and the previous ten years was a watershed moment for the 
renewable energy industry due to notable advancements in the area. Because the 
application of any sustainable energy design requires a significant investment of 
diverse elements, like permits and labor from both local and central governments, 
there may be a critical need for a decision-making module to determine and understand 
the renewable energy type that best fits and supplies the most efficient findings for 
a specific area where each noted criterion has different precedencies.

Multi criteria decision making, which replaces the dependence and uncertainty 
on “gut instinct” through professionals with metric computation architectural to 
facilitate the decision-making operation, can be demonstrated to be an asset in this 
case.

xiii
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Preface

This, in turn, places significant innovations on decision-makers’ ability to 
discretely and independently maximize energy sources, particularly in remote 
settings. Furthermore, because of topographical constraints relating to sustainable 
energy sources, which are usually scattered in nature, energy design happens more 
difficult. Even at fragmented levels of electrification, decision making process 
plays a critical part in the planning of such systems through taking into account 
numerous objectives and criteria. Multiple-criterion decision-making is operational 
research’s a branch that deals with determining the best outcomes in complicated 
cases involving multiple indicators, competing criteria, and objectives. This tool is 
gaining popularity in the field of energy planning because it allows authorized persons 
to make judgments while concurrently considering overall objectives and criteria.

In this book, energy industry availability in the sector and the outputs of some 
value critical researches conducted to gain a more understanding of multi criteria 
decision making implementation in the area. The latest multi criteria decision making 
technics based on scientific techniques and developments for renewable energy 
systems decision-making, operation, and design are presented. It also provides an 
overview of latest several multi-criteria decision making techniques, as well as 
advances made in this field through examining renewable energy implementations over 
multi-criteria decision making methodologies and next expectations. Furthermore, 
the multi-criteria decision making techniques were used as to compare regional and 
worldwide of latest equipment to conduct a comprehensive evaluation in the field 
of renewable energy. This book also tried to draw attention to the consequences of 
different approaches so that renewable energy systems can operate with optimum 
performance.

In this reason, this book compiles a lot of material that will be useful to engineers, 
scientists, and researchers working on renewable energy development and research. 
The editors would like to convey their heartfelt gratitude to the contributors for 
contributing their experience and knowledge to this book.

THE CHALLENGES

As the world’s fossil fuel reserves dwindle, increasing emphasis is being placed on 
capturing power from renewable energies derived from alternative natural sources. 
Renewable energy sources such as solar, wind, biomass, and hydropower have 
become well-established in both industrial and home contexts.

xiv
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Problems With Power Quality

To provide network efficiency and stability, consistently excellent power quality is 
required. The power supply’s quality allows the system to operate with cheap costs 
and high dependability. On the other hand, low energy quality, can have important 
results for the energy mechanism and also technological processes. It has the potential 
to valuation in equipment failure and very high costs. Frequency disturbance, less 
power factor, voltage & current harmonics, conduction line transits, and voltage 
variation are overall instances of quality issues of power.

Power Availability

Power production depend on renewable sources that are uncontrollable through 
human is one of the most important concerns in the area of nature-sourced power. 
For instance, wind energy is depending on wind usability: whether the wind speed 
is too less, the wind turbine won’t turn, emerging in no energy flux to the network. 
Moreover, a lot of wind can damage to the generator part, requiring the careful 
balance’s maintenance in order to maintain consistent power generation, sun-powered 
electric is formed solely when sun light is existent and cuts off at darkness: Because 
of the variability in power production in renewable energy industries, integration 
is getting more difficult.

Location of the Resource

The majority of renewable power facilities that feed into the network require a lot of 
location. Renewable power resources are typically dictated through site, which can 
be discouraging to users. To begin with, some renewable power resources are easy 
unavailable in certain areas. Second, in terms of efficiency and cost, the distance 
between the grid and the renewable power resource is critical. Furthermore, renewable 
power resources are affected by climate, geographic location, and weather, so one 
kind of power production mayn’t be ideal for the location.

The Issue of Cost

One of the biggest obstacles to the renewable energy’s improvement is the great 
start-up expense of assemblage. Though a coal facility expenses about $6 per MW 
to construct, it is well knowledge that solar and wind power facilities also expense 
a lot of cost. Additionally, storage resolutions for produced power are expensive 
and supply an important impediment in terms of MW production.

xv
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Obstacle to Information

While there has been some improvement in this field, there is still a dearth of 
understanding and knowledge about the benefits and importance of renewable energy. 
Capital and investment appropriations have made renewable energy applications 
conceivable. Government officials should provide clear advice and guidance to 
applicants and potential recipients on how to qualify for renewable power incentives.

SEARCHING FOR A SOLUTION

This book serves as a resource for those conducting decision-making analysis for 
academical aims as well as researchers interested in learning more about multi-
criteria decision modeling issue solutions.

Optimization and Decision-Making in the 
Renewable Energy Industry

•	 Illustrates the utilize of analysis and modeling, as well as case researches to 
help researchers grasp.

•	 Provides a comprehensive overview of developing market development and 
research trends in optimization and modeling utilizing multi-criteria decision 
modeling for many technological industries.

•	 Provides a step-by-step, complete technique for applying multi-criteria 
decision modeling to a wide range of scenarios.

•	 Provides a view of the multi-criteria decision modeling technique’s primary 
lines of thought.

•	 Describes how businesses can utilize these approaches to their benefit in 
order to attain sustainability.

•	 Provides a solid foundation in give a roadmap for dealing with emerging 
market issues.

•	 Enables a range of approaches to strategic decision-making in various 
applications.

ORGANIZATION OF THE BOOK

The book is organized into 10 chapters. A brief description of each of the chapters 
follows:

xvi
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Chapter 1 conducts a comprehensive literature study to determine the criteria 
to be used in location selection for biomass energy production facility. It identifies 
the importance levels of the criteria to be used to select the bio-mass power plant 
by using Fuzzy Analytical Hierarchy Process.

Chapter 2 uses deterministic and stochastic methods to examine whether the 
renewable energy efficiencies of EU15 countries and Turkey are sensitive to 
different Data Envelopment Analysis and Stochastic Frontier Analysis models using 
renewable energy consumption and generation parameters. The chapter presents how 
the renewable energy efficiency results of related countries change with different 
optimization models in the context of deterministic and stochastic framework and 
it proposes a new method to find a common solution for the different results of 
different optimization models.

Chapter 3 determines the criteria used in the evaluation of renewable energy 
resources with extremely high strategic importance that Turkey has, and to find their 
degree of importance with Fuzzy SWARA method. For this purpose, an application 
has been made to find out which criteria come to the fore and the weights of these 
criteria in order to evaluate Turkey’s renewable energy resources. 5 main criteria as 
technical, economic, environmental, social and political and a total of 22 sub-criteria 
related to these criteria were included in the scope of the study.

Chapter 4 presents an analysis to select the most effective solar panel (100W) 
for a solar farm design by using COPRAS and Entropy methods. The authors obtain 
the solar panel data used in this chapter from the top panel firms worldwide.

Chapter 5 presents that the use of fossil fuels has decreased compared to the past 
due to the gradual depletion of fossil fuels and the greenhouse gases emerging in their 
use. As a result of this decrease, many countries have turned to alternative energy 
sources instead of fossil fuels. Compared to fossil fuels, renewable energy sources 
cause little or no harm to nature. The authors select the most optimal renewable 
energy source with the Plithogenic PIPRECIA method.

Chapter 6 investigates the question of the current and future electricity needs 
of this segment of the means of transport. The main contribution is preparing the 
necessary adaptations in the frame of electricity production capacity at the national 
level. It aims to highlight the enablers to be seized and the main barriers to be 
overcome using an integrated SWOT-PESTEL analysis in combination with the 
Analytical Hierarchy Process.

Chapter 7 states that biomass energy is an essential and sustainable type of 
energy for today and the future because it is produced from renewable sources 
and is environmentally friendly compared to fossil-based energy. It creates added 
value, provides employment, and creates new tax opportunities in many fields from 
agriculture to industry, from the transportation sector to the banking insurance 
sector. It argues that one of the crucial handicaps in evaluating biomass as an energy 

xvii
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source is the collection of biomass. Biomass is produced in different amounts in 
different village centers, while country roads are suitable for trucks of different 
sizes. Authors in this chapter model the multi-capacity vehicle routing problem for 
biomass collection in village centers at different production capacities.

Chapter 8 presents a review of academic research attempting to face the biomass 
energy sector’s problems using multi-criteria decision-making (MCDM) methods. It 
reviews related articles in the international journals from 2010 to 2021 to answer the 
following three questions. (i) Which methods are mainly used? (ii) Which problems 
attract the most attention.

Chapter 9 argues that despite renewable energy resources being cleaner and 
causing fewer environmental problems, the renewable energy selection problem is a 
complex task due to the involvement of various conflicting factors and uncertainty. 
It states that multi criteria decision-making methods are commonly used to handle 
this complexity successfully. This chapter reviews the studies focused on renewable 
energy resource selection problem in Turkey with multicriteria decision making 
methods. Its findings suggest that the number of studies increased by the time due 
to the growing importance of renewables. Also, AHP, TOPSIS and ANP have risen 
to the top of the literature as the most extensively used approaches.

Chapter 10 states that an increasing attraction in renewable power sources, due 
to, rising energy expenses and country-level tax inducement are driving the research 
to advance a sequence of improving unified resolutions and novel energy generation 
equipment. The novel wind turbines’ installation and the novel wind farms’ building 
are critical procedures for longtime energy generation. In this chapter, a comprehensive 
analysis, which combines ARAS and ENTROPY methods, is structured to choose 
appropriate turbines when improving a wind power plant.
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ABSTRACT

Renewable energy sources are clean energy sources and have a much lower 
environmental impact than other energy sources. Energy production from biomass 
allows the storage of energy raw materials, unlike other renewable energy sources. 
Some factors and criteria affect the site selection of biomass power plants. 
Determining the significant levels of these conflicting criteria is vital for investors 
in choosing a biomass power generation facility location. Location selection of 
biomass power plants is a multi-criteria decision problem for decision makers. 
The relative importance of the criteria includes quantitative evaluations and is an 
uncertain process. In this study, a comprehensive literature study determined the 
criteria to be considered in selecting biomass energy production facility locations. 
The fuzzy analytical hierarchy process was used to determine the importance levels 
of the criteria to be used to select the bio-mass power plant establishment location.

A Fuzzy Multi-Criteria 
Decision-Making Method 
for Selection of Biomass 

Power Plant Location
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Fuzzy Multi-Criteria Decision-Making Method for Selection of Biomass Power Plant Location

INTRODUCTION

Humanity is faced with the depletion of resources as a result of socio-economic 
development. The development of non-polluting renewable energy should be 
encouraged for resources to be long-term and sustainable (Xue, Ding, Zhao, Zhu, 
& Li, 2022). Developing energy efficiency and renewable energy sources is one of 
the effective solution methods in preventing climate change (Adua, Zhang, & Clark, 
2021). The environmental effects of fossil fuels and the depletion of resources have 
necessitated the development of many policies to use renewable energy sources 
(Lerkkasemsan & Achenie, 2014). Effective energy management is possible with 
the efficient use of renewable energy sources (Ilbahar, Kahraman, & Cebi, 2021).

The renewable energy market is increasing around the world. Corporate 
companies make the majority of the supply and demand in the renewable energy 
market. As production and supply expertise in renewable energy sources increases, 
energy costs decrease (O’Shaughnessy, Heeter, Shah, & Koebrich, 2021). Energy 
policies should be developed to regulate the energy supply processes of renewable 
energy sources. Energy policies implemented in West Africa have resulted in widely 
access to electricity (Maman Ali & Yu, 2021). Renewable energy positively impacts 
economic development (Q. Wang, Dong, Li, & Wang, 2022).

Cities and centres of mass production settlement have an important place in the 
transition to renewable energy sources. Alternative plans are needed to transition 
to renewable energy sources (Hoicka, Conroy, & Berka, 2021). The most crucial 
problem experienced in using renewable energy sources is the technical difficulties 
in storing energy obtained from the sun and wind. Integration of renewable energy 
sources with the grid, the inability to store energy is one of the crucial handicaps in 
disseminating renewable energy sources (Ben Yosef et al., 2021). Contrary to other 
renewable energy sources, storing the gases obtained from biomass is technically 
more economical. However, biomass has a low energy density compared to other 
energy sources, and transportation costs are high (Cheng, Zhang, & Wang, 2020). 
Contrary to renewable energy sources, the most crucial advantage of obtaining 
energy from biomass is that the gases obtained from biomass can be stored. Thus, 
the grid can be fed with energy when needed.

Obtaining energy in biomass power plants depends on feeding with bio-waste at 
the location where the power plant is installed. Therefore, it is necessary to collect, 
store and transport waste from waste production centres of different scales to the 
power plant. The transportation of the feedstock, minimizing the pollutant emissions, 
and logistics costs should be considered in the placement of biomass power plants 
(Zhao & Li, 2016). Potential raw material sources for biomass are agricultural, forest, 
animal, urban, and industrial wastes. In this respect, another vital issue that increases 
biomass input is biomass diversity. (Cebi, Ilbahar, & Atasoy, 2016). Biomass is in 
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a wide range. Forest wastes (Viana, Cohen, Lopes, & Aranha, 2010), agricultural 
products (Guo & Zhu, 2021), domestic wastes (food), industrial wastes (beet, olive 
pomace) can be counted as biomass input.

The location selection problem is one of the essential issues during the 
establishment of new enterprises. The priorities of the decision-makers should also 
be taken into account in the facility location selection problem. Facility location 
selection criteria vary according to the field of activity of the enterprise. The 
qualitative and quantitative priorities of the decision-makers are essential in terms 
of facility development, cost-effectiveness, and national policies. In this study, the 
FAHP technique was used to consider the qualitative and quantitative evaluations 
of the decision-makers in the biomass plant site selection.

In this study, an expert team was formed to determine the criteria, compare the 
criteria with each other, and weight the alternatives in terms of criteria. The expert 
team consists of three personnel. The first member of the team is an entrepreneur 
with ten years of experience investing in renewable energy. The second member is a 
manager with a doctoral degree who has worked in various positions in companies 
in renewable energy sources and is still the general manager. The third member is 
a consultant with seven years of experience in public policy.

In multi-criteria decision-making, it is essential to consider the qualitative and 
quantitative evaluations of the decision-maker. Linguistic expressions of decision-
makers and uncertainty are among the factors that complicate the decision-making 
process. Adopted AHP has selected uncertainty in the decision-making process. FAHP 
method is selected uncertainty in the decision-making process. Tree expert personnel 
determined the criteria for selecting biomass power plant location. The hierarchical 
structure between criteria and alternatives was created. The criteria are compared 
according to their importance. The alternatives are ranked in order of importance 
by using pairwise comparison matrices. Indecision and uncertainty situations are 
modeled during the decision-making process. Thus, the aggregated results for each 
alternative were obtained, and the alternatives’ priority was determined.

This study provides an appropriate evaluation tool for selecting alternative 
biomass power plants. The criteria that must be considered to select the biomass 
energy production facility are determined. Environmental, safety and economic 
criteria are the most important criteria. The power plant should be checked whether 
the facility location is within the flight safety zone, built on non-urban land and 
routes. Docking centres must have covered floods and landslides Etc. Bio-power 
plant and storage areas should be established at a distance that will not adversely 
affect industrial-scale production

In multi-criteria decision making, it is essential to consider the qualitative and 
quantitative evaluations of the decision-maker. Linguistic expressions of decision-
makers and uncertainty are among the factors that complicate the decision-making 
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process. Adopted AHP is selected uncertainty in decision-making process. FAHP 
method is selected uncertainty in decision-making process. Tree expert personnel 
determined the criteria for selecting biomass power plant location. The hierarchical 
structure between criteria and alternatives was created. The criteria are compared 
according to their importance. The alternatives are ranked in order of importance 
by using pairwise comparison matrices. Indecision and uncertainty situations are 
modelled during the decision-making process. Thus, the aggregated results for each 
alternative were obtained, and the alternatives’ priority was determined.

BACKGROUND

Different facility location selection approaches have been used related to the facility 
selection problem of biomass plants. This study focuses on the studies in the 
literature using the MCDM method. The criteria to be evaluated in the study were 
selected based on the literature. Perpiña et al. (2013) defined three main criteria as 
economic, social, and environmental criteria of biomass plant location selection and 
13 different related sub-criteria (Perpiña, Martínez-Llario, & Pérez-Navarro, 2013). 
However, many different criteria have been evaluated in the studies conducted in 
the literature in the last ten years. The profit, price, etc. should be considered when 
investing in renewable energy sources since renewable energy generation have some 
risk in terms of pricing, (Tsao, Vu, & Lu, 2021). Certification systems in renewable 
energy propose that biomass be sustainable (Fehrenbach et al., 2008). The physical 
properties biomass, location area, transportation infrastructure (highway, railway, 
sea), raw material logistics, raw material type (all logs, chips, etc.), biofuel efficiency, 
proximity to the source of biowaste at industrial scale, proximity of other biomass 
power plants have primary priority in the selection of the establishment location 
(Stephen, Mabee, & Saddler, 2010). Since the wastes to be used in the power plant 
feeding will be collected from places close to the power plant, other power plants 
in the target region affect the amount of input. For this reason, the positions and 
capacities of renewable energy sources relative to each other are important in site 
selection (Ben Yosef et al., 2021). Physiography, crop types, vegetation biomass 
waste is other criteria that should be evaluated in determining the location of the 
biomass power plant to be established (Perpiña et al., 2013).

In biomass plants, the input is fed with a wide range of raw material sources. 
Forest remains are considered among the essential biomass resources. In this 
context, criteria such as proximity to forest areas, short-term cultivation of vacant 
lands, stakeholder participation, attractive electricity price tariffs, appropriate 
harvesting, and use of transportation technologies should be considered in selecting 
the plant location (Prasad & Raturi, 2021). The planned total electricity capacity, 
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storage capacity, and power plant type are essential in choosing the biomass plant 
establishment location (Bojić, Đatkov, Brcanov, Georgijević, & Martinov, 2013). 
Another criteria taken into consideration when choosing a biomass plant location is 
the size of the biomass supply area (Vera, Carabias, Jurado, & Ruiz-Reyes, 2010). 
The life cycle of a biomass power plant is linked to crucial phases that involve the 
storage and transportation of biomass and its conversion to biowaste or bioproducts. 
The risks of the production stages should be considered in selecting the establishment 
location (El-Halwagi et al., 2013).

The location selection of biopower plants is similar to the facility location selection 
problem, which is widely researched in the literature. While the criteria specific to 
biomass power plants are used in location selection, the same methodology is used 
to solve the problem (Karatop, Taşkan, Adar, & Kubat, 2021). A new multi-criteria 
decision-making model consisting of fuzzy Stepwise Weight Assessment Ratio 
Analysis (SWARA) and Combined Compromise Solution (CoCoSo) method been 
used by Ulutaş et al. (2020). It is recommended to use multi-criteria decision-making 
techniques when the criteria in selecting the facility location are based on subjective 
judgments, and the importance weights of the alternatives are determined. The 
Fuzzy Technique for Order Preference by Similarity to an Ideal Solution (TOPSIS) 
method was used by Chu (2002) to determine the weights of subjective attributes 
(Baykasoğlu, Kaplanoğlu, Durmuşoğlu, & Şahin, 2013; Chu, 2002). The fuzzy 
group decision-making method was used by Ertuğtul (2011) in selecting facility 
(Ertuğrul, 2011). AHP method was used by Badri (1999) to solve the facility location 
selection problem (Badri, 1999).

Different problems of biomass plants have been discussed in the literature 
(Ilbahar, Kahraman, & Cebi, 2022). The primary purpose of the circular economy 
is to reduce energy waste, eliminate and re-use waste. The Gross Domestic Product 
(GDP) has been determined with fuzzy logic by Petkovic et al. (2020) (Petković et 
al., 2021). The fuzzy model was used by Böhler et al. (2020) to control the criteria of 
the biomass combustion model (Böhler, Krail, Görtler, & Kozek, 2020). Geological 
structure, groundwater, Etc., were analyzed based on GIS by Karakuş et al. (2020) in 
determining the solid waste storage area. Analytical Hierarchy Process (AHP) and 
Simple Addition Weighting (SAW) multi-criteria decision-making methods were 
used in the analysis (Karakuş, Demiroğlu, Çoban, & Ulutaş, 2020).

In the biomass plant location selection, the feed supply points are located in 
different regions. Geographical information system-based multi-criteria decision 
making (GIS-MCDM) and Fuzzy Decision-Making Trial and Evaluation (F-MCDM) 
technique were used by Jeong and Ramirez (2018) to determine suitable and 
suitable location for biomass plants. Three different criteria have been established 
(Jeong & Ramírez-Gómez, 2018). It has been reported by Guo and Zhu (2021) that 
diversification of the input is more important instead of using a single type of raw 

 EBSCOhost - printed on 2/8/2023 9:14 PM via . All use subject to https://www.ebsco.com/terms-of-use



6

Fuzzy Multi-Criteria Decision-Making Method for Selection of Biomass Power Plant Location

material for biomass in choosing a biomass plant location (Guo & Zhu, 2021). It 
was reported by Lerkkasemsan and Achenie (2014) that it is vital to establish and 
operate the biomass power plant cost-effectively, and fuzzy modelling was used to 
estimate the production (Lerkkasemsan & Achenie, 2014). Biomass-based hydrogen 
production multi-actor multi-criteria decision-making method was proposed by 
Ren et al. (2013) (Ren, Fedele, Mason, Manzardo, & Scipioni, 2013). Wang et al. 
(2019) used FAHP to determine the most suitable alternative locations and TOPSIS 
to identify potential locations (C. N. Wang, Tsai, & Huang, 2019). Multi-criteria 
decision-making based on the Hurwitz algorithm was used in the location selection 
of regional landfills by Curčic et al. (2011). Fuzzy logic was used by Rezk et al. 
(2022) to simulate methane production through biomass gasification (Rezk, Inayat, 
Abdelkareem, Olabi, & Nassef, 2022).

Voivontas et al. (2001) examined estimating the production amount of renewable 
energy sources (Voivontas, Assimacopoulos, & Koukios, 2001). Diversification of 
energy markets dependent on imports of renewable energy sources is an important 
alternative. VIKOR (VlseKriterijumska Optimizacija I Kompromisno Resenje), one 
of the multi-criteria decision-making techniques, was used by Cristóbal (2011) to 
select the investment area among renewable energy sources (San Cristóbal, 2011). 
Multi-criteria decision-making techniques were used by Scot et al. (2012) to select 
the most suitable alternative among bioenergy plans and to meet the conflicting 
needs of stakeholders (Scott, Ho, & Dey, 2012). Mourmouris and Potolias (2013) 
used the multi-criteria decision-making technique to support the renewable energy 
market development (Mourmouris & Potolias, 2013). AHP was used by Perpiña et 
al. (2013) to determine the suitable alternative plant location (Perpiña et al., 2013).

In the literature, linear programming and multi-criteria decision-making techniques 
have been used to select biomass facility locations. However, the number of studies 
that use qualitative and quantitative criteria together, considering the priorities of 
decision-makers in decision-making processes, is quite limited. The novelty of this 
study is that it uses the qualitative and quantitative priorities of the decision-makers 
in the selection of biomass facility locations and shows how the method will be 
applied in the Sivas example.

MAIN FOCUS OF THE CHAPTER

Renewable energy sources are clean energy sources. They are compatible with their 
habitat, and their impact on the environment is neutral. Renewable energy sources 
consist of biomass, hydroelectric, solar, wind, marine, and geothermal energy. 
These resources are converted into electricity or motion power to produce power, 
heat, or mechanical energy by using renewable energy technologies. One of the 
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disadvantages of renewable energy, which prevents the widespread use of renewable 
energy sources, is its dependence on weather conditions and its shortcoming to store 
and send energy when necessary. Biomass energy is stored within the organism, 
unlike other renewable energy sources such as solar or wind or and harvested as 
needed. Biomass energy has disadvantages as well as advantages.

One of the crucial issues that will allow the advantages to outweigh is the selection 
of the locations of the facilities where this energy will be obtained. Appropriate 
site selection for the biomass plant is essential because the amount transported and 
collected should be balanced. Otherwise, the shipping cost will cause a significant 
loss of profit. The site selection of biomass power plants is affected by various criteria. 
Identifying the significant levels of these conflicting criteria is vital for investors in 
choosing a biomass power plant location. Location selection of biomass power plants 
is a multi-criteria decision problem for decision-makers. The relative importance of 
the criteria involves quantitative assessments and is an uncertain process.

In decision-making problems, considering the qualitative and quantitative 
evaluations of the decision-maker is essential in terms of cost and national regulation. 
Linguistic expressions of decision-makers and uncertainty are common problems in 
plant location selection. Fuzzy sets are widely used to tackle this problem.

The number of studies that use qualitative and quantitative criteria together, 
considering the priorities of decision-makers in decision-making processes, is 
quite limited. The qualitative and quantitative priorities of the decision-makers in 
the selection of biomass facility locations should be considered. The main focus 
of this study is to provide an appropriate evaluation tool for selecting alternative 
biomass power plants. For this purpose, an expert team was formed to determine 
the criteria, compare the criteria, and weigh the alternatives in terms of criteria. The 
criteria for selecting biomass power plant location was determined. The hierarchical 
structure between criteria and alternatives was created. The importance of criteria 
was determined. The alternatives are ranked in order of importance by using pairwise 
comparison matrices. The aggregated results for each alternative were obtained, and 
the alternatives’ priority was determined. The criteria that must be considered to 
select the biomass energy production facility are presented. Environmental, safety 
and economic criteria are the most important criteria. The power plant should be 
checked whether the facility location is within the flight safety zone, built on non-
urban land and routes. Docking centers must have covered floods and landslides.

CASE STUDY AND DATA

The current number of animals in Sivas 2021 was obtained from the Provincial 
Directorate of Agriculture. The number of cattle in 2021 is presented in Table 1. 
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25% of the bovine stock is raised in enterprises close to the centre of Sivas. The 
distribution of the number of cattle by urban area is shown in Figure 1. The wastes 
considered as biomass in Sivas province are vermicompost, slaughterhouse wastes 
and animal faeces. Vermicompost is the process of composting organic residues 
by worms. In this process, organic wastes are fermented by microorganisms in the 
environment and then subjected to an accelerated humification and detoxification 
process as they pass through the digestive system of earthworms. (Lim, Wu, Lim, 
& Shak, 2015). Vermicompost is used for the product obtained due to the organic 
waste and/or waste composting process in which worms are used. (Kale, Mallesh, 
Kubra, & Bagyaraj, 1992).

Wastewater from slaughterhouses and meat processing processes often contains 
suspended solids, oil and grease, and floating matter (Salminen & Rintala, 2002). 
When blood from cattle slaughter is discharged into the sewer, the sewage pollution 
load is significantly increased. This is why blood recovery is encouraged by 
governments (S. Wang, Jena, & Das, 2018). Blood and blood meal obtained from 
blood are necessary biomass inputs (Hollander & Wright, 1980).

Cow manure is another important source of biomass obtained in agriculture 
(Fan, Zhang, Guo, Xing, & Fan, 2006). The critical problem to be encountered in 
implementing the disposal methods of animal waste is the ability to economically 
deliver a sufficient amount of farm animal manure to the central units. Using cow 
dung as a biomass input instead of disposal reduces costs in agriculture (Pattanaik, 
Duraivadivel, Hariprasad, & Naik, 2020).

Table 1. Number of cattle in 2021

Residential area Quantity Residential area Quantity

Akıncılar 10515 Kangal 22323

Altınyayla 13899 Koyulhisar 18451

Divriği 16574 Sivas Center 78258

Doğanşar 5417 Şarkışla 27405

Generic 23051 Suşehri 21177

Gölova 2494 Ulaş 16436

Gürün 1825 Yıldızeli 4621

Hafik 16622 Zara 28247

İmranlı 7406
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Figure 1. Distribution of the number of cattle by urban area

Figure 2. The selection of bio power plant location criteria and sub-criteria
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The hierarchically structured decision model is presented in Figure 2. The main 
criteria are the safety criteria (F1), environmental criteria (F2), economic criteria 
(F3), social criteria (F4), location criteria (F5), biomass quality criteria (F6), and 
transportation infrastructure criteria (F7), and facility technology criteria (F8) 
respectively.

In this study, the plant location selection for the Biopower plant installation was 
examined. Five alternative locations (Sivas/Merkez, Yıldızeli, Ulaş Şarkışla and Zara) 
have been compared for the establishment of the facility in terms of vermicompost, 
slaughterhouse waste and cow dung. Three different experts evaluated the criteria 
and sub-criteria presented in Table 2.

SOLUTIONS AND RECOMMENDATIONS

Evaluation criteria

Eight criteria and thirty-five sub-criteria for selecting biomass power plant location 
were deðned and prioritized. The list of these criteria and sub-criteria, presented 
in Table 1 and Figure 1, was determined by conducting a literature survey. The 
criteria are determined as safety criteria (F1), environmental criteria (F2), economic 
criteria (F3), social criteria (F4), location criteria (F5), biomass quality criteria (F6), 
transportation infrastructure criteria (F7), facility technology criteria (F8).

Safety criter (F1) is based on the four sub-criteria, e.g., area security (F11), flood 
safety (F12), ground safety (F13), physiography (F14). Area security (F11) means 
that the perimeter of the bio-power plant and storage areas is safe. Bio-power plant 
and storage areas should be established at a distance that will not adversely affect 
the urban land and industrial-scale production facility. Flood safety (F12) is another 
dimension of facility location safety, and it shows that the bio-plant is not affected 
by floods and raids that will occur. Ground safety (F13) means plant and building 
installation with a rock-based foundation with a topographic slope of less than 15% 
from the plant site. Physiography (F14) implies determining the morphological 
features of slopes in terms of instability and landslide hazard.

Environmental criteria (F2) are based on the six sub-criteria, e.g., mania plans 
(F21), ground use regulations (F22), classified vegetation (F23), geomorphology 
(F24), visual impact (F25), natural water resources (F26). Mania plans (F21) are city 
layout plans that ensure the flight safety of airports. It should be checked whether 
the facility location is within the flight safety zone. Ground use regulations (F22) are 
legal regulations that dictate that biomass power plants be built on non-urban land. 
Classified vegetation (F23) refers to the conservation of certain species in biomass 
harvesting refers to the classification of natural vegetation. Geomorphology (F24) 
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refers to routes and docking centers threatened by erosion. The visual impact (F25) 
implies identifying visible areas, zero visibility of unsightly storage areas within 
the facility. Natural water resources (F26) indicate the proximity of the facility to 
underground and surface resources. The biopower plant should not pollute the nearby 
rivers, lakes, and pond beds.

Economic criteria (F3) are based on the six sub-criteria, e.g., economic development 
areas (F31), potential demand (F32), natural habitat (F33), transportation (F34), 
protected areas (F35), policies and incentives (F36). Economic development areas 
(F31) express whether the place of establishment is within the economic incentive 
areas. Potential demand (F32) determines likely demand within a residential area 

Table 2. Criteria and sub-criteria

F1 Safety criteria F5 Location criteria

    F11 Area Security     F51 Distance to waste centers

    F12 Flood Safety     F52 Proximity to distribution and storage centers

    F13 Ground Safety     F53 Raw material logistics

    F14 Physiography     F54 The number of power plants

    F55 Land evaluation.

F2 Environmental criteria F6 Bio-mass quality criteria

    F21 Mania Plans     F61 Biomass calorie value

    F22 Ground use regulations     F62 Physical and chemical properties

    F23 Classified vegetation     F63 Biomass diversity

    F24 Geomorphology     F64 Biomass fuel efficiency

    F25 Visual impact

    F26 Natural water resources

F3 Economic criteria F7 Transportation infrastructure criteria

    F31 Economic development areas     F71 Roads express

    F32 Potential demand     F72 proximity to bus stations and terminals

    F33 Natural habitats     F73 Transport vehicle

    F34 Transportation     F74 Sustainability means

    F35 Protected areas     F75 Route capacity

    F36 Policies and incentives     F76 Biomass resources

F4 Social criteria F8 Facility technology criteria

    F41 Affected population     F81 Power plant capacity

    F42 Visual effect     F82 The technology
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based on energy consumption and biomass availability. Natural habitat (F33) refers to 
the presence of endemic animal and plant species in a particular area. Transportation 
(F34) includes biomass collection and transportation costs, road length, and vehicle 
capacities. National laws protect natural beauties and protected areas. The foul odour 
and untreated water that will spread to the facility’s environment adversely affect 
the protected areas. Protected areas (F35) are natural beauties and protected areas 
that will not be affected when choosing the installation sites of biopower plants and 
storage areas. Policies and incentives (F36) mean that the government’s policy and 
incentives on renewable energy sources at the national level are attractive.

Social criteria (F4) are based on the two sub-criteria, e.g., affected population 
(F41), visual effect (F42). Affected population (F41), the distance of the facility 
from densely populated and residential areas, refers to the size of the affected 
population. The visual effect (F42) shows the effect of odour, image, pollution, 
and its surroundings.

Location criteria (F5) are based on the five sub-criteria, e.g., distance waste 
centres (F51), proximity to distribution and storage centres (F52), raw material 
logistics (F53), number of power plants (F54), land evaluation (F56). Distance to 
waste centres (F51) express the level of acceptability of the distance between the 
biopower plant and the waste generation production centre in the power generation 
facility in terms of cost. Proximity to distribution and storage centres (F52) refers 
to fuel tanks, water tanks, mining sites. Raw material logistics (F53) indicates that 
the logic of raw materials other than the biomass needed in the power plant can be 
provided. The number of power plants (F54) refers to the number of power plants 
using the same harvesting area and road route and their operating capacities. Land 
evaluation (F55) describes the possibility of short-term cultivation of vacant lands 
in the collection area and stakeholders’ contribution to biowaste generation.

Biomass quality (F6) criteria are based on the four sub-criteria, e.g., biomass 
calorie value (F61), physical and chemical properties (F62), biomass diversity (F63), 
biomass fuel efficiency (F64). Biomass calorie value (F61) refers to the calorie value 
obtained from the unit amount harvested. Physical and chemical properties (F62) 
indicate the stability of the physical and chemical properties of the biomass in the 
collection area during the collection period. Biomass diversity (F63) shows different 
types of biomass such as animal wastes, logs, chips. Biomass fuel efficiency (F64) 
refers to converting the potential fuel biomass into kinetic energy or electrical energy.

Transportation infrastructure (F7) criteria are based on the six sub-criteria, e.g., 
roads express (F71), proximity to bus stations and terminals (F72), transport vehicle 
(F73), sustainability means (F74), route capacity (F75), biomass resources (F76). 
Roads (F71) express the condition of the primary and secondary roads used in the 
storage and transportation route. Proximity to bus stations and terminals (F72) means 
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the proximity of the switchboard location to train bus stations and the opportunity to 
benefit from public transportation resources. Transport vehicle (F73) indicates types 
of vehicles that can be used on the storage and collection road route. Sustainability 
(F74) means the continuity of the supply of biomass at the collection site. Route 
capacity (F75) refers to the load-carrying capacity of the vehicles that can be used 
on the road route. Biomass resources (F76) refer to the number of supply points of 
biomass in the harvesting zone.

Facility technology (F8) criteria are based on the two sub-criteria, e.g., power 
plant capacity (F81) and technology (F82). Power plant capacity (F81) indicates 
the biomass power plant’s daily waste processing, storage and energy production 
capacity. Technology (F82) shows the machine used in the plant, the production 
technology used, and the type of plant.

Fuzzy AHP

In decision-making problems, it is essential to consider the qualitative and quantitative 
evaluations of the decision-maker. Linguistic expressions of decision-makers and 
uncertainty are among the factors that complicate the decision-making process. 
Fuzzy sets can overcome such problems in modelling so that more precise results 
can be obtained. Fuzzy sets were proposed by Zadeh (1965) to overcome such 
problems (Zadeh, 1978). AHP is a method developed for solving multi-criteria 
decision-making problems (Büyüközkan, Havle, & Feyzioğlu, 2021; Şenyiğit & 
Demirel, 2018). The expert personnel determine the criteria for decision making 
and the purpose. Different experts create a hierarchical structure between criteria 
and alternatives to achieve the determined goals (Coffey & Claudio, 2021; Leśniak, 
Kubek, Plebankiewicz, Zima, & Belniak, 2018). The criteria are compared according 
to their importance (Chandna, Saini, & Kumar, 2021). Using pairwise comparison 
matrices, alternatives are ranked in order of importance. In the fuzzy AHP technique, 
indecision and uncertainty situations are modelled during the decision-making 
process (M. Dağdeviren, Yavuz, & Kılınç, 2009; Karam, Hussein, & Reinau, 2021). 
In this method, the importance of the criteria is determined to be in the value range.

There are type-1, type-2 fuzzy sets, and intuitive fuzzy sets in the literature 
(Güldeş et al., 2022) (Yazici et al., 2020). The best alternative is using qualitative 
and quantitative criteria in the multi-criteria decision-making process. The analytical 
hierarchy process developed by Saaty (Saaty, 1977, 1980) is a widely used method 
in multi-criteria decision-making probes. The uncertainty that arises with concrete 
and abstract concepts in the fuzzy AHP decision-making process is overcome. 
(Chang, 1996). In this study, Type-1 fuzzy sets were used with the AHP technique. 
The linguistic variables and fuzzy scale used in this study are presented in Table 3.
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Pairwise comparisons are made between the criteria, and the pairwise comparison 
matrices presented in Eq.1 are created. By questioning which criterion is more 
important, the corresponding linguistic expressions are determined. The fuzzy 
geometric mean is calculated by using Eq.2.
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The fuzzy weight of each criterion is calculated by using Eq.3. The vector sum 
of each ri  is obtained. Take the inverse of the sum and multiply each ri .
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� �� �� � � � �

1 2

1 	 (3)

The best non-fuzzy performance value of each criterion is obtained by using Eq.4.

M lw mw uw
i

i i i�
� �

3
	 (4)

Hence M is a non-fuzzy number, normalized by Eq.5

Table 3. Linguistic variables and fuzzy triangular numbers (Fu et al., 2020)

Linguistic Variables Fuzzy scale

Equally Important (1, 1, 1)

Moderately Important (2, 3, 4)

Important (4, 5, 6)

Very Important (6, 7, 8)

Extremely Important (9, 9, 9)
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Fuzzy sets are an essential tool and mathematical expression in modelling fuzzy 
logic. Fuzzy set theory helps to measure uncertainty through subjective judgments. 
A fuzzy set Â  is a function defined in the closed interval [0,1] expressed in Eq.6 
(M. Dağdeviren, Akay, & Kurt, 2004).

� A E: [ , ]� 0 1 	 (6)

The interval values in the set of real numbers form a different number of fuzzy 
sets. Fuzzy sets are expressed with fuzzy numbers to show exact, uncertain and 
approximate values. Fuzzy numbers are characterized by verbal expressions such 
as approximately, more or less, almost.

A represents the lowest value on the left, b represents the best possible value, 
and c represents the highest limit; the value on the right is a fuzzy triangular set of 
numbers in the form of (ab,c). The membership function of the fuzzy number A is 
presented in Eq.7.
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Mathematical operations can be performed on fuzzy sets as in classical sets. Let 
there be two positive fuzzy A  = (a1, a2, a3) and B  =(b1, b2, b3) fuzzy numbers, 
addition is presented in Eq.8, subtraction is Eq.9, multiplication is Eq.10 is division, 
Eq.11, multiplication by a constant number is Eq.12, the inverse is presented in 
Eq.13.
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	 (8)
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To decide on fuzzy processing processes, it is necessary to order the fuzzy 
numbers. In the integral ranking method, the µ A :  E®[0,1] the optimism index 
value is used. Triangular fuzzy number, the total integral value is calculated using 
Eq.14 for A  = (a1, a2, a3).
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An increase in the index value represents an optimistic decision-maker, and a 
decrease in the index value represents a pessimistic decision-maker. For fuzzy 
numbers A  and B Sorting is done using Eq.15.

I A I B A BT
a

T
a   � � � � � � � � � � 	 (15)

I A I B A BT
a

T
a   � � � � � � � � � � 	

I A I B A BT
a

T
a   � � � � � � � � � � 	

 EBSCOhost - printed on 2/8/2023 9:14 PM via . All use subject to https://www.ebsco.com/terms-of-use



17

Fuzzy Multi-Criteria Decision-Making Method for Selection of Biomass Power Plant Location

Calculation example

Determining the priority among three alternatives using three criteria is prepared as 
an example. The criteria weights in the comparison matrix are randomly generated. 
Pairwise comparison value of all criteria is presented in Table 4.

The geometric mean of fuzzy comparison value is calculated as follows.
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l.m.u is ascending order of r
i

−1 . Hence, l.m.u equal to 0.321, 0.328 and 0.333 
respectively. The relative fuzzy weight of each criteria is calculated as follows.

Table 4. Pairwise comparison of criteria for calculation example

C1 C2 C3

C1 1 1 1 5 4 6 1/3 1/7 1/4

C2 1/6 1/4 1/5 1 1 1 7 8 9

C3 4 7 3 1/9 1/8 1/7 1 1 1
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Average and normalized weight of criteria are calculated as follows.
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Similarly, each alternative is compared with one another in terms of criterion. 
Aggregated results for each alternative according to each criterion are obtained as 
shown in Table 5.

Priority of the alternatives is calculated as presented below. Among the alternatives, 
A3 is chosen because it has the highest score.

Table 5. Aggregated results for each alternative

C1 C2 C3

Weights 0.34 0.39 0.27

A1 0.06 0.06 0.22

A2 0.71 0.27 0.13

A3 0.23 0.66 0.64
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A1= 0.34+0.39+0.27+0.06+0.06+0.22 =0.11
A2= 0.34+0.39+.027+0.71+0.27+0.13 =0.39
A3= 0.34+0.39+0.27+0.23+0.66+0.64 =0.51

RESULTS AND FINDINGS

According to the weight values (W), the first three main criteria were environmental 
criteria (F2), safety criteria (F1), and economic (F3) criteria with W=0.326, 
W=0.182 W=0.178 weight values, respectively. The weights of the criterion are 
shown in Table 6.

The most crucial criterion is the environmental criteria (F2). The power plant 
should be checked to see whether the facility is within the flight safety zone, built on 
non-urban land and routes and docking centres have covered floods, landslides, etc. 
The second vital criterion is the safety criterion (F1) which implies that bio-power 
plant and storage areas should be established at a distance that will not adversely 
affect the industrial-scale production, bio-plant should not be affected by floods and 
raids, the plant must have a rock-based foundation with a topographic slope of less 
than 15% from the site of the plant. The third essential criteria are the economic 
criteria (F3) which indicate user information, authorization-based access, ensuring 
the security of measurement, and evaluation system should be considered.

According to the global weight (GW) order of ten sub-criteria is flood safety 
(F12), area security (F11), ground use regulations (F22), mania plans (F21), natural 
water (F26), visual impact (F25), ground safety (F13), transportation (F34), natural 

Table 6. Ranked weights of criteria

Criteria Weights

F2 Environmental criteria 0.292

F1 Safety criterion 0.265

F3 Economic criteria 0.156

F5 Location criteria 0.086

F7 Transportation infrastructure criteria 0.070

F4 Social criteria 0.060

F6 Bio-mass quality criteria 0.056

F8 Facility technology criteria 0.016
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habitats (F33), classified vegetation (F23), economic development areas (F31), 
the visual effect (F42), the affected population (F41), protected areas (F35), raw 
material logistics (F53) respectively. The ranked global weights (GW) of subcriteria 
are presented in Table 7. According to GW, the most important sub-criter is flood 
safety (F12) which shows that the bio-plant is not affected by floods and raids. 
According to global weight, the second important sub-criteria is area security (F11) 
which represents bio-power plants, and storage areas should be established at a fair 
distance between urban land and other industrial plants. According to GW, the third 
important sub-criter is ground use regulations (F22) which shows that location must 
be compatible with ground use regulations. According to global weight, the fourth 
important sub-criteria is mania plans (F21) that stand for power plant location should 
be checked in a flight safety zone. According to global weight, the fifth important 
sub-criteria is natural water (F26) which means that the biopower plant should not 
pollute the nearby river, lake, and pond beds.

Table 7. Ranked global weights of sub-criteria

Sub-Criteria Weights Yıldızeli Merkez Ulaş Şarkışla Zara

F12 Flood Safety 0.121 0.103 0.328 0.344 0.098 0.126

F11 Area Security 0.092 0.042 0.531 0.144 0.065 0.219

F22 Ground use regulations 0.070 0.168 0.203 0.380 0.127 0.123

F21 Mania Plans 0.067 0.124 0.346 0.340 0.132 0.057

F26 Natural water 0.061 0.144 0.336 0.351 0.111 0.057

F25 Visual impact 0.051 0.146 0.348 0.317 0.128 0.061

F13 Ground Safety 0.047 0.164 0.226 0.375 0.120 0.116

F34 Transportation 0.041 0.143 0.328 0.344 0.124 0.061

F33 Natural habitats 0.038 0.145 0.346 0.335 0.116 0.057

F23 Classified vegetation 0.034 0.154 0.290 0.371 0.117 0.067

F31 Economic development areas 0.033 0.121 0.359 0.341 0.123 0.055

F42 The visual effect 0.031 0.263 0.042 0.338 0.229 0.128

F41 The affected population 0.030 0.124 0.358 0.343 0.118 0.057

F35 Protected areas 0.028 0.140 0.340 0.335 0.125 0.061

F53 Raw material logistics 0.021 0.157 0.333 0.344 0.096 0.070

F51 The distance waste centers 0.020 0.142 0.344 0.331 0.127 0.056

F55 Land evaluation. 0.019 0.141 0.351 0.335 0.114 0.058

F54 The number of power plants 0.018 0.140 0.350 0.324 0.124 0.063

F61 Biomass calorie value 0.017 0.175 0.305 0.333 0.123 0.064

continues on following page
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FUTURE RESEARCH DIRECTIONS

In today’s modern and industrialized world, studies on energy technologies show an 
increase to keep up with the increasing energy demand. Renewable energy sources 
called clean energy have an important place in these studies due to their environment-
friendly nature. The literature mainly consists of facility location selection studies. In 
this study, a location selection was made for the biomass energy production facility.

Environmental, safety and economic criteria are the most important criteria for 
selecting biomass power plant location. The power plant should be checked whether 
the facility location is within the flight safety zone, built on non-urban land and 
routes. Docking centers must have covered floods and landslides Etc. Bio-power plant 
and storage areas should be established at a distance that will not adversely affect 
industrial-scale production. The potential solution must be based on environmental, 
safety, and economic criteria. While creating a benefit-cost balance in potential 
solutions, penalty weight points can be applied for flood risk and adverse effects 
on residential, agricultural, and industrial areas. Technical opinions of three experts 
were used to determine the criteria. Increasing the number of experts in determining 

Sub-Criteria Weights Yıldızeli Merkez Ulaş Şarkışla Zara

F64 Biomass fuel efficiency 0.015 0.150 0.345 0.327 0.116 0.062

F71 Roads express 0.014 0.141 0.339 0.314 0.141 0.066

F72 Proximity to bus stations and 
terminals 0.013 0.157 0.337 0.345 0.104 0.058

F62 Physical and chemical properties 0.013 0.141 0.348 0.322 0.124 0.065

F74 Sustainability means 0.012 0.145 0.328 0.351 0.118 0.059

F63 Biomass diversity 0.012 0.161 0.331 0.344 0.103 0.060

F73 Transport vehicle 0.011 0.139 0.348 0.340 0.113 0.060

F75 Route capacity 0.010 0.126 0.356 0.317 0.143 0.058

F76 Biomass resources 0.009 0.147 0.338 0.326 0.130 0.059

F81 Power plant capacity 0.009 0.121 0.380 0.331 0.111 0.057

F24 Geomorphology 0.009 0.139 0.314 0.369 0.114 0.064

F36 Policies and incentives 0.008 0.128 0.338 0.343 0.132 0.060

F52 Proximity to distribution and 
storage centers 0.008 0.142 0.349 0.339 0.114 0.056

F32 Potential demand 0.006 0.132 0.360 0.323 0.125 0.061

F82 The technology 0.006 0.169 0.338 0.336 0.097 0.059

F14 Physiography 0.005 0.066 0.272 0.539 0.041 0.082

Table 7. Continued
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the criteria will allow the evaluation of different perspectives. The distribution 
of animal numbers based on districts was accepted as homogeneous in the study. 
Considering the difference of village centers from city centers, it will increase the 
study’s accuracy to take into account the village centers where the barns are located 
in future studies.

In future studies, facility location problems can be solved using the method 
presented here for different types of renewable energy. In addition, a comparison 
can be made by obtaining different solutions with other MCDM models. Simulation 
method can be used as a method to evaluate alternatives in location selection. By 
considering the biomass supply chain as a whole, various optimization problems can 
be presented by examining the problems encountered by the biomass raw material 
at different points of the chain.

CONCLUSION

Humanity is faced with the depletion of resources as a result of socio-economic 
development. The development of non-polluting renewable energy should be 
encouraged for resources to be long-term and sustainable. The development of 
energy efficiency and renewable energy sources is one of the effective solution 
methods in preventing climate change.

The environmental effects of fossil fuels and the depletion of resources have 
necessitated the development of many policies for renewable energy sources. Many 
criteria and criteria affect the location selecting of biomass power plants.

In this study, criteria that must be considered to select the biomass energy 
production facility s are determined via a comprehensive literature study. The Fuzzy 
Analytical Hierarchy Process was used to determine the importance levels of the 
criteria to select the bio-mass power plant establishment location. Eight criteria 
and thirty-five sub-criteria for selecting biomass power plant location were deðned 
and prioritized.

According to the weight values (W), the first three main criteria were F2-
environmental criteria, F1- safety criteria, and F3-economic criteria with W=0.326, 
W=0.182 W=0.178 weight values, respectively. The findings show that the power 
plant should be checked whether the facility location is within the flight safety zone, 
built on non-urban land and routes. Docking centres must have covered floods and 
landslides etc. Bio-power plant and storage areas should be established at a distance 
that will not adversely affect industrial-scale production. Bio-plant should not be 
affected by floods and raids. The plant must have a rock-based foundation with a 
topographic slope of less than 15% from the plant site.
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According to the global weight (GW), order of ten sub-criteria is determined as 
flood safety (F12), area security (F11), ground use regulations (F22), mania plans 
(F21), natural water (F26), visual impact (F25), ground safety (F13), transportation 
(F34), natural habitats (F33), classified vegetation (F23), economic development 
areas (F31), the visual effect (F42), the affected population (F41), protected areas 
(F35), raw material logistics (F53), respectively. The primary concern should be 
that the bio-plant is not affected by floods and raids. Bio-power plants and storage 
areas should be established reasonably far between urban land and another industrial 
plant. The location must be compatible with ground use regulations. The power 
plant location should be checked in terms of the flight safety zone. The biopower 
plant should not pollute the nearby rivers, lakes, and pond beds.
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KEY TERMS AND DEFINITIONS

AHP: A method which is developed for solving multi-criteria decision-making 
problems.

Biomass Diversity: Different types of biomass such as animal wastes, logs, chips.
Biomass Fuel Efficiency: The converting the potential fuel biomass into kinetic 

energy or electrical energy.
Docking Centers: Temporary storage area where biomass is held to be collected 

for transport to the power plant.
Facility Location Selection: Selection of the most suitable establishment location 

in terms of multiple criteria.
Physical and Chemical Properties: The stability of the physical and chemical 

properties of the biomass in the collection area during the collection period.
Physiography: The determining the morphological features of slopes in terms 

of instability and landslide hazard.
Policies and Incentives: Government’s policy and incentives on renewable 

energy sources at the national level are attractive.
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ABSTRACT

Consumption of renewable energy sources for countries shows a rising trend. Providing 
progress in the renewable energy field, countries try on related regulations and 
accurate investments according to renewable energy consumption and generation. 
European Union (EU15) countries play an essential role increasing renewable energy 
efficiency, which is share of Europe in total energy usage. In this chapter, deterministic 
and stochastic methods were used to examine whether the renewable energy efficiencies 
of EU15 countries and Turkey are sensitive to different data envelopment analysis 
and stochastic frontier analysis models using renewable energy consumption and 
generation parameters. The chapter presents how the renewable energy efficiency 
results of related countries change with different optimization models in the context 
of deterministic and stochastic framework, and it proposes a new method to find a 
common solution for the different results of different optimization models.
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INTRODUCTION

Nowadays, if countries can be able to obtain the industrial sector energy at least cost, 
they can provide a competitive advantage. This situation leads countries to search 
alternative energy sources, namely renewable energy, due to the limited traditional 
fossil fuel sources such as oil, natural gas or coal. Renewable energy is an essential 
alternative energy source because of its environmental utilities and economical 
efficiencies when compared to traditional energy sources (Dağıstan, 2008). Although 
there is increasingly widespread use of renewable energy (hydroelectric, wind, solar, 
biomass, geothermal) in Turkey, a large part of the energy need is still provided 
from non-renewable (oil, natural gas, coal) energy sources (Koç &Kaya, 2014). On 
the other hand, compared with European Union countries, climatic conditions of 
Turkey is an advantage in renewable energy production (Dağıstan, 2008).

This chapter focuses on the stochastic approaches on renewable energy efficiency 
evaluation in which uncertainty has a technological structure. Decision making 
problems in energy efficiency field debates with uncertainty, which is affected by 
prices, energy demand, energy production, consumption, equipment availability, 
investment and expenditure. Stochastic programming provides an effective framework 
in which optimization problems under uncertainty are fairly formulated. In energy 
fields, data envelopment analysis (DEA) and stochastic frontier analysis (SFA) 
approaches have been used to assess energy sector markets and countries with 
various types of parameters such as deterministic, stochastic and fuzzy. In such 
cases, researchers may consider stochastic data as random indicators. By studying 
on random parameters and analyzing the possibility of uncertain situations, different 
perspectives of the available information can be obtained in energy markets. The 
main positive side of studying on random data is determination of accurate energy 
efficiency policies for future by the help of optimization problems. Parameters of 
stochastic models are considered random data and this seems to be a reasonable 
approach for future problems to account for such uncertainties while measuring such 
data. Analyzing of case study variables can indicates errors and noise. The noise 
and errors in random indicators generally leads to faulties in frontier production 
function and in efficiency scores.

When the energy sector researches in the literature are reviewed, it is seen that 
prominent methods in evaluating renewable energy efficiency are DEA and SFA. 
DEA was first proposed by Farrell (1957) and developed by evaluating the technical 
efficiency in the study of Charnes, Cooper and Rhodes. (1978). DEA does not need 
any assumption of the functional form and can process multiple indicators (Bal & 
Örkçü, 2005). The following studies can be given as examples to DEA studies in 
energy field. Jha and Shrestha (2006) measured the performance of hydroelectric 
power plants by using DEA and they used the current capacity, total number of 

 EBSCOhost - printed on 2/8/2023 9:14 PM via . All use subject to https://www.ebsco.com/terms-of-use



33

Renewable Energy Assessment Method by Parametric and Non-Parametric Models’ Data

operations, energy produced by the plant and the number of employees as inputs, total 
energy produced and winter and summer peak values as outputs in Nepal. In another 
study Chien and Hu (2007) conducted to compare renewable energy technology 
among 45 countries level by implementing DEA and stated that Organisation for 
Economic Co-operation and Development (OECD) members have a greater share 
of renewable energy resources than non-OECD members. In the study conducted by 
Barros in 2008, the efficiency of hydroelectric power plants was investigated using 
DEA. Sözen, Alp and Özdemir (2010) tried to evaluate the performance of thermal 
electric power plants in Turkey within DEA. The inputs of this chapter were the 
capacity utilization rate, thermal efficiency, average working time and production 
capacity, while the outputs were the ton amounts of carbon dioxide, sulfur dioxide, 
nitrogen dioxide. San Cristobal (2011), is another researcher using DEA to evaluate 
renewable energy development factors and efficiencies. When this study is examined, 
it is seen that the inputs were investment rate, implementation period, operating 
and maintenance costs, while the outputs were composed of power, working hours, 
service time and carbon dioxide tons. In another study conducted in Turkey by Sözen, 
Alp and Kilinc (2012), the assessment of efficiency of hydroelectric power plants 
were examined by DEA. The inputs were the capacity utilization factor, installed 
capacity, the amount of water collection in the dam, while the output variables were 
unit cost, operational cost and net energy production.

This chapter extended input oriented deterministic Charnes, Cooper, Rhodes 
(CCR) DEA model and SFA Cobb-Douglas and Translog production frontier functions 
to consider the stochastic variations in data and in each decision making unit’s 
(DMU) efficiency score. CCR model compares companies that have operations in 
homogenous or nonhomogeneous way and creates global and local efficiency scores. 
In the classical DEA method, the inputs and outputs are deterministic, which leads 
to unpredictable measures against future inconsistencies. It can be overcome the 
disadvantages of classical DEA by including SFA in the analysis. By the study, it has 
been shown that the error in data causes stochastic inefficiency. These results suggest 
giving more importance to error scores to measure stochastic frontier efficiency. 
Technical efficiencies of countries differ between two stochastic methods. Since in 
deterministic DEA the randomness did not been considered in data, SFA method 
allows calculating noise in data. These approaches can be determined as parametric 
and nonparametric methods. In SFA as a parametric approach, a production frontier 
formulation is estimated, and in DEA as a nonparametric approach, mathematical 
programming techniques are used.

Renewable energy sources cannot be depleted as they constantly renew themselves. 
On the other hand, since it is costly to obtain energy from these sources, measuring 
and evaluating their efficiency has become an essential issue in terms of using the 
resources. The development of renewable energy facilities, equipment, component and 
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service supply will contribute to the developed economy, high qualified employment, 
and improved research and development activities.

In the chapter, it is aimed to evaluate relative efficiencies within the consumption 
and generation of renewable energy with DEA and SFA-among Turkey and EU15 
countries (Austria, Belgium, Denmark, Finland, France, Germany, Greece, Ireland, 
Italy, Luxembourg, Netherlands, Portugal, Spain, Sweden and United Kingdom).

Efficiency is considered as reducing energy consumption without causing a 
decrease in current life standards, service and production quality. In this context, 
primary and renewable energy consumption and generation indicators are used 
to provide accurate calculation of the efficiency in the consumption of renewable 
energy. The case study contributes to literature with how the efficiency results 
changes with different optimization models in the context of randomness in data by 
its deterministic and stochastic production functions that used for the first time in 
this field in Turkey. The study also compares structure between deterministic and 
stochastic results and different indicators within stochastic framework that will let 
the calculation of noisy in data. In addition, it offers a method to measure energy 
efficiency between stochastic and deterministic models within different results 
of same DMUs. According to the literature studies; input oriented nonparametric 
Charnes,Cooper,Rhodes (CCR) and Banker, Charnes, Cooper (BCC) models that 
try to minimize the input of processes in deterministic scope and parametric Cobb-
Douglas and Translog production functions, which are the production functions of 
SFA in stochastic scope, are used.

The chapter consists of eight subchapters and in the first subchapter the aim 
of the study and related studies are presented. The second suchapter reveales the 
related literature. In third subchapter, DEA models and SFA production functions 
are introduced. The case study implementation to the models are studied in fourth 
subchapter. Results and evaluations are included in the fifth subchapter and solutions 
and recommendations in the sixth subchapter. In the last two subchapters, there are 
future research directions and conclusion sections, respectively.

BACKGROUND

This subchapter presents studies that relate to renewable energy evaluation within 
the DEA and SFA through the energy scope.

DEA is a nonparametric linear programming methodology that creates a frontier 
function for measuring efficiency by including a convex linear model of parameters. 
However, stochastic frontier approach includes a parametric method of frontier 
efficiency function and indicates error, which shows separations from the efficiency 
limit. The error is the accumulation of the stochastic inefficiency scores and data 
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noisy. StoNED approach also assumes stochastic error and a nonparametric, piecewise 
linear frontier (Gill, Costa, Lopes & Mayrink, 2017). Lopes and Mesquita (2015) 
stated that SFA, DEA and StoNED models are commonly used among the European 
energy efficiency field for benchmarking.

Studies that were tried to make analysis of renewable energy efficiency by using 
DEA and SFA methods are common in the literature. When renewable energy studies 
are reviewed through the literature, following studies are observed. Hepbaşlı and 
Utlu (2004), investigated Turkey’s renewable energy resources, efficient usage of 
sources and accurate policies. Gençoğlu (2002) studied on the status of renewable 
energy sources and the possibilities of efficient usage of these resources in Turkey. 
Külekçi (2009), investigated the importance of the geothermal energy in the field 
of renewable energy sources in another study. Erdal (2012), reported renewable 
energy investments and potential of employment creation by these investments in 
Turkey. Çapik, Yılmaz and Çavuşoğlu (2012) studied on the potential of Turkey’s 
existing energy sources and stated that the current energy needs can be provided 
with renewable energy. In this context they reviewed Turkey’s renewable energy 
policy. Koç and Kaya (2014) have made an overall assessment of the production 
of renewable energy sources. Halkos and Tzeremes (2012) used capital structure, 
activities and liquidity levels as three inputs, gross and operating profit margin, 
return of assets as four outputs to capture the profitability levels of the companies in 
Greece renewable energy sector by using DEA. As a result of the study, they reported 
that firms that operate in wind energy field tend to have better financial efficiency 
than firms that operate in hydroelectric energy. They also pointed out that the Greek 
renewable energy sector is a highly competitive industry. Menegaki (2013) takes into 
account of the energy inefficiencies of 31 European countries with DEA model. The 
variables used in the study are gross domestic product, fuel usage, carbon dioxide 
emissions, employment and capital. They pointed out that countries that lag behind 
in renewable energy are technically the most efficient countries in Europe, while 
countries with significant renewable energy performance have technically moderate 
or low efficiency. Kim et al. (2015) searched the economic aspects of renewable 
energy activities in Korea through DEA approach and stated that wind power is 
the most essential and efficient renewable energy source. Dizdarevic and Segato 
(2012) measured energy efficiency in the EU countries among 2000-2010. They 
used input oriented CCR DEA with capital, labor, energy use as input parameters 
and gross domestic product as the output. Li and Tao (2017) reviewed approaches 
and policies on performance evaluation of energy efficiency and they used DEA and 
SFA techniques. They stated that various models of DEA can be implemented in 
the energy efficiency evaluation field and is suitable for econometrics. According to 
this study, SFA is fundamental method for energy efficiency measurement because 
it allows random variables, but it is difficult to verify it through error structure. In 
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addition, energy economic models present authorities how to make decisions and 
plans for future energy policies. Yenioğlu and Toklu (2021) used deterministic and 
stochastic DEA models for the evaluation of energy efficiency. They used multiple 
inputs and outputs as random variables in stochastic models. This study showed that 
stochastic DEA scores are more flexible than classical DEA as well as stochastic 
models give more results closer to the production frontier.

Umar, Girei and Yakubu (2017) studied on Cobb-Douglas and Translog frontier 
production functions in the analysis of agricultural technical efficiency and they 
showed that the flexible efficiency scores can be estimated and inefficiencies obtained 
from Cobb-Douglas and Translog production models have different results notably. 
Hence, they concluded that the determination of model for technical efficiency 
analysis should be based on aim of the research, standard deviation of the values 
and indicators. Chachuli et al. (2020) studied on systematic literature review on 
renewable energy performance through DEA and stated that DEA approaches, 
either deterministic, stochastic or fuzzy, can be deeply implemented to analyze the 
efficiency of renewable energy researches’ based on the randomness, complexity and 
certainty of indicators. Hsiao et al. (2019) studied energy activities and evaluation 
of the Baltic Sea countries by SFA Cobb-Douglas function within statistical noise 
in data. In their study, they chose the capital, employment, energy consumption and 
CO2 emission as inputs, real gross domestic product (GDP) as output, and renewable 
energy usage and population as the environmental parameters. They recommended 
developing energy efficiency with replacing energy consumption with investments 
or labor and improving renewable energy with replacing the use of fossil fuels. 
Gökgöz and Güvercin (2018) investigated energy security and renewable energy 
performance evaluation by benchmarking performance of the selected EU countries 
by DEA. They concluded that efficiency evaluation approaches could give notable 
scores in studying renewable energy efficiency and energy policies of DMUs. Zeng, 
Guo and Zhang (2019) searched feasibility of the super efficiency approach of DEA 
in the scope of renewable energy and analyzed that the proposed super efficiency 
model has basic advantages when compared with classical DEA model. Xu et al. 
(2018) analyzed the production efficiency of renewable energy generation by source 
in 20 countries with SFA approach and concluded that renewable energy generation 
efficiency tends to rise up in the world and has largely developed in China. Quyang et 
al. (2021) applied SFA with metafrontier to evaluate industrial energy efficiency for 
sectors in China’s 30 provinces during 1997–2016. They found that the methods for 
energy efficiency measurement results higher than current real results and industrial 
energy efficiency of China was only 0.4396, implying that there’s need for energy 
efficiency improvement. Khan et al. (2021) studied the effects of energy efficiency 
on ecological footprint using the stochastic frontier analysis (SFA) of the translog 
production type of single output and multiple inputs. According to technically 
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calculated energy efficiency results, urbanization is an increasing factor of ecological 
footprint, and investment in agriculture is also beneficial for the environment.

There are many studies on renewable energy efficiency analysis, and many further 
models were introduced in the context of DEA and SFA. In summarize; according 
to reviewed literature, the most preferred benchmarking models in energy efficiency 
assessment methods are DEA and SFA. In this aspect, this chapter will contribute to 
the literature by researching how the renewable energy efficiency results of related 
countries change and differ with different deterministic and stochastic optimization 
models and by presenting a new method to find a common solution for the different 
results of different optimization models.

RESEARCH METHODOLOGIES

According to literature review in previous subchapter, there are two fundamental 
approaches, which are parametric analysis and nonparametric methods, applied to 
calculation of frontiers. SFA is the parametric analysis and DEA is the nonparametric 
method. Implementation of nonparametric DEA on renewable energy efficiency of 
Turkey and EU15 countries is discussed in this part.

Data Envelopment Analysis

In this context, a performance comparison was made by input oriented CCR DEA 
approach in this chapter. CCR model was used to analyze the set of DMUs that were 
using the production function with constant returns to scale. The reason for using 
CCR was to provide the possibility of separately calculating technical efficiency 
globally. Technical efficiency calculates the DMU’s overall success with related 
inputs. CCR model calculates the sector efficiency of a decision unit which indicates 
technical and scale efficiency. In this approach the assumption is that outputs rise 
with an increase in inputs (Li & Tao, 2017).

Mathematical equations of the input oriented CCR model is given below. It 
is supposed that there are n homogenous DMUj (j = 1,….n) such that all of them 
use m inputs xij (i =1,2,…..m) to obtain s outputs yrj (r =1,2,…..s), and which are 
nonnegative and nonzero vectors. The CCR model’s production possibility set 
suggested by CCR in 1978 is as follows (Charnes, Cooper & Rhodes, 1978):

TCCR={(X,Y) | ( ) , ( )X X Y Yj j
j

n

j j

n

� �� �
� �
� �

1 1

,𝜆j 3 0, j = 1σ,….n}	
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CCR efficiency scores can be obtained by using the envelopment input-oriented 
and input-oriented model (1), respectively where xi0 and yr0 represent the ith input 
and the rth output indicator vector of DMU0 under calculation in models.

A DMU is named input oriented CCR efficient if its expected value in Eq. (1) 
is equal to unity.
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� j i rs s� � �� �0 0 0, ,  , i=1,2,….,m, r= 1,2,…….,s, j=1,2,……,n	

Here the 𝜆j represent structural variables, the s si r
� �,  represent slacks and ε > 0 

is a ‘‘non-Archimedean infinitesimal’’ determined to be smaller than any positive 
real number. This means that ε is not a real number.

Stochastic Frontier Analysis

This section aims to introduce SFA, which is a parametric approach and it is used 
in efficiency and productivity measurement in framework of mathematical and 
econometric assumptions. According to literature search, an overview of SFA models 
has been introduced in this part.

Researchers tried to improve renewable energy efficiency by considering 
consumption and generation. Farrel (1957) presented SFA model to study on 
theoretical and empirical searches. This approach showed us that there was a 
parametric relation between model’s input and output indicators. In 1970s, Aigner 
and Chu (1968) first implemented SFA in the evaluation of production function 
frontier. The main feature of SFA is the production of a conventional function and 
the determination of efficiency or inefficiency by calculating the distance of each 
decision unit to the curve created by this function. As it was emphasized before, the 
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DEA method has deterministic structure so it ignores measurement errors. In SFA, 
frontier emphasizes the limit of production and stochastic term implies calculated 
error. Literature searches showed that the random indicators may affect production. 
Hence, the statistical error, which has normal and one-sided distribution, included 
into the model. The SFA method fixes the disadvantages of measurement errors.

The Cobb-Douglas Production Function

Aigner et al. (1977) used cross-sectional data to estimate a production frontier, which 
was named a Cobb-Douglas production frontier. The Cobb-Douglas form of SFA 
model is a generally preferred functional form in SFA studies (Coelli, 1995). In SFA 
studies, Cobb-Douglas production functional form is used because of its various 
advantages such as its understandable structure. The most discussed disadvantages 
of Cobb-Douglas production function is its inflexible functional structure. But Lau 
(1986) has presented that, “this model makes computations easy and has the features 
of explicit representability, uniformity, parsimony and flexibility” (Lau, 1986).

Cobb-Douglas production frontier function’s form is given as below:

ln( )y lnx ui n

N
n ni i� � �

��� �0 1
, i=1,2,…,N	 (2)

Where yi is the vector size of output that is produced by ith DMU, xni is the vector 
size of nth input that is used by ith DMU, β is unknown parameter and ui is positive 
random variable that indicates technical inefficiency. But the Eq. (2) is a deterministic 
frontier as exp lnx

n

N
n ni( )� �0 1

�
�� .

This deterministic frontier counts out the mathematical possibility of measurement 
error and statistical noises, and remarks all deviations from the frontier as only 
technical inefficiency (Aigner & Chu, 1968). Hence, stochastic production frontier 
function was presented for specifying random indicators represented by statistical 
noise.

Aigner et al. (1977) defined the model’s production function in deterministic 
and stochastic ways. Broeck and Meeusen (1977) introduced a new stochastic 
production function (Aigner & Chu, 1968). They included symmetric random error 
for calculation of statistical noise. The formula is as follows.

y f x v u f xi i i i i i i i� � � � � � � � �, ,� � � , i=1,2,…,N	 (3)
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where vi independent random variable showing the N i0 2,�� �  distribution and 
𝜀i≤0. In the Eq. (4) it is assumed that 𝜀i is a composite error parameter consisting 
of two independent parameters, vi and ui. vi includes noisy, errors that occur in 
determining the production function and also omissions caused by the independent 
parameter x. If a DMU provides expected production with full efficiency, the 
technical efficiency is “1”, but if it produces expected outputs under the optimal 
capacity its efficiency measure is less than 1, that is this DMU is inefficient. Another 
point to be considered is how the efficiency is calculated.

If the problem is output maximization (production maximization), then the composite 
error term calculation is valid and it is 𝜀i=vi–ui.

If the efficiency problem is input minimization (cost function), then the equation 
𝜀i=vi+ui is valid (Aigner & Chu, 1968).

In this study, FRONTIER version 4.1 software was used for SFA that transforms 
formulation (3) to a logarithmic function as below Eq. (4) as in Broeck and Meeusen 
(1977).

ln( )y lnx v ui n

N
n ni i i� � � �

��� �0 1
, i=1,2,…,N	 (4)

Eq. (4) represents the logarithm of inputs and outputs.
According to Coelli et.al. (2005), Cobb-Douglas stochastic frontier function is 

as below in Eq. (5, 6) (Coelli et al., 2005).

ln( )y lnx v ui i i i� � � �� �0 1 , i=1,2,…,N	 (5)

y lnx v ui i i i� � � �exp( )� �0 1 , i=1,2,…,N	 (6)

The Cobb-Douglas production frontier as in Eq.(7) will be used for in this study’s 
renewable energy efficiency including cross-sectional data and supposing a half 
normal distribution.

Eq.(7):

ln ln( ) ( , )y x v ui i i i� � �� , i=1,2,…,N	 (7)

The SFA form of Cobb-Douglas production function is implemented between 
2017 and 2019 and is modeled as follows in Eq. (8) for related inputs and output.
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ln y lnx lnx lnx v ui i i( ) � � � � � � � � � � � �� � � �0 1 1 2 2 3 3 	 (8)

In Eq. (7), yi is the ith country’s “renewable energy generation” output’s log, xi 
is the ith metropolitan’s inputs’ log, ui is the ith metropolitan’s inefficiency level. 
In model (8) x1, x2, x3 implies respectively; primary energy consumption, renewable 
energy consumption and share of electricity from renewables.

The Translog Production Function

Baltagi and Griffin (1988) developed the Translog production frontier form that 
provides flexible approximation including Cobb-Douglas as an essential case. Both 
production functions have the advantage that they can be linearized by natural 
logarithms. Since Cobb-Douglas form is a situation in general set of production 
estimations with constant flexibility of substitution, the Translog functional form 
relaxes the constant flexibility of substitution and reduces to the Cobb-Douglas 
production frontier when there is constant elasticity of substitution (Prasad, 2015). 
The Translog form does not need constraints and it allows more flexible general 
determination of the frontier form since it includes any arbitrary form of production. 
Thus, it can be said that it has been broadly used in efficiency analysis studies. It 
has been operated to examine input substitution, technical change and productive 
efficiency.

In this chapter, the Translog production frontier has the following form as in Eq. 
(9) for related inputs and output.

ln y lnx lnx lnx lnxi i i i i( ) , . ,� � � � � � � � � � � � � �� � � � �0 1 1 2 2 3 3 11 1
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(9)

The Translog production frontier allows to make a transition from a linear 
relationship to a nonlinear one between the output indicator and the production 
inputs. Due to its properties, the Translog production function can be used for the 
total factor productivity estimation of a linear and homogenous production.

CASE STUDY

As understood from the literature review, SFA and DEA are widely used methods 
for measuring efficiency of countries in the field of renewable energy. This chapter 
compares and shows renewable energy consumption and generation situations of 
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Turkey and EU15 countries within parameters such as; primary energy consumption, 
renewable energy consumption, share of electricity from renewables and renewable 
energy generation.

In this review, primary energy consumption implies commercially traded fuels, 
including renewables used to produce electricity. Renewable energy consumption 
based on gross electric output, is the total amount of electrical energy generation by 
transforming other forms of energy, for example nuclear or solar power. Renewable 
energy generation by source based on gross electric generation is the indicator 
for output parameter. Share of electricity production from renewables includes 
electricity generation from solar, wind, biomass and waste, hydropower, geothermal, 
tidal and wave sources. Countries’ renewable energy economy and policies must 
be planned based on primary energy and renewable energy consumed by source. 
Heating and transport are more dependent on oil and gas, hence these sectors tend 
to be harder to decarbonize. So it can be stated that renewables have a higher share 
in the electricity for the total energy mix. These indicators contribute to analysis 
of this study in the context of renewable energy supply-demand balance, energy 
economy and energy policies.

It is also aimed to evaluate efficiency of EU15 counties and Turkey, whose 
efficiencies are measured with the nonparametric DEA and parametric SFA methods. 
For this purpose, the use of error components model among stochastic boundary 
models was preferred, and the stochastic production frontiers was prepared by taking 
into account of the full logarithmic production functions. Study wants to compare and 
analyze the renewable energy efficiency of Turkey and EU15 countries by common 
methods SFA and VZA. The data sets were added from the bulletins published by 
the World Bank and British Petroleum (BP) between 2017 and 2019 (BP, 2021; 
The World Bank, 2021). Stochastic methods are used, because decision makers deal 
with uncertain and imprecise conditions. The noise factor and randomness in data 
often cause errors in production frontier function and technical efficiency scores. In 
these cases, data analysts can consider noisy data as random indicator. By working 
with random inputs and outputs and realizing the possibility of uncertain cases, 
different perspectives of the usable information can be detected in energy efficiency 
researches to carry out energy policy accurately. The main utility of random data 
in SFA models is the prediction of efficiencies in future optimization problems.

DATA STATISTICS AND EFFICIENCY RESULTS

In this subsection, dataset is implemented from 2017 to 2019 to evaluate renewable 
energy efficiency of DMUs. The inputs are primary energy consumption, renewable 
energy consumption, share of electricity from renewables and output is renewable 
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energy generation. Table 1 shows the average statistics of data that were added to 
models.

The results of deterministic DEA models, Cobb-Douglas Production Function 
and Translog Production Function SFA models were implemented on mathematical 
programming and optimization systems, General Algebraic Modeling System 
(GAMS) and FRONTIER 4.1.

Cobb-Douglas production function and Translog production function SFA 
models’ analysis results are presented in Table 2 and Table 3. According to Table 3 
the parameter γ=0.95 is represents statistical significance at the 1% level. This means 
that most sources of inefficiency, in combined error term (ℇ) are caused due to almost 
95% of technical inefficiency and 5% of random errors. In this context, it could be 
stated that the technical inefficiency has a high rate within the combined error term, 
and the existence of random errors are very low. The likelihood ratio test shows 
that inefficiency scores are statistically significant according to renewable energy 
efficiency among countries. In Table 2 it can be seen that parameter coefficients of 

Table 1. Descriptive statistics of the indicators

Country Primary Energy 
Consumption

Renewable Energy 
Consumption

Share of Electricity From 
Renewables

Renewable Energy 
Generation by Source

DMU Mean StdD Var Mean StdD Var Mean StdD Var Mean StdD Var

Austria 1.468 0.001 0.031 0.136 0.000 0.006 76.553 0.5208 0.722 51.135 20.161 4.4901

Belgium 2.653 0.004 0.062 0.172 0.000 0.013 20.903 5.4170 2.327 17.306 2.3136 1.5210

Denmark 0.702 0.000 0.006 0.207 0.000 0.012 71.526 15.586 3.948 22.136 1.8174 1.3481

Finland 1.129 0.001 0.027 0.171 0.000 0.010 46.320 0.2547 0.505 30.910 0.0967 0.3109

France 9.750 0.011 0.105 0.548 0.004 0.061 18.746 3.2756 1.801 104.99 154.80 12.442

Germany 13.45 0.104 0.322 1.989 0.014 0.111 36.280 12.039 3.461 228.46 205.58 14.338

Greece 1.158 0.000 0.011 0.101 0.000 0.007 28.983 12.250 3.500 15.170 1.4947 1.2225

Ireland 0.659 0.000 0.008 0.091 0.000 0.011 32.796 14.056 3.741 10.190 1.7161 1.3100

Italy 6.466 0.007 0.082 0.648 0.000 0.015 38.526 7.3114 2.704 109.17 37.879 6.1546

Luxem-
bourg 0.165 0.000 0.006 0.010 0.000 0.001 69.953 7.4576 2.731 0.6833 0.0072 0.0850

Nether- 
lands 3.523 0.000 0.010 0.199 0.001 0.028 16.696 3.6361 1.907 19.553 6.3916 2.5281

Portugal 1.065 0.000 0.019 0.167 0.000 0.009 47.693 57.816 7.604 26.423 12.238 3.4983

Spain 5.751 0.003 0.052 0.707 0.001 0.034 35.790 9.9619 3.156 98.443 82.837 9.1015

Sweden 2.206 0.001 0.038 0.337 0.000 0.022 57.386 1.9781 1.406 95.056 17.370 4.1678

Turkey 6.384 0.010 0.101 0.340 0.005 0.072 36.226 57.403 7.577 106.50 614.91 24.797

United 
Kingdom 7.932 0.007 0.081 0.982 0.010 0.102 32.926 14.440 3.800 109.37 105.34 10.263
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independent variables are also significant and positive. This implies that, parameters 
have positive size of elasticity and can be used in other models certainly. The one-
sided error LR test is taken into consideration to evaluate the technical efficiency 
of DMUs. LR ratio was found to be approximately 5.931 and this value should be 
compared with the table value of 2.706 in the Kodde-Palm with a restriction of 1 
at 0.05 significance level (Kodde & Palm, 1986).

Table 2. Analysis results of Cobb-Douglas production function model

Parameter Coefficient Standard Error T Ratio

𝛽0 1.857 0.413 4.498

𝛽1(Primary Energy Consumption) 0.482 0.102 4.688

𝛽2(Renewable Energy Consumption) 0.680 0.184 3.684

𝛽3(Share of Electricity from Renewables) 0.766 0.033 22.91

𝜎2 0.281 0.123 2.286

Γ 0.95 0.090 11.11

Log-likelihood -3.819

LR test of the one-sided error 5.931

Table 3. Analysis results of Translog production function model

Parameter Coefficient Standard Error T Ratio

𝛽0 -28.27 0.992 -28.4

𝛽1(Primary Energy Consumption) 12.26 0.947 12.94

𝛽2(Renewable Energy Consumption) -14.25 0.958 -14.87

𝛽3 (Share of Electricity from 𝛽0 Renewables) 7.434 0.87 8.543

𝛽4 (𝛽1*𝛽1) -3.26 0.919 -3.54

𝛽5(𝛽1*𝛽2) -0.542 0.908 -5.976

𝛽6(𝛽1*𝛽3) -0.818 0.59 -1.385

𝛽7 (𝛽2*𝛽2) 2.978 0.388 7.673

𝛽8(𝛽2*𝛽3) - 1.408 4.641 -0.303

𝛽9(𝛽3*𝛽3) 1.838 0.433 4.241

𝜎2 0.045 0.186 0.242

Γ 0.982 0.923 1.063

µ -0.0014 0.991 0.0015

Log-likelihood 12.216

LR test of the one-sided error 5.0083
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H0 ∶ γ=0
H1 ∶ γ10

Since 5.931 score is bigger than the table value of 2.706 according to Kodde-
Palm, the null hypothesis (H0) is rejected. This situation implies that, there is a 
statistically significant technical inefficiency in the model.

In Table 3 the parameter γ=0.982 represents statistical significance at the 1% 
level. That also means most sources of inefficiency, in combined error term (ℇ) 
caused with almost 98% of technical inefficiency and 2% of random errors. It means 
that the existence of random errors is very little. In Table 3 it is seen that parameter 
coefficients of independent variables are also significant except renewable energy 
consumption. Renewable energy consumption parameter coefficient has negative 
and non-significant value due to the relationship between chosen input indicators 
in this model. The one sided error LR ratio was found to be approximately 5.0083 
and when this value is compared the table value of 2.706 in the Kodde-Palm with a 
restriction of 1 at 0.05 significance level, null hypothesis is rejected. The one sided 
error LR ratio was found to be approximately 5.0083 and comparing the table value 
of 2.706 in the Kodde-Palm with a restriction of 1 at 0.05 significance level, we 
can say that H0 hypothesis is rejected. In addition, there is a statistically significant 
technical inefficiency in the Translog model the analyzed coefficients are also 
consistent within both models results’ from literature studies. Table 4 shows average 
estimated 2017, 2018 and 2019 efficiency results of the DEA and SFA models. 
Figure1 presents models’ scores separation on y axis for each DMU on x axis.

Figure 1. Separation of average efficiency estimated results
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It can be seen from Figure 1 and Table 4 that mean efficiency results of DEA 
CCR is 0,701, Translog production frontier is 0,862 and Cobb Douglas production 
function is 0,670. Cobb Douglas production function has the lowest mean efficiency. 
According to Table 4, Cobb Douglass and Translog models’ results differ significantly. 
Austria, France, Germany, Sweden and Turkey are pure technically/locally and 
globally efficient countries. These countries have constant returns to scale and 
their scale efficiencies are 1. But according to DEA model and Translog production 
function Germany is the only high efficient country that has very low efficiency in 
Cobb Douglas model. Also, in Figure 1, Translog and Cobb Douglas models tend 
to converge to CCR results, hence SFA production functions show same efficiency 
tendency through globally overall technical efficiency. As seen from Table 4, Sweden, 
Turkey, Austria and France are the reference DMUs that they can be chosen as 
samples for renewable energy policy implications. Since Cobb Douglas production 
function results has the lowest value in this model, Luxembourg, United Kingdom, 
Denmark and Germany could be revised in renewable energy policies and practices. 
Translog production function has more elasticity in frontier model and its scores are 
high and parallel to DEA model. Italy has the lowest technical efficiency score in 

Table 4. Average efficiency estimated results of models

Country CCR DEA Cobb-Douglas Translog

Austria 1.000 0.959 0.851

Belgium 0.340 0.583 0.787

Denmark 0.730 0.460 0.737

Finland 0.643 0.830 0.944

France 1.000 0.897 0.974

Germany 1.000 0.397 0.939

Greece 0.464 0.841 0.972

Ireland 0.377 0.723 0.862

Italy 0.896 0.572 0.574

Luxembourg 0.184 0.246 0.947

Netherlands 0.364 0.612 0.874

Portugal 0.578 0.723 0.820

Spain 0.856 0.542 0.825

Sweden 1.000 0.966 0.970

Turkey 1.000 0.927 0.944

United Kingdom 0.782 0.437 0.782
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Translog model. Belgium, Ireland, Greece, Luxembourg and Netherlands have the 
lowest globally technical efficiency according to CCR DEA model.

Examining the Figure 1, it can be stated that Luxembourg (DMU10) has the 
technical inefficiency under 50% in both CCR DEA and Cobb Douglas models. 
Sweden (DMU14) has the highest efficiency scores within CCR DEA, Translog 
and Cobb Douglass models.

Spearman and Mann-Whitney U tests’ results between models’ efficiency scores 
are presented in Table 5. According to Table 5, CCR DEA and SFA models have 
consistency through related p values. Cobb Douglas and Translog models do not 
have consistency according to their efficiency scores as seen in Table 4. This implies 
the elasticity of each indicator is affected by the other indicators due to interactive 
relationship between the parameters in Translog frontier function. The highest 
compatibility is between CCR DEA and Translog models. As can be seen from the 
results, it is not possible to make a precise renewable energy efficiency measurement 
with different results of different models. Therefore, the energy efficiency results of 
different stochastic and deterministic approaches need to be investigated for energy 
policy studies.

Consequently, this chapter proposes a new method to measure renewable energy 
efficiency of different stochastic and deterministic models. This new proposed 
method takes mean of CCR DEA and Translog models’ efficiency results that have 
highest consistency in consistency testing. Afterward, the efficient and inefficient 
decision making units are decided according their ranks.

According to Table 6, France, Sweden and Turkey are the first three DMUs that 
they can be chosen as references for renewable energy policy implications. France, 
which has low efficiency in the Cobb- Douglas model, has become the most effective 
decision making unit with the removal of Cobb-Douglas results among the consistent 
models. In other words, the efficiency of some units has increased by removing the 
Cobb-Douglas from the efficiency analysis. France, Sweden and Turkey are the 
first three DMUs that they can be chosen as references for renewable energy policy 
implications. Belgium, Luxembourg and Netherlands are the last three DMUs that 

Table 5. Consistency testing of technical efficiency scores of models

Test/Model Cobb_Douglas vs Translog CCR_DEA vs Cobb_
Douglas CCR_DEA vs Translog

Spearman 0.040 0.137 0.639

Mann-Whitney U 0.010 0.539 0.323
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have the lowest technical efficiency according to the most consistent models. These 
DMUs’ can be revised for renewable energy policies and practices. With consistency 
testing it can be easily seen that Translog production function has more elasticity in 
frontier model and its scores are high and parallel to CCR DEA model.

In summary, inefficient countries should focus on increasing the capacity they 
have to generate in return for the inputs they consume. The differences between 
models are due to randomness of data in stochastic models, variable returns to 
scale and constant returns to scale approaches show different scores, since there 
are various energy implications of each countries that differ within energy policies.

SOLUTIONS AND RECOMMENDATIONS

This chapter highlighted the notable stochastic and deterministic optimization 
methodologies for renewable energy efficiency measurement through generation 
and consumption parameters. The significancy and unsignificancy of stochastic and 

Table 6. Mean of efficiency scores of the most consistent models and related new ranks

Country Mean of Efficiency Scores Ranks

Austria 0.9255 5

Belgium 0.5635 16

Denmark 0.7335 10

Finland 0.7935 7

France 0.987 1

Germany 0.9695 4

Greece 0.718 11

Ireland 0.6195 13

Italy 0.735 9

Luxembourg 0.5655 15

Netherlands 0.619 14

Portugal 0.699 12

Spain 0.8405 6

Sweden 0.985 2

Turkey 0.972 3

United Kingdom 0.782 8
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deterministic optimization methods are presented by a novel measurement suggestion. 
The evaluation of relative efficiencies within the consumption and generation of 
renewable energy with DEA and SFA is done among Turkey and EU15 countries, 
which leads renewable energy field in Europe.

Through the methodology and objectives of the chapter we can conclude 
the solutions and recommendations as below for deterministic and stochastic 
implementations in the field of renewable energy.

•	 SFA Translog model efficiency scores can give higher results than the 
expected results. SFA provides best results because it could determine the 
relationship between the dependent and independent variables. In addition; 
the elasticity of each parameter is affected by the others since there is 
interactive relationship between the parameters in Translog frontier function.

•	 It can be seen that Translog production function has more elasticity in frontier 
and its results are high and similar to CCR DEA model. Therefore; among 
different stochastic and deterministic models, the most consistent results are 
between CCR DEA and Translog SFA models.

•	 Authorities imply the balance among electricity demand, generation and 
consumption and less environmental pollution within renewable energy 
efficiency. Hence; for measuring renewable energy efficiency with both 
parametric and nonparametric methods, researchers can use these indicators 
since they are the most important energy efficiency factors.

•	 From the analysis results, it is seen that the effective DMUs use their inputs 
and output at optimum level and these countries operate their energy policies 
at optimum scale.

•	 As CCR scores increase, efficiency scale of DMUs increases. That is, there is 
a positive relationship between efficiency scale and CCR scores. Therefore, 
investment decisions should be planned according to energy demand, 
consumption and generation rates.

•	 In order to ensure overall technical efficiency for the future and to improve 
inefficient countries; increasing the capacity of generation for requested 
consumption is essential, hence there should be true policies and investment 
strategies.

•	 The differences between used models could be specified as randomness of 
data in stochastic models, variable returns to scale and constant returns to 
scale approaches and the energy implications of each countries that differs in 
energy policies around used indicators of the chapter.

•	 According to the results, countries are effective in scale in the field of 
renewable energy. SFA and DEA methods, can be used to evaluate renewable 
energy efficiency accurately.
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•	 This chapter shows that; the determination of methodology for measuring 
renewable energy efficiency depends on the scope of research, related input 
and output parameters and randomness of data.

•	 Consistency testing of various technical efficiency scores of models are 
essential to show significancy and insignificancy between parametric and 
nonparametric benchmarking approaches.

•	 The highest compatibility is between CCR DEA and Translog models. As can 
be seen from the results, it is not possible to make a precise renewable energy 
efficiency measurement with different results of different models. Therefore, 
the energy efficiency results of different stochastic and deterministic 
approaches need to be investigate for energy policy studies.

FUTURE RESEARCH DIRECTIONS

In future studies, performance comparisons can be implemented by different input and 
output parameters with high relationship status, different but homogeneous DMUs 
and different parametric and nonparametric methodologies involving quantitative 
and qualitative approaches. The authors suggest investigating new indicators that can 
affect the production and consumption capacities of renewable energy to enhance 
the resolution of the empirical results. The methods that were presented by the paper 
can also be considered to investigate the capabilities of different countries in other 
aspects of energy. Implementing SFA and DEA methods can provide calculation 
of noise in data and can fit the criterias to see readiness and efficiency of utilizing 
needed energy production and low cost energy consumption. Future research 
regarding renewable energies can be helpful for many countries’ governments and 
policymakers to assess their current performance in terms of their use of renewable 
resources within accurate and available data. This chapter is also evidence that 
benchmarking methods such as SFA and DEA can be a more effective evaluation 
model in the context of deterministic and stochastic data analysis framework. Their 
results can be compared together to obtain highly accurate results. In addition; in 
the concept of stochastic programming, robust optimization techniques can be 
implemented within the scope of renewable energy under uncertainty.

CONCLUSION

In the chapter, deterministic and stochastic methods were used to examine whether 
the renewable energy efficiencies of EU15 countries and Turkey are sensitive 
to different DEA and SFA models. Four different models were implemented in 
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deterministic and stochastic framework. Since there is difference between models, 
consistency tests are performed and a new method is proposed to measure renewable 
energy efficiency of different stochastic and deterministic models through the most 
consistent CCR DEA and Translog SFA models. This is the first study measuring 
renewable energy efficiency with both parametric and nonparametric methods using 
primary energy consumption, renewable energy consumption, share of electricity 
from renewables and renewable energy generation indicators.

According to the fact that, there are not very high differences between CCR 
technical efficiency scores and this shows that countries are effective in scale in 
the field of renewable energy. From the analysis, it is understood that the effective 
countries use their inputs and output at optimum level compared to other countries. 
In other words, these countries operate their energy policies at optimum scale. As 
CCR scores increase, efficiency scale of countries increases. In other words, there is 
a positive relationship between efficiency scale and CCR scores. Thus, investment 
decisions should be implemented with the renewable energy regulations and energy 
plans should be organized according to energy consumption and generation rates. 
These situations should be applied especially in inefficient countries in order to 
ensure overall technical efficiency for the future.

In stochastic models, higher efficiency scores are expected and in this study’s 
results are higher than the expected especially in Translog model. In addition, 
results of SFA models showed that inefficiency scores, elasticities and efficicency 
scores of Translog and Cobb Douglas frontier functions differ significantly. Hence, 
it can be stated that the determination of functional form for measuring renewable 
energy efficiency should be based on the scope of research, chosen indicators and 
randomness of data.

According to primary energy consumption, renewable energy consumption, 
share of electricity from renewables and renewable energy generation parameters 
showed that elasticity sizes and coefficients of them are positive and significiant 
in both SFA models except renewable energy consumption in Translog functional 
form. This implies that this indicator can be implemented into Translog model with 
different input parameters. Stochastic operational researches in the field of renewable 
energy can produce reliable studies due to rising of big data concept, complexity 
and uncertainty of renewable problems.

In this chapter, a new method is proposed to measure renewable energy efficiency 
of different stochastic and deterministic models and it is mentioned that countries’ 
renewable energy plans, economies and policies should be devised according to 
primary energy consumption, renewable energy consumption and renewable energy 
generation. Renewables have higher share in the electricity for the total energy mix; 
hence, share of electricity from renewables is an essential indicator in deterministic 
and stochastic optimization methodologies. These parameters are significant in 
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models and contributed to optimization analysis of this study in the context of 
renewable energy supply-demand balance, energy economy and energy policies. If 
the renewable energy sustainability is desired, then there should be efficient energy 
usage to decrease the negative effects of energy environmentally. Balanced energy 
consumption of renewable sources by contribution of all renewable sources should 
be stimulated by utilization of renewables, connecting renewable energy to the 
electricity grid, increasing incentives provided by the government and providing 
low cost of energy generation.

The study highlighted significancy and insignificancy cases of stochastic 
and deterministic approaches in renewable energy applications. This review also 
determined that the SFA and DEA methods, either stochastic or deterministic, 
might be comprehensively implemented to analyze renewable energy efficiency 
researches taking into account the availability and accuracy of data and significance 
of parameters.
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KEY TERMS AND DEFINITIONS

Data Analysis: The process that collects raw data and turns it into meaningful 
and useful information using statistical methods.

Data Envelope Analysis: A non-parametric method used in operations research 
and economics for estimating production limits.

Decision-Making Process: The process that in case of a need, choosing the most 
suitable one from the available options in order to meet this need.

Efficiency: A performance dimension determining the degree of achievement 
of the objectives as a result of the activities.

Non-Parametric Model: The tests used for data series that are not suitable for 
normal distribution in statistics.

Parametric Model: The statistical model accepting that the data comply with 
the random distribution principle and makes inferences according to the probability 
distribution parameters.
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Renewable Energy: The energy obtained from the existing energy flow in 
continuous natural processes.

Renewable Energy Efficiency: The balance of electricity demand, generation 
and consumption and less environmental pollution.

Stochastic Frontier Analysis: A parametric method used to measure the 
effectiveness of decision-making units.
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ABSTRACT

The aim of this study is to determine the criteria used in the evaluation of renewable 
energy resources with the extremely high strategic importance that Turkey has and 
to find their degree of importance. For this purpose, an application has been made 
to find which criteria come to the fore and the weights of these criteria in order 
to evaluate Turkey’s renewable energy resources. Five main criteria (technical, 
economic, environmental, social, and political) and a total of 22 sub-criteria related 
to these criteria were included in the scope of the study. Fuzzy SWARA method, one 
of the multi-criteria decision-making methods, has been used in the study. According 
to the results of the analysis, the most important criterion among the main criteria 
was “environmental criteria.” As a result, it has shown the importance of the priority 
criteria for Turkey and environmental evaluation criteria, which are important for 
the common future of humanity in parallel with the results in the world.
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INTRODUCTION

The world population continues to increase day by day. Unplanned use of limited life 
resources and wastage will negatively affect the quality of life of future generations. 
The increasing energy demand of the increasing population needs new opportunities 
and new contributions in terms of energy policies of countries. Today, the global 
competition between countries continues to be fierce. Countries that use the existing 
resources of the country in the most effective and efficient way in global competition, 
that make their own production with these resources, that attach importance to R&D, 
and produce products with high added value by transforming scientific knowledge 
into innovative products will gain an advantage over their competitors. A foreign 
trade deficit occurs in a country that produces with imported resources rather than 
its own resources. Therefore, production should be done by increasing the use of 
domestic resources and foreign trade deficit should be prevented. One of the most 
important production factors required for production is energy.

With the first industrialization revolution, directing the current economic potential 
of the countries to the main areas of growth such as production, technology, research 
and development activities brought along many advantages and disadvantages. The 
innovation brought by technology in every field in the world, which has entered 
a rapid transformation process, has revealed an intense energy demand that will 
support the sustainability of these innovations. The demand for the consumption 
of energy and natural resources is increased as a result of population growth, 
urbanization, industrialization and globalization in which commercial gains are 
constantly increased. Therefore, it is necessary with a sustainable policy to present 
energy resources to consumers in a sufficient, high quality, low cost, safe manner and 
with the utmost sensitivity to the environment. Unfortunately, although the damage 
to the environment and human health caused by the use of fossil fuels has become 
evident over time, countries have preferred their policies primarily according to their 
economic growth targets. Countries have delayed the development of technology and 
its use as an attractive resource by avoiding the necessary investments that are costly 
in the development of clean and sustainable renewable energy sources. Although 
the importance of renewable energy sources is now supported by international 
agreements by policymakers in countries, environmental quality is not currently 
positively affected by these developments.

Countries can meet their energy needs with fossil fuels, nuclear energy and 
renewable energy sources. All three energy sources have advantages and disadvantages. 
Although fossil fuels have low production costs, it is not environmentally friendly 
due to toxic gas emissions. High energy can be obtained from nuclear energy 
sources. However, the high risk of accidents and the intense radioactivity emitted 
should be considered. The advantages of renewable energy sources can be expressed 
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as follows. Today, the production cost of renewable energy sources has decreased 
compared to the past. Renewable energy sources prevent energy import and do not 
cause foreign trade deficit. Renewable energy sources are more environmentally 
friendly than other energy sources.

While the rapid steps to be taken due to climate change caused by global warming 
are trying to keep countries away from fossil fuels, the concerns of countries about 
the sustainability and security of their energy policies are increasing day by day 
with the emergence of problems such as the transmission costs of natural gas and 
the increasing energy prices due to these. Renewable energy sources, on the other 
hand, show a reassuring development for the future in creating more independent 
and sustainable policies and creating serious employment opportunities in energy, 
with their increasing efficiency thanks to the ever-decreasing energy production 
costs and continuous development technologies.

Turkey is a developing country in its region and has a growing economy. Turkey’s 
ever-increasing young population and high-tech daily life demand more energy. The 
increasing refugee population, the problems caused by the pandemic process and 
the need for protection from the negative effects of the climate crisis have created 
imbalances in the planning of energy production and consumption. While Turkey 
is signing to continue production at the production site of the 2021 Paris climate, it 
also invests in the sustainable and clean energy it needs. While completing the largest 
projects in the country in renewable energy resources, it also plans to extract and 
operate the natural gas resources it finds in its own field in the Black Sea until 2023.

The aim of this study is to determine the criteria used in the evaluation of renewable 
energy resources with extremely high strategic importance that Turkey has, and to 
find their degree of importance. For this purpose, an application has been made to 
find out which criteria come to the fore and the weights of these criteria in order to 
evaluate Turkey’s renewable energy resources. First of all, the studies on renewable 
energy sources in the literature were examined and the criteria used in the evaluation 
of renewable energy sources were determined. Among the determined criteria, the 
criteria to be used in this study were selected and grouped by three academicians 
who are experts in renewable energy sources. The opinions of the experts in question 
are taken in determining the degree of importance of the criteria determined within 
the scope of the study. As evaluation criteria; 5 main criteria as technical, economic, 
environmental, social and political and a total of 22 sub-criteria related to these 
criteria were included in the scope of the study. Fuzzy SWARA method, one of the 
multi-criteria decision making methods, is used in the study.

In the literature research, it is possible to come across studies in which multi-
criteria decision-making methods are used on different issues related to renewable 
energy sources. However, a study using the Fuzzy SWARA method to find the 
weights of the criteria used in the evaluation, covering all renewable energy sources 
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as a whole, has not been found in the literature. In this respect, it is thought that the 
study will contribute to the literature.

The fuzzy SWARA method has emerged by integrating the fuzzy logic approach 
and the SWARA method, which is a subjective weighting method. In other words, it 
is a method based on fuzzy logic. It provides the opportunity to make calculations 
with the verbal expressions that decision makers use while evaluating. In this way, 
the opinions of the decision makers are easily included in the process. It is used to 
find the importance of evaluation criteria in decision problems. Having many criteria 
in decision-making problems complicates the evaluation process. However, the 
presence of many different criteria in the decision making process is not a problem 
for Fuzzy SWARA.

Within the scope of the study, the criteria to be used in the evaluation of renewable 
energy resources in Turkey are analyzed by ranking and scoring by three academicians 
who are experts in their fields according to the Fuzzy SWARA algorithm.

BACKGROUND

In the literature research, it is possible to come across studies in which multi-criteria 
decision-making methods are used on different issues related to renewable energy 
sources. However, a study using the Fuzzy SWARA method to find the weights of 
the criteria used in the evaluation, covering all renewable energy sources as a whole, 
has not been found in the literature. In this respect, it is thought that the study will 
contribute to the literature. Considering the studies on renewable energy sources in 
which multi-criteria decision-making methods are used, the following information 
can be given.

Yakıcı Ayan and Pabuçcu (2013) evaluated the renewable energy resources 
investment projects that are planned to be implemented in Turkey with the Analytical 
Hierarchy Process Approach.

Vafaeipour et al. (2014) evaluated the priority of regions for the implementation 
of solar energy projects in Iran with SWARA and WASPAS methods.

Büyüközkan and Güleryüz (2016) evaluated the existing renewable energy 
resources in Turkey from the perspective of investors by using the DEMATEL and 
ANP method.

Damgaci et al. (2017) evaluated the renewable energy sources in Turkey using 
the Intuitive Fuzzy Topsis method.

Karaca et al., (2017) evaluated the most suitable renewable energy source 
alternative in Turkey and the employment-increasing effect of renewable energy 
investments with the COPRAS method.
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Maghsoodi et al. (2018) applied the Renewable Energy Technology Selection 
Problem in Iran using SWARA and MULTIMOORA methods.

Alkan and Albayrak (2020) made the selection and ranking of renewable energy 
sources in Turkey with Fuzzy Entropi, Fuzzy COPRAS and Fuzzy MULTIMOORA.

Rani et al. (2020) used Pythagorean Fuzzy SWARA–VIKOR methods for solar 
panel selection.

Ghenai et. al. (2020), the sustainability of renewable energy sources has been 
evaluated by SWARA and ARAS methods.

Mishra et. get. (2020) evaluated the bioenergy production process with Fuzzy 
SWARA and COPRAS.

Karaaslan and Aydın (2020) determined the most suitable renewable energy 
source alternative for Turkey by using AHP, COPRAS and MULTIMOORA methods.

Karaca and Ulutaş (2018) used Entropy and WASPAS methods to determine the 
most suitable renewable energy source to meet the energy need in Turkey.

Derse and Yontar (2020) conducted a study to determine the most suitable 
renewable energy source for Turkey by using the SWARA-TOPSIS method.

Albayrak (2020) examined the Multi-Criteria Decision Making techniques used 
when evaluating alternatives for renewable energy sources within the scope of studies 
between the years 2017-2020, the criteria used in the evaluation and the methods 
used when determining the weights of different evaluation criteria.

Karakul (2020) prioritized among renewable energy sources in Turkey using 
the Fuzzy AHP method.

Solan meat. get. (2019) evaluated renewable energy resources in Pakistan using 
Integrated Delphi, AHP and Fuzzy TOPSIS methods.

Yücenur and İpekçi (2021) used SWARA and WASPAS methods to determine 
the location of the power plant that is planned to be established in order to generate 
energy from the sea current.

Ecer (2021) analyzed the criteria affecting the wind farm establishment location, 
which is planned to be established, with the FUCOM method.

Wang et. get. (2021) made the selection of renewable energy sources required 
for Pakistan with SWOT analysis and Fuzzy AHP.

Bilgiç et al., (2021) selected the most suitable renewable energy source for a 
private energy company that wants to invest in the Central Anatolia Region.

Examples of study in which the Fuzzy SWARA method applied work are as 
follows:

Ghorabaee et al., (2017) evaluated construction equipment with Fuzzy SWARA, 
Fuzzy CRITIC and Fuzzy EDAS methods to ensure sustainability in the construction 
industry.

Zarbakhshnia et al., (2018) selected the most suitable sustainable third party 
reverse logistics provider using Fuzzy SWARA and the improved Fuzzy COPRAS.
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Ulutaş et.al. (2020) used Fuzzy SWARA and CoCoSo methods to select the most 
suitable logistics center location for the city of Sivas in Turkey.

Agarwal et. Al., (2020) evaluated the solutions to supply chain management 
problems arising from personnel with Fuzzy SWARA and Fuzzy WASPAS methods.

Sahebi et al., (2020), analyzed the barriers to organizational transformation with 
Fuzzy SWARA.

Özdağoğlu et al., (2021) used the Fuzzy SWARA and Fuzzy MARCOS methods 
in an integrated way to select cabin attendants in civil aviation.

Arsu and Ayçin (2021), evaluated the third party reverse logistics service provider 
evaluation criteria with Fuzzy SWARA.

Sengul et al., (2021), made the valuation of the works in a newly established 
assembly line in a company, using Fuzzy SWARA and Intuitive Fuzzy AHP methods.

Poyraz (2021), in his master’s thesis, first analyzed the errors in a demand planning 
process in the air conditioning and heating sector with the classical Failure Mode 
and Effect Analysis (FMEA) method, then analyzed them by using Fuzzy SWARA 
and Fuzzy Copras methods in an integrated way, and compared the results.

Keleş et al., (2021) made a general evaluation from the perspective of passengers 
of Süleyman Demirel, Denizli Çardak and Uşak Airports operating in Turkey using 
the Fuzzy SWARA, CODAS, ARAS, Fuzzy CODAS, Fuzzy ARAS methods.

METHODOLOGY: FUZZY SWARA

Fuzzy SWARA (Fuzzy Stepwise Weight Assessment Ratio) is a new method for 
assessing the weights of the criteria in the problem. The Fuzzy SWARA calculation 
process can be seen in Table 1 (Percin, 2019, 534). First, the criteria are ranked from 
the most important criterion to the least important criterion by the decision-makers 
independently. In the second step of Fuzzy SWARA method, decision-makers evaluate 
the criteria by using the fuzzy scale in Table 2 independently.

Table 1. Fuzzy SWARA steps

Step Equation

Ranking the criteria
j
j n
� �
� �

1 the most important criterion

the least important criiterion

�
�
�

                  (1)

continues on following page
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Step Equation

Calculation of coefficient value
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jdl

jdl jdl

� � �
� � � �

�
�
�

��

1 1
1 1

                                                  (2)
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jdm

jdm jdm

� � �
� � � �

�
�
�
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1 1
1 1

                                               (3)
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                                                 (4)

Finding the fuzzy recalculated weights
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Calculation of fuzzy relative weights
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                                                               (8)
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continues on following page
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Where

j: criterion; j=1,2,3,…,n
d: decision maker; d=1,2,3,…,D
l: triangular fuzzy number lower limit value
m: triangular fuzzy number the most promising value
u: triangular fuzzy number upper limit value
s jd : fuzzy evaluation value for criterion j according to decision maker d

sjdl: fuzzy evaluation lower limit value
sjdm: fuzzy evaluation the most promising value
sjdu: fuzzy evaluation upper limit value
k jd : coefficient value for decision maker d

kjdl: coefficient lower limit value
kjdm: coefficient the most promising value
kjdu: coefficient upper limit value
q jd : fuzzy recalculated weight for decision maker d

qjdl: recalculated weight lower limit value
qjdm: recalculated weight the most promising value
qjdu: recalculated weight upper limit value
wjd : fuzzy relative weight for decision maker d

Step Equation

Integration of the decision-makers` 
opinions

w
w
Djl
d

D
jdl� �� 1

                                                              (11)
 

w
w
Djm
d

D
jdm� �� 1

                                                           (12)
 

w
w
Dju
d

D
jdu� �� 1

                                                             (13)

Defuzzification of the weights w
w w w

j
jl jm ju�
� �

3                                                    (14)

Normalization of the defuzzified weights w w wj j j
j

n
* / ( )�

�
�
1                                                          (15)

Reference: Percin, 2019, 534-535

Table 1. Continued
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wjdl: relative weight lower limit value
wjdm: relative weight the most promising value
wjdu: relative weight upper limit value
wj : aggregated fuzzy relative weight

wjl: aggregated relative weight lower limit value
wjm: aggregated relative weight the most promising value
wju: aggregated relative weight upper limit value
wj: aggregated defuzzified relative weight
wj
* : normalized weight of criterion j

ANALYSES AND FINDINGS

Evaluating the Criteria Set

In the first phase of the study, the interviews were conducted with the experts about 
renewable energy resources. Main criteria and sub criteria can be seen in Table 3.

Table 2. Evaluation scale for Fuzzy SWARA

Linguistic Term sjdl sjdm sjdu

Very low 0.00 0.00 0.30

Low 0.00 0.25 0.50

Medium 0.30 0.50 0.70

High 0.50 0.75 1.00

Very high 0.70 1.00 1.00

Table 3. Main criteria and sub-criteria

Criterion code Criterion name

T Technical

T1 Energy efficiency (%)

T2 Operating life (year)

T3 Land use

T4 Energy resource potential

T5 Sustainability

T6 Facility construction time

continues on following page
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Four main criteria were determined and each was completed with sub-criteria. 
Explanations of the selected sub-criteria are given below:

(T1) Energy efficiency (%): The amount of energy obtained from an energy source 
ratio to the amount of energy used.

(T2) Operating life (year): Operating life as the year duration of the energy plant.
(T3) Land use: Amount of space the energy plant will use as land.
(T4) Energy resource potential: The potential amount of the energy source for the 

energy plant where it will be installed.
(T5) Sustainability: The possibility of continuously being present at the place where 

the energy source for the energy plant will be established.
(T6) Facility construction time: Construction time for the power plant up to energy 

production.

Criterion code Criterion name

EC Economic

EC1 Investment cost ($/kW)

EC2 Facility O&M cost

EC3 Cost of electricity ($/kW-hour)

EC4 Return on investment

EC5 Profitability

EC6 Impact on local economy

EC7 External dependency rate

EN Environmental

EN1 Greenhouse gas emissions

EN2 Air pollution emissions

EN3 Land requirement m2/kWs

EN4 Ecological Impact

S Social

S1 Post-Plant Employment rate (per MW)

S2 Pre-Plant Employment rate (per MW)

S3 Social Acceptance

P Politics

P1 Government Incentive, support

P2 Permission Process

Table 1. Continued
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(EC1) Investment cost ($/kW): The initial investment cost of an energy plant until 
it is able to produce energy.

(EC2) Facility O&M cost : Maintenance and operating costs during the working 
period of an energy plant.

(EC3) Cost of electricity ($/kW-hour): 1 kW-hour of the plant, the amount of energy 
generation cost in dollars.

(EC4) Return on investment: Return on investment in the energy plant with the 
electricity it produces.

(EC5) Profitability: The profitability rate of investment in the energy plant, which 
can be revealed by considering the risks.

(EC6) Impact on local economy: Local economy contribution to the energy plant 
as a result of all processes.

(EC7) External dependency rate: Inability to be self-sufficient with local resources 
in all processes of the energy plant.

(EN1) Greenhouse gas emissions : Carbon dioxide (CO2), nitrous oxide (N2O), 
methane, three groups of fluorinated gases (sulfur hexafluoride (SF6), 
hydrofluorocarbons (HFCs) and perfluorocarbons (PFCs)) are the major 
anthropogenic greenhouse gases. It is the emissions of these gases that pollute 
the atmosphere in the installation and operation of the energy plant.

(EN2) Air pollution emissions: It is the release of gases that harm the lives of man 
and living things. Many gases can be counted as examples. There are many 
different types of air pollutants, such as gases (including ammonia, carbon 
monoxide, sulfur dioxide, nitrous oxides, methane, carbon dioxide and 
chlorofluorocarbons), particulates (both organic and inorganic), and molecule 
biologicals.

(EN3) Land requirement m2/kWs : Specifies how many m2 of space is needed for 1 
kW/s of electricity generation of an energy plant.

(EN4) Ecological Impact: Effects of environmental damage during the installation 
and operation of the energy plant.

(S1) Post-Plant Employment rate (per MW): The rate of employment during the 
operation of the energy plant.

(S2) Pre-Plant Employment rate (per MW): The rate at which the energy plant is 
employed during construction.

(S3) Social Acceptance: Social acceptability of the energy source’s preference.
(P1) Government Incentive, support: The electability and supportability of the 

source of energy in government policies.
(P2) Permission Process: Defines the process of obtaining permission from the 

relevant management units for the installation of the energy source.
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In the first phase of the study, the experts evaluate the criteria. The evaluations 
of the expert 1 for main criteria can be seen in Table 4.

Calculations of the coefficient values according to the answers of expert 1 for 
main criteria can be seen in Table 5.

Fuzzy recalculated weights according to the answers of expert 1 for main criteria 
can be seen in Table 6.

Table 6. Fuzzy recalculated weights (expert 1-main criteria)

qj1l qj1m qj1u

P 1,0000 1,0000 1,0000

EC 0,7692 1,0000 1,0000

EN 0,5917 1,0000 1,0000

T 0,3481 0,6667 0,7692

S 0,2677 0,6667 0,7692

Table 4. Evaluations of expert 1 (main criteria)

sj1l sj1m sj1u

P

EC 0,0000 0,0000 0,3000

EN 0,0000 0,0000 0,3000

T 0,3000 0,5000 0,7000

S 0,0000 0,0000 0,3000

Table 5. Coefficients (expert 1-main criteria)

kj1l kj1m kj1u

P 1,0000 1,0000 1,0000

EC 1,0000 1,0000 1,3000

EN 1,0000 1,0000 1,3000

T 1,3000 1,5000 1,7000

S 1,0000 1,0000 1,3000
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Fuzzy relative weights according to the answers of expert 1 for main criteria 
can be seen in Table 7.

The evaluations of the expert 1 for technical sub criteria can be seen in Table 8. 

Calculations of the coefficient values according to the answers of expert 1 for 
technical sub criteria can be seen in Table 9.

Table 7. Fuzzy relative weights (expert 1-main criteria)

wj1l wj1m wj1u

P 1,0000 1,0000 1,0000

EC 0,7692 1,0000 1,0000

EN 0,5917 1,0000 1,0000

T 0,3481 0,6667 0,7692

S 0,2677 0,6667 0,7692

Table 8. Evaluations of expert 1 (technical sub criteria)

sj1l sj1m sj1u

T1

T5 0,3000 0,5000 0,7000

T4 0,0000 0,0000 0,3000

T2 0,3000 0,5000 0,7000

T3 0,0000 0,2500 0,5000

T6 0,0000 0,0000 0,3000

Table 9. Coefficients (expert 1- technical sub criteria)

kj1l kj1m kj1u

T1 1,0000 1,0000 1,0000

T5 1,3000 1,5000 1,7000

T4 1,0000 1,0000 1,3000

T2 1,3000 1,5000 1,7000

T3 1,0000 1,2500 1,5000

T6 1,0000 1,0000 1,3000
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Fuzzy recalculated weights according to the answers of expert 1 for technical 
sub criteria can be seen in Table 10.

Fuzzy relative weights according to the answers of expert 1 for technical sub 
criteria can be seen in Table 11.

The evaluations of the expert 1 for economical sub criteria can be seen in Table 12. 
Calculations of the coefficient values according to the answers of expert 1 for 

economical sub criteria can be seen in Table 13.
Fuzzy recalculated weights according to the answers of expert 1 for economical 

sub criteria can be seen in Table 14.
Fuzzy relative weights according to the answers of expert 1 for economical sub 

criteria can be seen in Table 15.
The evaluations of the expert 1 for environmental sub criteria can be seen in 

Table 16. 

Table 10. Fuzzy recalculated weights (expert 1- technical sub criteria)

qj1l qj1m qj1u

T1 1,0000 1,0000 1,0000

T5 0,5882 0,6667 0,7692

T4 0,4525 0,6667 0,7692

T2 0,2662 0,4444 0,5917

T3 0,1774 0,3556 0,5917

T6 0,1365 0,3556 0,5917

Table 11. Fuzzy relative weights (expert 1- technical sub criteria)

wj1l wj1m wj1u

T1 0,2318 0,2866 0,3816

T5 0,1364 0,1911 0,2935

T4 0,1049 0,1911 0,2935

T2 0,0617 0,1274 0,2258

T3 0,0411 0,1019 0,2258

T6 0,0316 0,1019 0,2258
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Calculations of the coefficient values according to the answers of expert 1 for 
environmental sub criteria can be seen in Table 17.

Fuzzy recalculated weights according to the answers of expert 1 for environmental 
sub criteria can be seen in Table 18.

Table 13. Coefficients (expert 1- economical sub criteria)

kj1l kj1m kj1u

EC5 1,0000 1,0000 1,0000

EC1 1,3000 1,5000 1,7000

EC6 1,0000 1,0000 1,3000

EC7 1,0000 1,0000 1,3000

EC3 1,3000 1,5000 1,7000

EC4 1,3000 1,5000 1,7000

EC2 1,3000 1,5000 1,7000

Table 14. Fuzzy recalculated weights (expert 1- economical sub criteria)

qj1l qj1m qj1u

EC5 1,0000 1,0000 1,0000

EC1 0,5882 0,6667 0,7692

EC6 0,4525 0,6667 0,7692

EC7 0,3481 0,6667 0,7692

EC3 0,2047 0,4444 0,5917

EC4 0,1204 0,2963 0,4552

EC2 0,0708 0,1975 0,3501

Table 12. Evaluations of expert 1 (economical sub criteria)

sj1l sj1m sj1u

EC5

EC1 0,3000 0,5000 0,7000

EC6 0,0000 0,0000 0,3000

EC7 0,0000 0,0000 0,3000

EC3 0,3000 0,5000 0,7000

EC4 0,3000 0,5000 0,7000

EC2 0,3000 0,5000 0,7000
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Fuzzy relative weights according to the answers of expert 1 for environmental 
sub criteria can be seen in Table 19.

Table 15. Fuzzy relative weights (expert 1- economical sub criteria)

wj1l wj1m wj1u

EC5 0,2126 0,2539 0,3591

EC1 0,1250 0,1693 0,2762

EC6 0,0962 0,1693 0,2762

EC7 0,0740 0,1693 0,2762

EC3 0,0435 0,1129 0,2125

EC4 0,0256 0,0752 0,1634

EC2 0,0151 0,0502 0,1257

Table 16. Evaluations of expert 1 (environmental sub criteria)

sj1l sj1m sj1u

EN4

EN2 0,3000 0,5000 0,7000

EN1 0,3000 0,5000 0,7000

EN3 0,0000 0,2500 0,5000

Table 17. Coefficients (expert 1- environmental sub criteria)

kj1l kj1m kj1u

EN4 1,0000 1,0000 1,0000

EN2 1,3000 1,5000 1,7000

EN1 1,3000 1,5000 1,7000

EN3 1,0000 1,2500 1,5000

Table 18. Fuzzy recalculated weights (expert 1- environmental sub criteria)

qj1l qj1m qj1u

EN4 1,0000 1,0000 1,0000

EN2 0,5882 0,6667 0,7692

EN1 0,3460 0,4444 0,5917

EN3 0,2307 0,3556 0,5917
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The evaluations of the expert 1 for social sub criteria can be seen in Table 20. 

Calculations of the coefficient values according to the answers of expert 1 for 
social sub criteria can be seen in Table 21.

Fuzzy recalculated weights according to the answers of expert 1 for social sub 
criteria can be seen in Table 22.

Fuzzy relative weights according to the answers of expert 1 for social sub criteria 
can be seen in Table 23.

The evaluations of the expert 1 for political sub criteria can be seen in Table 24. 
Calculations of the coefficient values according to the answers of expert 1 for 

political sub criteria can be seen in Table 25.
Fuzzy recalculated weights according to the answers of expert 1 for political sub 

criteria can be seen in Table 26.

Table 19. Fuzzy relative weights (expert 1- environmental sub criteria)

wj1l wj1m wj1u

EN4 0,3387 0,4054 0,4619

EN2 0,1992 0,2703 0,3553

EN1 0,1172 0,1802 0,2733

EN3 0,0781 0,1441 0,2733

Table 20. Evaluations of expert 1 (social sub criteria)

sj1l sj1m sj1u

S3

S2 0,5000 0,7500 1,0000

S1 0,3000 0,5000 0,7000

Table 21. Coefficients (expert 1- social sub criteria)

kj1l kj1m kj1u

S3 1,0000 1,0000 1,0000

S2 1,5000 1,7500 2,0000

S1 1,3000 1,5000 1,7000
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Fuzzy relative weights according to the answers of expert 1 for political sub 
criteria can be seen in Table 27.

The procedure repeats for all experts. As a holistic approach, all results derived 
from the answers of Expert 1 can be seen in Table 28.

Table 22. Fuzzy recalculated weights (expert 1- social sub criteria)

qj1l qj1m qj1u

S3 1,0000 1,0000 1,0000

S2 0,5000 0,5714 0,6667

S1 0,2941 0,3810 0,5128

Table 23. Fuzzy relative weights (expert 1- social sub criteria)

wj1l wj1m wj1u

S3 0,4588 0,5122 0,5574

S2 0,2294 0,2927 0,3716

S1 0,1349 0,1951 0,2858

Table 24. Evaluations of expert 1 (political sub criteria)

sj1l sj1m sj1u

P2

P1 0,3000 0,5000 0,7000

Table 25. Coefficients (expert 1- political sub criteria)

kj1l kj1m kj1u

P2 1,0000 1,0000 1,0000

P1 1,3000 1,5000 1,7000

Table 26. Fuzzy recalculated weights (expert 1- political sub criteria)

qj1l qj1m qj1u

P2 1,0000 1,0000 1,0000

P1 0,5882 0,6667 0,7692
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Table 28. All results (expert 1)

Criteria wj1l wj1m wj1u

T 0,0767 0,1538 0,2584

EC 0,1695 0,2308 0,3359

EN 0,1304 0,2308 0,3359

S 0,0590 0,1538 0,2584

P 0,2203 0,2308 0,3359

T1 0,2318 0,2866 0,3816

T2 0,0617 0,1274 0,2258

T3 0,0411 0,1019 0,2258

T4 0,1049 0,1911 0,2935

T5 0,1364 0,1911 0,2935

T6 0,0316 0,1019 0,2258

EC1 0,1250 0,1693 0,2762

EC2 0,0151 0,0502 0,1257

EC3 0,0435 0,1129 0,2125

EC4 0,0256 0,0752 0,1634

EC5 0,2126 0,2539 0,3591

EC6 0,0962 0,1693 0,2762

EC7 0,0740 0,1693 0,2762

EN1 0,1172 0,1802 0,2733

EN2 0,1992 0,2703 0,3553

EN3 0,0781 0,1441 0,2733

EN4 0,3387 0,4054 0,4619

S1 0,1349 0,1951 0,2858

S2 0,2294 0,2927 0,3716

S3 0,4588 0,5122 0,5574

P1 0,3325 0,4000 0,4843

P2 0,5652 0,6000 0,6296

Table 27. Fuzzy relative weights (expert 1- political sub criteria)

wj1l wj1m wj1u

P2 0,5652 0,6000 0,6296

P1 0,3325 0,4000 0,4843
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The results of Expert 2, 3 and 4 can be seen in Table 29, 30 and 31 respectively.

The opinions of the experts are integrated by using Equation 11, 12 and 13. These 
weights are defuzzified by using Equation 14. The results can be seen in Table 32.

Table 29. All results (expert 2)

Criteria wj2l wj2m wj2u

T 0,0889 0,1434 0,2300

EC 0,0593 0,1147 0,2300

EN 0,1778 0,2509 0,3451

S 0,0456 0,1147 0,2300

P 0,3023 0,3763 0,4486

T1 0,0474 0,1075 0,1832

T2 0,0806 0,1613 0,2381

T3 0,1363 0,1613 0,2381

T4 0,2725 0,3226 0,4048

T5 0,1048 0,1613 0,2381

T6 0,0316 0,0860 0,1832

EC1 0,0991 0,1838 0,3218

EC2 0,0127 0,0420 0,1262

EC3 0,0165 0,0420 0,1262

EC4 0,2528 0,3447 0,4184

EC5 0,1487 0,2298 0,3218

EC6 0,0248 0,0525 0,1262

EC7 0,0496 0,1051 0,2146

EN1 0,2099 0,3175 0,4500

EN2 0,0700 0,1270 0,2647

EN3 0,1049 0,1587 0,2647

EN4 0,3148 0,3968 0,4500

S1 0,1429 0,2254 0,3636

S2 0,2143 0,2817 0,3636

S3 0,4286 0,4930 0,5455

P1 0,3148 0,3333 0,3922

P2 0,6296 0,6667 0,6667
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Table 32 stated that the main priority criterion begins with environmental and 
political decisions. In particular, the energy potential of the region where the facility 
is intended to be established stands out, while economic criteria stand out in the 
profitability sub-criteria in priority decision making. Environmental criteria also 
highlight the importance of ecological impacts, while social criteria have received 
the highest response according to social acceptance. The importance of permission-

Table 30. All results (expert 3)

Criteria wj3l wj3m wj3u

T 0,0684 0,1782 0,3730

EC 0,0889 0,1782 0,3730

EN 0,2000 0,2784 0,3730

S 0,0456 0,1425 0,3730

P 0,1333 0,2227 0,3730

T1 0,1435 0,1957 0,3085

T2 0,0499 0,1304 0,2373

T3 0,0849 0,1957 0,3085

T4 0,1104 0,1957 0,3085

T5 0,1865 0,1957 0,3085

T6 0,0294 0,0870 0,1826

EC1 0,0845 0,1515 0,2794

EC2 0,0500 0,1515 0,2794

EC3 0,1099 0,1515 0,2794

EC4 0,0650 0,1515 0,2794

EC5 0,1429 0,1515 0,2794

EC6 0,0333 0,1212 0,2794

EC7 0,0257 0,1212 0,2794

EN1 0,1923 0,2632 0,3629

EN2 0,1479 0,2632 0,3629

EN3 0,0986 0,2105 0,3629

EN4 0,2500 0,2632 0,3629

S1 0,2317 0,3030 0,3884

S2 0,1545 0,2424 0,3884

S3 0,3939 0,4545 0,5050

P1 0,5000 0,5556 0,6000

P2 0,3333 0,4444 0,6000
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taking processes has emerged in political criteria. The table shows the local weights 
of the sub criteria. The weight values of main criteria are multiplied with the related 
sub criteria. Then the global weights of the sub criteria can be found. The last step 
is to normalize these global weights by using Equation 15. These results can be 
seen in Table 33.

Table 31. All results (expert 4)

Criteria wj4l wj4m wj4u

T 0,1357 0,2432 0,3432

EC 0,2293 0,2432 0,3432

EN 0,1764 0,2432 0,3432

S 0,0798 0,1622 0,2640

P 0,0469 0,1081 0,2031

T1 0,1499 0,2195 0,3249

T2 0,0678 0,1463 0,2499

T3 0,0452 0,1171 0,2499

T4 0,1949 0,2195 0,3249

T5 0,1153 0,2195 0,3249

T6 0,0266 0,0780 0,1923

EC1 0,1429 0,1471 0,2766

EC2 0,1099 0,1471 0,2766

EC3 0,0845 0,1471 0,2766

EC4 0,0500 0,1471 0,2766

EC5 0,0650 0,1471 0,2766

EC6 0,0385 0,1471 0,2766

EC7 0,0257 0,1176 0,2766

EN1 0,2727 0,2800 0,3764

EN2 0,2098 0,2800 0,3764

EN3 0,0807 0,1600 0,2509

EN4 0,1614 0,2800 0,3764

S1 0,2500 0,3544 0,5000

S2 0,3750 0,4430 0,5000

S3 0,1250 0,2025 0,3333

P1 0,5652 0,6000 0,6296

P2 0,3325 0,4000 0,4843
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When the results in Table 33 are examined, it is seen that political sub-criteria 
and ecological impact are more important than other sub-criteria. In this study, the 
experts state that the priority choice should now be the establishment of a viable and 
environmentally compatible energy plant and energy source for Turkey. In particular, 
the change that took place when the use of coal, which was the biggest cause of air 
pollution in the past, was replaced by natural gas, the fact that agriculture is still 

Table 32. Integration

Criterion wjl wjm wju wj

T 0,0924 0,1797 0,3012 0,1911

EC 0,1367 0,1917 0,3205 0,2163

EN 0,1712 0,2508 0,3493 0,2571

S 0,0575 0,1433 0,2814 0,1607

P 0,1757 0,2345 0,3401 0,2501

T1 0,1432 0,2023 0,2995 0,2150

T2 0,0650 0,1414 0,2378 0,1481

T3 0,0769 0,1440 0,2556 0,1588

T4 0,1707 0,2322 0,3329 0,2453

T5 0,1358 0,1919 0,2913 0,2063

T6 0,0298 0,0882 0,1959 0,1047

EC1 0,1129 0,1629 0,2885 0,1881

EC2 0,0469 0,0977 0,2020 0,1155

EC3 0,0636 0,1134 0,2237 0,1336

EC4 0,0984 0,1796 0,2845 0,1875

EC5 0,1423 0,1956 0,3092 0,2157

EC6 0,0482 0,1225 0,2396 0,1368

EC7 0,0437 0,1283 0,2617 0,1446

EN1 0,1980 0,2602 0,3657 0,2746

EN2 0,1567 0,2351 0,3398 0,2439

EN3 0,0906 0,1684 0,2880 0,1823

EN4 0,2662 0,3363 0,4128 0,3385

S1 0,1899 0,2695 0,3845 0,2813

S2 0,2433 0,3150 0,4059 0,3214

S3 0,3516 0,4156 0,4853 0,4175

P1 0,4281 0,4722 0,5265 0,4756

P2 0,4652 0,5278 0,5952 0,5294
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very valid in rural areas, the reflection of the climate crisis as a major problem, has 
better shown the importance of choosing the right energy source in the country. 
Here, as a result, the effects of the climate crisis in the country become palpable, and 
the future anxiety caused by climate problems comes before the choice of energy 
source over other criteria.

Table 33. Global weights of sub criteria and normalization

Criterion wj
wj
*

T1 0,0411 0,0363

T2 0,0283 0,0250

T3 0,0303 0,0268

T4 0,0469 0,0414

T5 0,0394 0,0348

T6 0,0200 0,0177

EC1 0,0407 0,0360

EC2 0,0250 0,0221

EC3 0,0289 0,0255

EC4 0,0406 0,0359

EC5 0,0467 0,0413

EC6 0,0296 0,0262

EC7 0,0313 0,0276

EN1 0,0706 0,0624

EN2 0,0627 0,0554

EN3 0,0469 0,0414

EN4 0,0870 0,0769

S1 0,0452 0,0400

S2 0,0517 0,0457

S3 0,0671 0,0593

P1 0,1190 0,1052

P2 0,1324 0,1171
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FUTURE RESEARCH DIRECTIONS

In this study, Fuzzy SWARA method was used for the renewable energy resources 
sector. In another study, the weights of the evaluation criteria for a different sector 
can be calculated with Fuzzy SWARA or another MCDM method. Renewable energy 
source alternatives were not evaluated in this study. In another study, renewable 
energy source alternatives can be included in the study and listed using different 
MCDM methods. Also, the criteria to be used in evaluating the renewable energy 
resources of a different country can be determined and analyzed. Renewable energy 
sources in different regions can be compared with MCDM methods.

In future studies, the weights of the criteria to be used in the evaluation of renewable 
energy sources can be found by a different multi-criteria decision-making method. 
This study was carried out in Turkey. In future studies, the importance of criteria 
to evaluate renewable energy sources on a global scale or in a different country can 
be found. In addition, renewable energy source alternatives can be evaluated with 
new multi-criteria decision making methods used in recent studies in the literature.

CONCLUSION

As a result, the study was tried to be customized for Turkey, but achieved similar 
results due to similar problems in the world. Since the negative effects of the climate 
crisis have been seen, scientists and social consciences have tried to protect the 
environment, and according to the similar point of conclusion, the study has taken 
importance according to international values.

Environmental problems and the climate crisis are turning into key social 
problems and are destroying the most basic rights of life. Turkey, which lives in the 
most regional sense, is trying to make a choice for a clean future with its additional 
problems. With this study, it has been revealed that the most fundamental problem 
for the country should be started with this criterion and it will be the best solution 
to the problems of the developing and growing population of Turkey.

Due to the impact of global problems in Turkey, the energy source compatible 
with the environment and its political support stand out and other criteria determined 
afterwards can only be important. Supporting environmentally compatible production 
systems in energy policies in Turkey will allow future economic and technical 
criteria to become more talkable. Unless renewable energy sources supported by 
policies are sufficiently prominent, it will not be possible to talk about models that 
are beneficial to the environment and humanity.
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KEY TERMS AND DEFINITIONS

Economic Criteria: Economic criterion is the evaluation of the energy facility 
and energy resource in terms of its economic worthiness.

Environmental Criteria: Environmental criterion defines the impact on the 
environment from the energy source to the energy production of the energy plant.

Fuzzy SWARA Method: Fuzzy Stepwise Weight Assessment Ratio is a new 
method for assessing the weights of the criteria in the problem.

Multi-Criteria Decision Making: Evaluating all alternatives by taking into 
account many different criteria together.

Political Criteria: The political criterion defines the support for the installation 
and production of the energy source in the country and the procedures for the 
construction of the energy plant.

Renewable Energy Resources: Renewable energy is an inexhaustible source of 
energy that is continuously available from the natural environment. It is obtained 
from natural sources including solar energy, wind power, biomass energy, geothermal 
energy, hydraulic energy, wave energy.

Social Criteria: Social criterion defines the social worthiness of the energy 
plant and its contribution to society.

Technical Criteria: Technical criterion is the computational evaluation of the 
energy plant and the energy source.
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ABSTRACT

The terms “sustainable development” and “sustainability” have become more 
popular because of the critical troubles faced through mankind such as growing 
humankind effect on ecology and the risk of energy source depletion. Solar energy 
is one of the most rapidly developing sources of sustainable energy available today. 
The solar panel is the foundation of a photovoltaic system. In this study, the COPRAS 
and ENTROPY methods have been applied to select the most effective solar panel 
(100W) for a solar farm design. The five various solar panel brands have been 
evaluated, and professionals’ choices have been dependent on the most important 
characteristics of the solar panels. From the top panel firms worldwide, the solar 
panel data utilized in this chapter is obtained. The most effective panel selection 
has been analyzed to affect the solar panel property potency employing in scales, 
in conjunction with several competing solar panels from which corporations must 
choose the top requirements, using COPRAS and ENTROPY techniques.
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INTRODUCTION

Due to continued industrial expansion, the decline of fossil fuels, and increased 
environmental awareness, the need for renewable energy sources has risen steadily 
this century. The sun is the renewable source of all life on Earth. Through fusing 
H2 into He at its core, this inexhaustible source radiates energy and supplies with 
both light and heat. This known as solar irradiation. Only approximately half of the 
sun’s energy reaches the surface of Earth. The rest is either reflected or absorbed 
through the atmosphere and clouds. Even so, the sun provides enough energy to 
meet the needs of the whole human race — millions of times over. Solar energy is 
one of the options to petroleum-based fuels for producing power in tandem with 
today’s quickly expanding industries. It is the cleanest and the most significant 
power resource that it can be utilized in almost every area. The first of these areas 
is lighting systems. Solar energy or sunlight, can be utilized directly for lighting and 
heating businesses and homes, for hot water heating, and for producing electricity, 
cooling with sun, and a range of other industrial and commercial uses. The fact that 
electricity production by sun is an excellent option to electricity generated from 
fossil fuels, with no water and air pollution, no global pollution by warming, threats 
to public health, and no electricity price spikes’ risk, is especially significant. The 
amount of solar energy available is immense. The quantity of sunshine that touches 
the earth’s surface in an hour and a half is adequate to power the entire world’s 
energy usage for a year, according to the United States Department of Energy. The 
amount of energy contained in all of the world’s natural gas, coal, and oil reserves 
is equal to sunshine’s eighteen days on Earth.

Once a system is in location to use the sun source and convert it into beneficial 
power is free. Since 2010, the mean price of photovoltaic panels has decreased by 
more than 60 percent, while the solar electricity system’s cost has decreased through 
roughly 50 percent. The solar electric is regarded to be cost-competitive with other 
forms of energy now. Without considering the given installation’ specifics, there are 
solar energy industries’ 2 primary kinds: concentrating and photovoltaic solar energy. 
When the solar irradiances are come on one of photovoltaic panels, photons from the 
sun are adsorbed through the solar cells, causing an electricity area to form across 
the sheets and energy to flow. Photovoltaic panels can be installed on the ground, 
on the roof, or on the wall. They can be permanently oriented to maximize output 
and value. In the same way, they can be mounted on trackers that follow the sun 
across the sky. In the future, our capacity to use solar and other sustainable energy 
resources is clearly dependent on our ability to do so. The tax incentives, expanding 
technologies, and utility firms adjusting to solar users are all positive signs in the 
solar energy business. The most significant thing to remember is that one m2 collects 
4.2 kWh of energy from the sun every day, which is about equivalent to nearly a 
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barrel of oil per year when averaged over the entire surface of the earth. The key 
conditions for operating and developing an efficient solar energy station are: Right 
site (favorable climate and available land), right equipment choice (such as panels, 
inverters), and solar power availability (preferably direct sunlight unobstructed). 
Photovoltaic panels are one of the most expensive pieces of equipment due to their 
manufacture and installation expenses among used equipment.

In this reason, a photovoltaic panel is photovoltaic system’s significant component, 
and much research has been done around the world to minimize material prices while 
boosting energy efficiency. The solar panel’s total cost depends on, the brand, size 
(in W), the durability/longevity, the physical size, and panel’s any certifications. 
During the last years, photovoltaic panels have been utilized for fewer scale energy 
production, especially for residential or commercial use in individual or complex 
buildings with performance ranges between 18 percent to 12 percent. Generally, 
solar panels have a whole life cycle of twenty-five years. Solar panel selection for 
a photovoltaic system is a multi criteria decision-making problem involving both 
quantitative and qualitative characteristics. Multi criteria decision-making is a 
combined decision-making mechanism as it includes both qualitative and quantitative 
criterions.

Photovoltaic panels are made up of bonded solar cells that produce electricity 
when exposed to sunlight. The existence of solar rays has a huge impact on their 
efficiency. The more sun rays that the photovoltaic panel receives, the more electrical 
energy it may produce. However, as the sun’s rays increase, so does the temperature 
of the photovoltaic panel, resulting in a reduction in efficiency.

The photovoltaic panels are usually evaluated based on the specific characteristics: 
technical characteristics, which includes efficiency (the quantity of energy generated 
through collecting generated power and exposing it to solar radiation), reliability, 
financial results, safety, operation and maintenance ease, long service time and 
profitability, material and kind of photovoltaic panel (Setiawan, Kurniawan & 
Setiawan, 2015). There are photovoltaic panels’ three main kinds; mono-crystalline, 
thin-film (amorphous), and poly-crystalline. The mono-crystalline photovoltaic 
panels are the most efficient. This is, they take the least amount of potential area to 
set up. But they are also costly. Although poly-crystalline types are fewer efficient 
than mono-crystalline types, they are far more affordable. Thin-film types are the 
least expensive, but they require the most space to set up – almost twice as much as 
mono-crystalline types. In photovoltaic design systems, the crystalline types (poly 
or mono crystalline) are the most common type of photovoltaic panel used. As a 
result, the solar panel selection is one of the most important factors in photovoltaic 
design systems.
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During the last years, academic researcheres have begun to concentrate on the 
renewable energy technologies’ evaluation. Criteria that are frequently contradictory 
must be compared throughout multiple assessments.

In the renewable energy business, the multi-criteria decision-making approach 
offers a scientific-technical decision-assistance apparatus that can demonstrate 
its selections consistently and clearly. In Korean, Brownson and Suh performed 
Geographic Information System Fuzzy and Analytic Hierarchy Process methods to 
determine the most appropriate solar energy stations through analyzing economic 
and social circumstances like mean system costs and power production; such as 
meteorology, local climate, topography, and economics (Suh, Brownson,2016). 
Through utilizing Fuzzy Analytic Hierarchy Process and Geographic Information 
System, Asakereh and his co-workers assessed the terrain convenience for solar 
energy station builds in Iran (Shodirwan region) (Asakereh, Omid, Alimardani 
& Sarmadian,2014). Balo and his co-workers suggested an Analytic Hierarchy 
Process methodology to determine the most appropriate photovoltaic panel for the 
solar energy-based production facility plan considering environmental, financial, 
electrical, and mechanical in addition to customer satisfaction effectiveness of 
each of the panels (Balo, Sagbansua, 2016). Kengpol and his co-workers assessed 
the solar energy station placements through implementing Technique for Order of 
Preference by Similarity to Ideal Solution and Fuzzy Analytic Hierarchy Process 
methodologies (Kengpol, Rontlaong & Tuominen, 2013). Kaa and his co-workers 
examined 5 photovoltaic industries to acquire the best photovoltaic industry through 
implementing the fuzzy (logarithmic fuzzy preference programming) and Analytic 
Hierarchy Process with crisp(Kaa, Rezaei, Kamp, Winter, 2014). Sahin and Turk 
utilized PV Analytic Hierarchy Process and Geographical Information System to 
assess option places and to choose the most appropriate location for solar energy-
based production facility with minimal the total expense and maximal performance 
for electrical efficiency (Turk, Sahin,2018). In the Mediterranean region, Mandalaki 
and Stamatakis used a multi-criteria decision-making method to examine solar panels 
mounted to typical south-facing shading areas of houses (Stamatakis, Mandalaki & 
T., 2016). Zeyuan compared and assessed various types of solar cells using technique 
for order of preference by similarity to ideal solution. The findings revealed that 
monocrystalline-silicon photovoltaic cells are more effective, less expensive, and 
more socially beneficial for the enterprise than thin-film and polycrystalline silicon 
photovoltaic cells (Zeyuan, 2013). Beltran and his co-workers used ANP model to 
choose solar energy projects. Utilizing the two diverse ANP approaches, the impacts 
between the net’s parameters (such as risks and alternatives) were defined and analyzed 
(Aragonés-Beltrán, Chaparro-González, Pastor-Ferrando & Rodríguez-Pozo, 2010). 
Utilizing both the Analytic Hierarchy Process and the solar home system model, 
Sahin and his co-workers assessed the selection of the most proper solar panel 
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(monocrystalline) for the 3 cities of Turkey (Sinop, Adana, and Yozgat) (Şahin, 
Alakoç & Keçeci, 2010). Raina and his co-workers compared an archetype of 180 
W peak crystalline photovoltaic panels from various companies to the optimal fill 
factor with actual fill factor for the photovoltaic panels’ real-time monitoring ability 
(Raina, Mumbai & Hedau, 2013). In India, Sindhu and his co-workers suggested 
a hybrid methodology through using fuzzy technique for order of preference by 
similarity to ideal solution and Analytic Hierarchy Process to determine the best 
solar energy-based production facility in the solar energy efficiency thinking varied 
chief options: technical, social, economic, political, and environmental ways (Sindhu, 
Nehra & Luthra, 2017).Using the geographic information system and an analytic 
hierarchy process approach in China, Xiao and his co-workers suggested a solar 
farm place choice methodology for desert energy stations that took into account land 
cover forms, climate conditions, and terrain geographical considerations(Xiao, Yao, 
Qu, Sun, 2013). Bruce researched the efficiency of photovoltaic panels in terms of 
total cost and payback time. He used an experimental research to find differences in 
photovoltaic panel production owing to aging, temperature, shade, inclination angle, 
and direction. Data is assessed to compare performance against total cost, according 
to the firms’ expertise (Bruce, 2011). Under same circumstances, Saetre and Midtgard 
studied on the performance of three various photovoltaic panels, each connected to 
an electrical load, sustaining in parallel to provide the 3 diverse V–I characteristic 
properties (Midtgård & Sætre, 2006). Giurca and his co-workers suggested using the 
PROMETHEE approach to choose technic solutions in the case of multi-junction 
photovoltaic panels (Giurca, Aşchilean, Safirescu & Mureşan, 2014). Poli-Si, Thin 
film, and M-Si panels were explored in three solar system configurations by Yılmaz 
and his co-workers (Yilmaz, Ozcalik, Kesler, Dincer, Yelmen, 2015).

To investigate firm-level data gathered from solar panel firms in the Crystalline-
Silicon solar panel. Industry, the Analytic Hierarchy Process and technique for order 
of preference by similarity to ideal solution for multi criterion decision-making 
methodologies were used by Chen and Yang (Chen & Yang, 2014). Gupta and 
his co-workers applied the Analytic Hierarchy Process in the Indian solar panel 
industry to assess production sustainability through multiple manufacturing uses 
(Gupta, Dangayach, Singh, Rao, 2015.). Guenounou and his co-workers examined 
the output of solar panels from several companies over the course of a year in natural 
environmental circumstances in Algeria. They investigated four types of solar panels: 
micromorph silicon (l-Si), amorphous silicon (a-Si), monocrystalline-silicon, and 
polycrystalline-silicon (Guenounou, Malek & Aillerie, 2016). Badea and his co-
workers employed the Onicescu approach to identify the best multi junction solar 
panel for their photovoltaic energy system (Badea, Naghiu, Safirescu, Mureşan, 
Badea, & Megyesi, 2014). Salah and his co-workers (2008) designed a multi 
criteria fuzzy-algorithm for energy management in order to link native devices on 
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photovoltaic panels (Salah, Chaabenea, Ammara, 2008). Khorasaninejad and his 
co-workers employed a multi-criteria hybrid approach sourced on fuzzy-DEMATEL, 
fuzzy-PROMETHEE, and fuzzy-ANP to choose the best alternative among fuel cells, 
solar panels, gas engines, gas turbines, and diesel engines (Khorasaninejad, Fetanat 
& Hajabdollahi, 2016). Based on literature and professional interviews, Kaa and 
his co-workers used LFPP and fuzzy-AHP among multi criteria decision-making 
methodologies to assess the twelve parameters of the five PV designs (Van de Kaa, 
Rezaei, Kamp, De Winter, 2014). Using the Electre-Boldur Methodology, Naghiu 
and his co-workers investigated the best resolution for the solar panels’ concentration 
ratio (Naghiu, Giurca, Achilean & Badea, 2016). Cavallaro used an outranking 
approach to investigate the thin film solar panel industry’s production procedures 
(Cavallaro, 2010). Amin and his co-workers conducted a field investigation on the 
performance of various solar panels (Amin, Lung & Sopian, 2009).

In the photovoltaic cell energy business, Lee and his colleagues created a 
conceptual approach for produce policy, combining “the benefits, opportunities, 
costs and risks”, “fuzzy analytical network process”, and “interpretative structural 
model” the idea to assess viable strategic (Lee, Chen, Kang, 2011).

The photovoltaic panel choice for solar industry is a multiple criteria decision-
making question. The purpose of this paper is to identify the most optimal photovoltaic 
panel through assessing the multi directional features of diverse photovoltaic panel 
trademarks performed into the real solar farms. In this study, the COPRAS and 
ENTROPY methods for photovoltaic panel analysis is performed through utilizing 
existent characteristics of photovoltaic panel trademarks for 100W. Among the most 
commonly utilized photovoltaic panel trademarks, the most effective photovoltaic 
panel selection is obtained through the most important criteria’ categories 
(environment, electrical, financial, customer, and mechanic) for photovoltaic panels.

ENTROPY AND COPRAS IN PHOTOVOLTAIC 
PANELS SELECTION

Entropy Method

Step 1: Applying a positive transform to data containing negative values
In this method, Z-score standardization is applied to the criteria data Xij values. 

It is expressed by the following mathematical expression.

Z
X X

if
ij j

j

�
�

�
	 (1)

 EBSCOhost - printed on 2/8/2023 9:14 PM via . All use subject to https://www.ebsco.com/terms-of-use



95

Evaluating the Most Effective Solar Panel by ENTROPY and COPRAS Methods

Here X j  and 𝜎j respectively, j. are the mean and standard deviations of the 
criterion. Then the data is made positive by making coordinate transformation:

Z’ij=Zij + A, A > |min Zij |	 (2)

In the decision matrix, Z’ij values are now written instead of Xij criterion values.
For Z’ij values, it shows the correspondence of i = 1,2,3,…..,m alternative values 

to j = 1,2,3,…., n criterion values.

Step 2. Conversion of criteria into benefit or cost analysis

Rij = 
X
X
ij

ijmax
(benefit criteria), (i =1,2,3,..,m number of alternatives)	 (3)

Rij = 
min X
X

ij

ij

(cost criteria). (j=1,2,3,….,n number of alternatives)	 (4)

Step 3. Normalizing the decision matrix

P
R

R
if

ij

i

m
ij

�
�� 1

, ∀j	 (5)

i = alternatives	

j = criteria,	

Pij = normalized values,	

Rij = Converted values by benefit or cost status.	

Step 4. Calculation of Entropy Values

Ej= -k. 
i

m
ij ijP In P

�� 1
. ( ) ,∀j	 (6)

k (entropy) 0≤ Ej ≤ 1 is the entropy value that provides the expression
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k = 
1

In m� �
; m, the number of alternatives	 (7)

Pij = stands for normalized values	

Step 5. Calculation of degrees of difference
The Dj value, which represents the degree of difference of the information for 

each criterion, is calculated as follows.

Dj = 1- Ej , j=1,2,…,n index of criteria	 (8)

Step 6. Calculation of weights
The significance weights (Wj) of the kits are calculated as follows by normalizing 

the degree of difference (Dj)

Wj = 
D

D
j

j

n
j�� 1

, j=1,2,…,n index of criteria	 (9)

Copras Method

Step 1: Creating the decision matrix

X = 
X X X

X X X

N

M M MN

11 12 1

1 2

L

M O M

L

�

�

�
�
�

�

�

�
�
�

	 (10)

i = 1,2,3,…,m number of alternatives j = 1,2,3,…., n number of criteria of Xij	

Step 2: Generating the Normalized Decision Matrix

X
X

X
ij

ij

i

m
ij

* �
�� 1

∀ j = 1,2,3,….,n	 (11)

Step 3: Creating a Weighted Decision Matrix
The weighted decision matrix is obtained by multiplying the normalized decision 

matrix by the weight of each criterion value, Wj
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D = dij = Xij* Wj	 (12)

Step 4. Calculation of Useful and Useless Metrics

S di j

k
ij

�
�

�� 1
, j = 1,2,3,…,k Useful Metrics	 (13)

S di j k

n
ij

�
� �

�� 1
, j = k+1, k+2, k+3,…,n Useless Metrics	 (14)

Step 5. Qi Calculation of Relative Significance Degree

Qi = S
S

S
S

i
i

m
i

i i

m

i

� �
�

�
� �

� �
�

1

1

1
.

	 (15)

Step 6. Calculation of Peak Relative Significance Values

Qmaksimum = maksimum{Qi} ∀i = 1,2,3,…,m	 (16)

Step 7. Calculation of Performance Index Pi Values for Alternatives

Pi = 
Q

Q
i

maksimum

. %100	 (17)

In this study, it has been aimed to apply a multi-criteria decision-making 
methodology for photovoltaic panel selection. For this purpose, criteria affecting 
panel selection have been determined. There are 23 criteria that affect the panel 
selection. The Entropy method, which allows to determine the weights of the criteria, 
has been chosen from the multi-criteria decision-making methods. Then, the data 
of 5 photovoltaic panels corresponding to the criteria have been taken and sorted. 
Another name for photovoltaic panel is solar panel. Sorting has been done with the 
COPRAS method, which is one of the ranking methods.

In the first stage, the initial decision matrix was created with the entropy method. 
The initial decision matrix has been shown in Table 1.
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Alternatives/Criteria

STC Power per unit of 
area (W/m2)

Power Tolerances (%)

Imp (A)

Isc (A)

NOCT (0C)

Temp. Coefficient of 
Voltage (V/K)

Maximum System 
Voltage (V)

PTC power rating (W)

Peak Efficiency (%)

Number of Cells

Vmp (V)

Voc (V)

Temp. Coefficient of 
Power (%K)

Series Fuse Rating (A)

Lower energy 
density(W/m2)

Length* Width* Depth 
(mm)

Weight (kg)

Price ($)

Support of government

Cost per Watt ($)

Spare part

Service support

Reliability

SP
1

138.9

5

1.44

1.57

45

-0.245

1000

92.7

13.89

216

69.4

87.6

-0.29

4

8.22

4896000

12

135

0.27

0.43

2

1

1

SP
2

137.3

2

5.75

6

47

-0.074

600

89.14

13.73

36

17.5

21.9

-0.46

15

7.98

25486125

9

120

0.25

0.38

3

2

2

SP
3

150.7

5

7.96

8.72

55

-0.051

600

87.2

12.74

24

12.56

15.32

-0.42

15

7.52

14918374,02

8.2

115

0.25

0.37

1

3

3

SP
4

66.4

5

1.31

1.6

47

-0.288

600

75.15

6.64

42

74.7

96

-0.21

3

5.45

60918000

26.4

95

0.22

0.30

4

4

5

SP
5

64.3

5

1.3

1.67

45

-0.312

1000

74.23

6.43

32

71

94.5

-0.32

3

5.48

47190000

25

89

0.22

0.28

5

5

4

 EBSCOhost - printed on 2/8/2023 9:14 PM via . All use subject to https://www.ebsco.com/terms-of-use



99

Evaluating the Most Effective Solar Panel by ENTROPY and COPRAS Methods

Ta
bl

e 
2.

 N
or

m
al

iz
ed

 d
ec

is
io

n 
m

at
ri

x

Alternatives/Criteria

STC Power per unit of area (W/m2)

Power Tolerances (%)

Imp (A)

Isc (A)

NOCT (0C)

Temp. Coefficient of Voltage (V/K)

Maximum System Voltage (V)

PTC power rating (W)

Peak Efficiency (%)

Number of Cells

Vmp (V)

Voc (V)

Temp. Coefficient of Power (%K)

Series Fuse Rating (A)

Lower energy density(W/m2)

Length* Width* Depth (mm)

Weight (kg)

Price ($)

Support of government

Cost per Watt ($)

Spare part

Service support

Reliability

SP
1

0,249

0,227

0,081

0,080

0,188

0,253

0,263

0,222

0,260

0,617

0,283

0,277

0,171

0,1

0,237

0,032

0,149

0,244

0,223

0,244

0,133

0,067

0,067

SP
2

0,246

0,091

0,324

0,307

0,197

0,076

0,158

80,213

0,257

0,103

0,071

0,069

0,271

0,375

0,230

0,166

0,112

0,217

0,207

0,216

0,2

0,133

0,133

SP
3

0,270

0,227

0,448

0,446

0,230

0,053

0,158

0,208

0,238

0,069

0,051

0,049

0,247

0,375

0,217

0,097

0,102

0,208

0,207

0,210

0,067

0,2

0,2

SP
4

0,119

0,227

0,074

0,082

0,197

0,297

0,158

0,180

0,124

0,12

0,305

0,304

0,124

0,075

0,157

0,397

0,328

0,171

0,182

0,170

0,267

0,267

0,333

SP
5

0,115

0,227

0,0732

0,085

0,188

0,322

0,263

0,177

0,120

0,091

0,290

0,300

0,188

0,075

0,158

0,308

0,310

0,161

0,182

0,159

0,333

0,333

0,267
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The negative values and unit values are different in the decision matrices in Table 
1, the matrix should be normalized. Therefore, the variables have been normalized 
as the second step of the Entropy method. The normalized decision matrix has been 
shown in Table 2.

In the third step, entropy values have been found according to each criterion. 
Then, the weighted entropy values and the weights of the criteria have been found 
in Table 3.

After the weights of the criteria have been found, the problem of choosing the 
best solar panel has started.

Values found in criterion weighting have been used in the selection problem of 
solar panels. The initial decision matrix of the COPRAS method has been discussed 
as in Table 4.

The criteria have been divided into two as benefit-oriented and cost-oriented. 
It is expected that the benefit-oriented criteria will be maximum. And also cost-
oriented criteria have been expected to be minimal. Therefore, the transformed 
decision matrix has been given in Table 5.

According to the next step of the COPRAS method, the transformed decision 
matrix should also be normalized due to the unit difference. For this reason, the 
normalization process has been performed in Table 6.

In the next step, the normalized matrix has been weighted. The weighted matrix 
has been given in Table 7.

In the last step of the COPRAS method, the optimum values have been obtained 
and ranked. These values have been shown in Table 8.

CONCLUSION

Because of growing energy requisition, investment accomplished on imported power 
resources raise petroleum-based oil prices and greenhouse gas emissions. As a 
sustainable power resource, sun power is safe to the human health and environment 
compared to petroleum-based oils, meets power requisition with lesser costs and 
gives mostly business potential in uncivilized fields. Thus, sun power investments 
have been getting more carefulness through policy-makers during the last years 
because of the great sun power potential in the World. A solar farm is utilized to 
obtain solar power through solar panels. The solar panel is one of a solar farm’s 
critical components and there has been lots of studies recorded with the purpose of 
decreasing its material prices with improved energy performance. To choose the 
ideal photovoltaic panel, it must strike a balance between intangible and tangible 
characteristics that are at odds with one another.
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Alternatives/Criteria

STC Power per unit 
of area (W/m2)

Power Tolerances (%)

Imp (A)

Isc (A)

NOCT (0C)

Temp. Coefficient of 
Voltage (V/K)

Maximum System 
Voltage (V)

PTC power rating 
(W)

Peak Efficiency (%)

Number of Cells

Vmp (V)

Voc (V)

Temp. Coefficient of 
Power (%K)

Series Fuse Rating 
(A)

Lower energy 
density(W/m2)

Length* Width* 
Depth (mm)

Weight (kg)

Price ($)

Support of 
government

Cost per Watt ($)

Spare part

Service support

Reliability

SP
1

138.9

5

1.44

1.57

45

-0.245

1000

92.7

13.89

216

69.4

87.6

-0.29

4

8.22

4896000

12

135

0.27

0.43

2

1

1

SP
2

137.3

2

5.75

6

47

-0.074

600

89.14

13.73

36

17.5

21.9

-0.46

15

7.98

25486125

9

120

0.25

0.38

3

2

2

SP
3

150.7

5

7.96

8.72

55

-0.051

600

87.2

12.74

24

12.56

15.32

-0.42

15

7.52

14918374.02

8.2

115

0.25

0.37

1

3

3

SP
4

66.4

5

1.31

1.6

47

-0.288

600

75.15

6.64

42

74.7

96

-0.21

3

5.45

60918000

26.4

95

0.22

0.3

4

4

5

SP
5

64.3

5

1.3

1.67

45

-0.312

1000

74.23

6.43

32

71

94.5

-0.32

3

5.48

47190000

25

89

0.22

0.28

5

5

4

Max

Max

Max

Max

Max

Max

Max

Max

Max

Max

Max

Max

Max

Max

Max

Min

Min

Min

Max

Min

Max

Max

Max

Wi 
values

0,022

0,016

0,105

0,096

0,001

0,066

0,012

0,001

0,019

0,149

0,068

0,070

0,013

0,090

0,006

0,087

0,043

0,004

0,001

0,004

0,042

0,042

0,042

Optimum

150.7

5

7.96

8.72

55

-0.051

1000

92.7

13.89

216

74.7

96

-0.21

15

8.22

4896000

8.2

89

0.27

0.28

5

5

5
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Alternatives/Criteria

STC Power per unit 
of area (W/m2)

Power Tolerances (%)

Imp (A)

Isc (A)

NOCT (0C)

Temp. Coefficient of 
Voltage (V/K)

Maximum System 
Voltage (V)

PTC power rating 
(W)

Peak Efficiency (%)

Number of Cells

Vmp (V)

Voc (V)

Temp. Coefficient of 
Power (%K)

Series Fuse Rating 
(A)

Lower energy 
density(W/m2)

Length* Width* 
Depth (mm)

Weight (kg)

Price ($)

Support of 
government

Cost per Watt ($)

Spare part

Service support

Reliability

SP
1

138.9

5

1.44

1.57

45

-0.245

1000

92.7

13.89

216

69.4

87.6

-0.29

4

8.22

2,04248E-07

0.083

0.007

0.27

2.326

2

1

1

SP
2

137.3

2

5.75

6

47

-0.074

600

89.14

13.73

36

17.5

21.9

-0.46

15

7.98

3,9237E-08

0.111

0.008

0.25

2.632

3

2

2

SP
3

150.7

5

7.96

8.72

55

-0.051

600

87.2

12.74

24

12.56

15.32

-0.42

15

7.52

6,70314E-08

0.122

0.009

0.25

2.703

1

3

3

SP
4

66.4

5

1.31

1.6

47

-0.288

600

75.15

6.64

42

74.7

96

-0.21

3

5.45

1,64155E-08

0.038

0.011

0.22

3.333

4

4

5

SP
5

64.3

5

1.3

1.67

45

-0.312

1000

74.23

6.43

32

71

94.5

-0.32

3

5.48

2,11909E-08

0.04

0.011

0.22

3.571

5

5

4

Max

Max

Max

Max

Max

Max

Max

Max

Max

Max

Max

Max

Max

Max

Max

Min

Min

Min

Max

Min

Max

Max

Max

Optimum

150.7

5

7.96

8.72

55

-0.051

1000

92.7

13.89

216

74.7

96

-0.21

15

8.22

2,04248E-07

0.122

0.011

0.27

3.571

5

5

5
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Alternatives/Criteria

STC Power per unit of area 
(W/m2)

Power Tolerances (%)

Imp (A)

Isc (A)

NOCT (0C)

Temp. Coefficient of Voltage 
(V/K)

Maximum System Voltage (V)

PTC power rating (W)

Peak Efficiency (%)

Number of Cells

Vmp (V)

Voc (V)

Temp. Coefficient of Power (%K)

Series Fuse Rating (A)

Lower energy density(W/m2)

Length* Width* Depth (mm)

Weight (kg)

Price ($)

Support of government

Cost per Watt ($)

Spare part

Service support

Reliability

SP
1

0.196

0.185

0.056

0.056

0.153

0.240

0.208

0.181

0.206

0.382

0.217

0.213

0.152

0.073

0.192

0.370

0.161

0.129

0.182

0.128

0.100

0.050

0.050

SP
2

0.194

0.074

0.224

0.212

0.160

0.072

0.125

0.174

0.204

0.064

0.055

0.053

0.241

0.273

0.186

0.071

0.215

0.145

0.169

0.145

0.150

0.100

0.100

SP
3

0.213

0.185

0.309

0.308

0.187

0.050

0.125

0.171

0.189

0.042

0.039

0.037

0.220

0.273

0.175

0.121

0.236

0.151

0.169

0.149

0.050

0.150

0.150

SP
4

0.094

0.185

0.051

0.057

0.160

0.282

0.125

0.147

0.099

0.074

0.234

0.233

0.110

0.055

0.127

0.030

0.073

0.183

0.149

0.184

0.200

0.200

0.250

SP
5

0.091

0.185

0.051

0.059

0.153

0.306

0.208

0.145

0.096

0.057

0.222

0.230

0.168

0.055

0.128

0.038

0.077

0.196

0.149

0.197

0.250

0.250

0.200

Max

Max

Max

Max

Max

Max

Max

Max

Max

Max

Max

Max

Max

Max

Max

Min

Min

Min

Max

Min

Max

Max

Max

Optimum

0.213

0.185

0.309

0.308

0.187

0.050

0.208

0.181

0.206

0.382

0.234

0.233

0.110

0.273

0.192

0.370

0.236

0.196

0.182

0.197

0.250

0.250

0.250
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Alternatives/Criteria

STC Power per unit of 
area (W/m2)

Power Tolerances (%)

Imp (A)

Isc (A)

NOCT (0C)

Temp. Coefficient of 
Voltage (V/K)

Maximum System 
Voltage (V)

PTC power rating (W)

Peak Efficiency (%)

Number of Cells

Vmp (V)

Voc (V)

Temp. Coefficient of 
Power (%K)

Series Fuse Rating (A)

Lower energy 
density(W/m2)

Length* Width* Depth 
(mm)

Weight (kg)

Price ($)

Support of government

Cost per Watt ($)

Spare part

Service support

Reliability

SP1

0.004

0.003

0.006

0.005

0.0002

0.016

0.002

0.0003

0.004

0.057

0.015

0.015

0.002

0.007

0.001

0.032

0.007

0.001

0.0002

0.0006

0.004

0.002

0.002

SP2

0.004

0.001

0.024

0.020

0.0002

0.005

0.001

0.0003

0.004

0.009

0.004

0.004

0.003

0.025

0.001

0.006

0.009

0.0006

0.0002

0.0006

0.006

0.004

0.004

SP3

0.005

0.003

0.033

0.029

0.0002

0.003

0.001

0.0002

0.004

0.006

0.003

0.003

0.003

0.025

0.001

0.011

0.010

0.0006

0.0002

0.0006

0.002

0.006

0.006

SP4

0.002

0.003

0.005

0.005

0.0002

0.019

0.001

0.0002

0.002

0.011

0.016

0.016

0.001

0.005

0.0007

0.003

0.003

0.0008

0.0002

0.0008

0.008

0.008

0.011

SP5

0.002

0.003

0.005

0.006

0.0002

0.020

0.002

0.0002

0.002

0.008

0.015

0.016

0.002

0.005

0.0007

0.003

0.003

0.0008

0.0002

0.0009

0.011

0.011

0.008

Max

Max

Max

Max

Max

Max

Max

Max

Max

Max

Max

Max

Max

Max

Max

Min

Min

Min

Max

Min

Max

Max

Max

Optimum

0.005

0.003

0.033

0.029

0.0002

0.003

0.002

0.0003

0.004

0.057

0.016

0.016

0.001

0.025

0.001

0.032

0.010

0.0008

0.0002

0.0009

0.011

0.011

0.011
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This study is based on information from current literature, photovoltaic technology 
investigations, and professional comments from the technology, companies, and 
manufacturers of solar panel. In this study Entropy-based Aras method has been 
used for the selection of solar panels. For this purpose, the criteria in the selection of 
solar panels have been weighted by the Entropy method. In this context, it has been 
seen that the most important criterion weight is the “Number of cells”. The least 
important criterion weights have been found to be “NOCT”, “PTC power rating” 
and “Support of government”. Then, in order to find the best solar panel, sorting 
has been done with the COPRAS method. The most suitable alternative order can 
be listed as SP1, SP3, SP2, SP5 and SP4. The study is quite comprehensive within 
the scope of criterion weighting of the solar panel. Therefore, it is important. 
Objective data have been used in the study. The Entropy-based Copras method has 
been applied to the solar panel system for the first time. For further studies, it has 
been planning to benefit from fuzzy decision making methods by inviting leading 
names in the sector as decision makers.
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ABSTRACT

The use of fossil fuels has decreased compared to the past due to the gradual 
depletion of fossil fuels and the greenhouse gases emerging in their use. As a 
result of this decrease, many countries have turned to alternative energy sources 
instead of fossil fuels. The most popular energy sources among these alternatives 
are renewable energy sources. Compared to fossil fuels, renewable energy sources 
cause little or no harm to nature. While renewable energy sources differ according 
to the countries, it is necessary to determine the most optimal renewable energy 
source for countries. In the literature, the most optimal renewable energy source 
selection has been made many times, and while this selection is made, multi-criteria 
decision-making (MCDM) methods are generally used. In these studies, the most 
optimal renewable energy source was selected by considering multiple criteria. 
In this chapter, criteria that are frequently used in the literature will be evaluated 
with the Plithogenic PIPRECIA method. In addition, the most important criterion 
will be determined.
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INTRODUCTION

Energy has been used substantially by the economies to maintain development for 
centuries as it is a significant input for industries. The best option for energy use 
was fossil fuel initially as fossil fuels are easily to accessible and cheaper options 
compared to other resources. Therefore, most of the countries around the globe 
depend on fossil fuels to meet their energy needs (Sugiawan and Managi, 2019). 
However, using fossil fuels as a major source of energy has had a variety of negative 
environmental implications, such as atmospheric pollution and climate change.

Pollution causes a host of health problems as well as social and economic 
ramifications. Energy use leads to pollution on soil, water, and air. Air pollution is a 
serious public health issue, and one of the most significant issues created by energy 
use is air pollution. Poor air quality is responsible for around 6.5 million fatalities 
per year, which makes it fourth leading cause of mortality in the world after high 
blood pressure, nutritional diseases, and smoking (IEA, 2016). The devastating toll 
of air pollution on living beings is expected to increase unless the world changes 
how it generates and consumes energy.

Climate change has been a devastating problem recently due to the greenhouse 
gases with the increasing use of fossil fuels. To mitigate climate change, countries 
have decided to reduce the fossil fuel use in comparison to the past. Global efforts 
are also being undertaken to avert the effects of climate change by establishing 
international accords that lead to local laws tailored to each signing nation’s 
development. Furthermore, fossil fuels are depleting, and new generations may find 
them limited or extinct. As a result, several countries have shifted toward alternative 
energy resources.

Renewable energy sources (RES) are less harmful to the environment in comparison 
to fossil fuels therefore they have been presented as a target in the Sustainable 
Development Goals (SDGs). SDGs present a compelling framework for international 
collaboration to create a sustainable future for the planet. They aim for eradicating 
extreme poverty, combating inequality and injustice, and safeguarding the planet’s 
ecosystem such as dealing with climate change. SDG 7 has three major goals: 
guaranteeing affordable, reliable, and accessible energy; considerably increasing 
the proportion of RES in the global energy supply; and doubling the rate of energy 
efficiency improvement globally (McCollum et al., 2017).

Increased reliance on fossil fuels has exacerbated environmental problems, 
particularly in developing countries such as Turkey (Sinha et al., 2017). Turkey 
with its geographical location has high potential in RES, specifically solar energy. 
However, while RES are better options compared to fossil fuels, they vary by country 
therefore it is vital to decide which RES is best for each country. MCDM approaches 
are thought to be extremely beneficial in studying versatile energy challenges and 
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offering paths for a sustainable future (Martín-Gamboa et al., 2017). Therefore, 
MCDM methods such as AHP, ANP, PROMETHEE, ELECTRE, DEA, TOPSIS, 
and VIKOR were commonly used in RES selection (Kumar et al., 2017). In this 
chapter, RES selection problem in Turkey has been studied with a novel MCDM 
method called Plithogenic PIPRECIA method. Plithogenic PIPRECIA method is a 
multi-criteria decision making (MCDM) which are used to determine the optimal 
one among several options. This method is useful to aggregated decision makers’ 
opinion. Therefore, Plithogenic PIPRECIA method is used to evaluate criteria used 
in the selection of RES.

The rest of this chapter is organized as the following. A literature review about RES 
selection studies in Turkey is conducted in section 2. In section 3, the methodology 
is explained. Section 4 presents findings of Plithogenic PIPRECIA method. Section 
5 of the chapter finishes with recommendations for the future.

BACKGROUND

Literature about RES selection decision problem has been reviewed. In the first 
paragraph, studies globally focusing on RES selection has been reviewed. In the 
second one, RES selection studies undertaken in Turkey has been assessed.

Al Garni et al. (2016) employed an AHP-based MCDM technique to evaluate 
RES options to rank Saudi Arabia’s RES. It was found that solar PV is the most 
optimal option, followed by solar thermal and wind. Algarin et al. (2017) employed 
the AHP to assess RES in Colombia. They came to the conclusion that solar energy 
was the best RES option. Ijadi Maghsoodi et al. (2018) applied SWARA and 
MULTIMOORA methods to the RES selection problem in Iran. They presented that 
the best RES option is solar PV, followed by solar thermal and wind energy. Lee 
and Chang (2018) used WSM, VIKOR, TOPSIS and ELECTRE to compare RES 
options for Taiwan energy supply. Hydraulic energy was shown to be the most optimal 
choice. Wu et al. (2018) compared RES for China with triangular fuzzy number, 
AHP and cumulative prospect theory. They found that solar PV has been confirmed 
to be the best in China. Solangi et al. (2019) examined RES in Pakistan by using 
Delphi-AHP and fuzzy TOPSIS methods. It was found that wind energy emerges 
as the best RES option for generating electricity in Pakistan. Zhang et al. (2019) 
used extended TODIM to assess RES for China and found out the most significant 
criterion is greenhouse gas (GHG) emission, with the wind power project being the 
best RES option for China. Abdel-Basset et al. (2020) evaluated RES options under 
uncertainty in Egypt with an integrated method including triangular neutrosophic 
numbers, AHP, VIKOR and TOPSIS. They determined that concentrated solar 
energy is the best RES option for Egypt.
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Uysal (2011) has assessed RES options for Turkey with graph theory and matrix 
approach. There were five criteria in total; technology, environment, socio-politic, 
economic and energy potential to examine alternatives. The findings have suggested 
that solar energy is the most optimal option for Turkey. Kuleli et al. (2015) used ANP 
and TOPSIS techniques to model the energy selection problem. They identified that 
hydro is the most optimal RES option in Turkey. Erdogan and Kaya (2015) defined 
the ranking of RES for Turkey. They employed type-2 fuzzy AHP to weight the 
parameters before ranking RES choices with type-2 fuzzy TOPSIS. The findings 
revealed that wind is the best RES. To assess the most acceptable RES option in 
Turkey from investment perspective, Büyüközkan and Güleryüz (2016) created a 
hybrid MCDM method incorporating DEMATEL and ANP approaches. Wind has 
been chosen as the most optimal RES in Turkey. Celikbilek and Tuysuz (2016) 
introduced a grey-based MCDM approach that combines DEMATEL, ANP, and 
VIKOR methodologies for choosing best RES option for Turkey. It was found that 
solar power is the most optimal option. Büyüközkan and Güleryüz (2017) used 
linguistic fuzzy hybrid method including DEMATEL, ANP and TOPSIS to rank 
RES options in Turkey. The most optimal RES option for Turkey has been found as 
geothermal and biogas. Karakaş and Yildiran (2019) utilized fuzzy AHP to compare 
RES and select best option for Turkey. They discovered that solar energy is the most 
optimal RES option and wind is the second in Turkey. Alkan and Albayrak (2020) 
compared RES in twenty-six regions of Turkey by using the fuzzy Entropy approach 
for weight calculation and fuzzy COPRAS and fuzzy MULTIMOORA methods for 
alternative ranking. Both fuzzy COPRAS and fuzzy MULTIMOORA methods have 
found that hydroelectric is a best option for most of the regions in Turkey. Derse 
and Yontar (2020) utilized an integrated MCDM method including SWARA and 
TOPSIS for choosing an optimal RES in Turkey. According to the findings of the 
study, hydroelectric plants should be given higher priority in Turkey. Yilan et al. 
(2020) assessed energy resources from sustainability perspective in Turkey with 
MAUT and WSM methods. They indicated that hydroelectricity (dam) is the most 
optimal choice to be used in Turkey.

Table 1 presents methodologies and criteria used in the literature.

METHODOLOGY

The Plithogenic PIPRECIA method is utilised in this study to evaluate criteria used 
in RES selection.
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Neutrosophic Set

v v v v� � �1 2 3
, , ; , ,� � �  denotes a single valued triangular neutrosophic set 

including falsity membership function FMv(x), indeterminate membership IDv(x), 
and truth membership TMv(x) (Abdel-Basset et al., 2020):
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Plithogenic PIPRECIA

Steps for Plithogenic PIPRECIA method are presented as (Ulutaş et al., 2021):
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Step 1: RES selection criteria are identified, and experts rank them from the 
most significant to the least significant.

Step 2: Beginning with the second criterion, the jth criterion and the j–1th criteria 
are compared and plithogenic relative importance ( d j ) values being used in this 
comparison. Table 2 indicates these plithogenic values.

Step 3: A contradiction degree acquires better precision for plithogenic aggregation 
operations (Smarandache, 2017), thus, it is determined between dominant criterion 
value and each criterion (Smarandache, 2018). Thus, this value (c: V×V®[0,1]) is 
identified.

Step 4: Opinions of all decision-makers are integrated with Equation 4.

v v v i n p t t t i n

v t v

i i i i i i

i F i i

1 2 3 1 2 3

1 1

1 1

1

2

, , , , , ,

,

� � � �� � � � � � �� �

� �
22 2 2 2 3 3

1

2
1�� � � �� � ��

�
�

�
�
� � �F i i F i i F it v t v t i n, ,  

	 (4)

where ÙF and ÚF present the fuzzy t-norm and t-conorm, respectively.
Step 5: As follows, the neutrosophic numbers ( d j ) are converted to crisp numbers 

(dj):

U v a b c� � � � �� �� � � �� �1

9
2

1 1 1
� � � 	 (5)

Step 6: The decision-makers’ criteria rankings are integrated with the geometric 
mean to provide the final ranking of the criteria.

Table 2. Linguistic Scale (Adapted from Abdel-Basset et al., 2020)

Linguistic Variable Triangular Neutrosophic Scale (TNS)

Very Weakly Significant (VWKS) ((0.10,0.30,0.35), 0.10, 0.20, 0.15)

Weakly Significant (WKS) ((0.15,0.25,0.10), 0.60, 0.20, 0.30)

Fairly Weakly Significant (FWKS) ((0.40,0.35,0.50), 0.60, 0.10, 0.20)

Equal Significant (EQS) ((0.65,0.60,0.70), 0.80, 0.10, 0.10)

Strong Significant (STSG) ((0.70,0.65,0.80), 0.90, 0.20, 0.10)

Very Strongly Significant (VSTS) ((0.90,0.85,0.90), 0.70, 0.20, 0.20)

Absolutely Significant (ABS) ((0.95,0.90,0.95), 0.90, 0.10, 0.10)
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Step 7: gj coefficient is obtained as:

g
j

d jj
j

�
�

� �
�
�
�

1 1

2 1
	 (6)

Step 8: zj value is calculated as:

z
j

z
g

jj j
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�

�

�
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�

1 1

11 	 (7)

Step 9: The criteria weights (wj) are computed as:

w
z

z
j

j

k

n
k

�
�� 1

	 (8)

APPLICATION

The criteria utilized in RES selection are compared and ranked in this study. For the 
examination of the criteria, three experts’ opinions were collected. Six criteria were 
determined by experts. These six criteria are as follows: Energy Efficiency (EE), 
Capacity Factor (CF), Investment Cost (IC), Electricity Generation Cost (EGC), CO2 
Emission (CE), and Social Criteria (SC). Experts have ranked these criteria with 
respect to their significance. The experts’ criteria rankings are presented in Table 3.

Table 3. The criteria rankings of the experts

Experts Criteria Exp-1 Exp-2 Exp-3

EE 1 1 1

CF 6 5 5

IC 2 3 2

EGC 3 2 3

CE 4 6 4

SC 5 4 6
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Plithogenic values are assigned to each criterion by each expert, commencing 
with the second criterion to compare the criteria. The criteria comparisons of Expert 
1 are presented in Table 4.

Each criterion’s contradiction degree is taken as 1/6. Then, equation 4 is utilized 
to combine the judgments of all decision-makers. Equation 5 is utilized to transform 
aggregated plithogenic values of criteria into crisp numbers. Table 5 shows crisp 
numbers (dj) and aggregated plithogenic values ( d j ) of criteria.

The geometric mean is used to integrate the expert rankings of the criteria. The 
criteria weights are then found with Equations 6-8. Table 6 shows the findings of 
plithogenic PIPRECIA.

Table 4. The criteria comparisons of expert 1

Criteria Rankings Criteria Linguistic 
Values TNS

EE 1 EE - -

CF 6 IC ABS ((0.95,0.90,0.95), 0.90, 0.10, 0.10)

IC 2 EGC STSG ((0.70,0.65,0.80), 0.90, 0.20, 0.10)

EGC 3 CE WKS ((0.15,0.25,0.10), 0.60, 0.20, 0.30)

CE 4 SC FWKS ((0.40,0.35,0.50), 0.60, 0.10, 0.20)

SC 5 CF VWKS ((0.10,0.30,0.35), 0.10, 0.20, 0.15)

Table 5. Crisp numbers and aggregated plithogenic values of criteria

Criteria d j dj

EE - -

IC ((0.360,0.550,0.883), 0.532, 0.100, 0.279) 0.429

EGC ((0.295,0.488,0.855), 0.532, 0.125, 0.279) 0.387

CE ((0.285,0.600,0.899), 0.531, 0.200, 0.372) 0.388

SC ((0.098,0.388,0.752), 0.146, 0.150, 0.299) 0.233

CF ((0.073,0.363,0.675), 0.229, 0.200, 0.375) 0.204
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According to Table 6, the order of the criteria is as follows: EE, IC, EGC, CE, SC 
and CF. Accordingly, the most significant criterion was found as EE, that is, Energy 
Efficiency. The least significant criterion was determined as CF (Capacity Factor).

FUTURE RESEARCH DIRECTIONS

Few criteria have been taken into account regarding RES in this study. The criteria 
used in this study is limited to six criteria. In future studies, more criteria can be 
included to the analysis. In addition, data were obtained from a small number of 
decision-makers in this study. Future studies can carry out a more detailed study 
by getting opinions from more experts.

CONCLUSION

Energy has been a vital input for industry for ages, and it has been used extensively 
by economies to maintain progress. Initially, fossil fuels were the ideal option for 
energy consumption since they are easily available and less expensive than alternative 
resources. As a result, the majority of countries throughout the world rely on fossil 
fuels to supply their energy demands. However, relying on fossil fuels as a major 
source of energy has had a variety of negative environmental repercussions, such 
as air pollution and climate change.

When compared to fossil fuels, RES are less hazardous to the environment. 
Turkey’s geographic position offers significant potential for RES, particularly 
solar energy. While RES are superior to fossil fuels, renewable energy potential is 
different for every country, making it necessary to determine which RES is ideal for 
the country. MCDM techniques are regarded to be particularly useful in researching 
a variety of energy concerns and identifying routes to a more sustainable future.

Table 6. Plithogenic PIPRECIA’s findings

Criteria Rankings by Geometric Mean dj gj zj wj

EE 1 1 1 0.401

IC 2 0.429 1.571 0.637 0.256

EGC 3 0.387 1.613 0.395 0.158

CE 4 0.388 1.612 0.245 0.098

SC 5 0.233 1.767 0.139 0.056

CF 6 0.204 1.796 0.077 0.031
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Plithogenic PIPRECIA method was used in this study to evaluate and rank 
the criteria in the RES selection. The reason for using the Plithogenic PIPRECIA 
method is that this method is an effective method in unifying the judgments of 
decision-makers. The study results suggested that the most significant criterion is 
“Energy Efficiency”. According to the same results, the least significant criterion 
was determined as “Capacity Factor”.
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KEY TERMS AND DEFINITIONS

Air Pollution: Air pollution is caused by any material that contaminates 
environment and modifies the natural qualities of the atmosphere negatively.

Energy Resource: A source of energy is anything that can generate heat, power 
life, move items, or generate electricity.

Fossil Fuel: It is a type of fuel that is created in the soil from the decomposition 
of plants or animals. Fossil fuels include coal, oil, and natural gas.

PIPRECIA: Compared to the SWARA method, it is an MCDM method that 
can be used effectively in group decision-making problems.
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Plithogenic Aggregators: They are used to aggregate decision makers’ judgments 
(neutrosophic numbers).

Plithogenic PIPRECIA: A method formed by the combination of PIPRECIA, 
which is one of the MCDM methods, and Plithogenic aggregators.

Pollution: Pollution occurs when toxins are introduced into the natural environment 
and cause harm.

Sustainable Development Goals: The Sustainable Development Goals (SDGs) 
are a collection of 17 interrelated global targets aimed at ensuring that everyone has 
a better life in the future. The Sustainable Development Goals (SDGs) were created 
in 2015, with the intention of fulfilling them by 2030.
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ABSTRACT

The electric vehicle segment is gaining momentum around the globe, and Morocco 
will not be the exception in this regard. The present study serves to look into the 
question of the current and future electricity needs of this segment of the means 
of transport. The main contribution is preparing the necessary adaptations in the 
frame of electricity production capacity at the national level. This chapter aims to 
highlight the enablers to be seized and the main barriers to be overcome by the use of 
an integrated SWOT-PESTEL analysis in combination with the analytical hierarchy 
process. First, the SWOT-PESTEL framework is dedicated to identifying the main 
criteria that enable and hinder the viability of implementing electric freight vehicles 
(EFV) in Morocco from a sustainability perspective. Afterwards, the quantification 
process of the output is realized through the application of the AHP method.
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INTRODUCTION

The increase of the size of cities to being denser in terms of population, the vast 
number of companies or projects appearing over last decades only poses the question 
about the number of resources consumed for this population’s blast and the increase 
of the traffic congestion which could lead to multiple social and environmental 
problems. Urban logistics has become essential in the last few decades (İmre et al., 
2021). It inhabits a gradually significant position across the sustainable development 
theme, and it is inevitable to say that urban logistics presents the pillar of sustainable 
development. Yet, the continuous progress of the problems would threaten the 
advancement of the communities, especially in terms of regional scale (İmre 
et al., 2021). It is commonly acknowledged that researchers have been studying 
sustainability in transportation for a considerable amount of time. More precisely, 
the research on one of the ways to achieve sustainability in transportation, which 
is the use of electric vehicles in urban freight transportation, has been growing in 
popularity in the last decade (Wang et al., 2018). By definition, Urban Freight 
Transport (UFT) is a part of freight transport that concerns the movement of goods 
using commercial vehicles in urban areas (Dablanc, 2009). This emanates from the 
fact that sustainability in UFT is related to three major performance categories. The 
first category is economic performance, which includes economic indicators such as 
transport cost, punctuality and inventory levels. The second category is environmental 
performance, in which we find pollution, energy consumption and noise indicators. 
The third pillar of this sustainability is a social performance, which includes other 
indicators of job creation as an example (Moufad & Jawab, 2018). However, to 
achieve this sustainability in UFT, experts suggest that one of the factors of this 
objective is the exploitation of electricity instead of fossil fuels as an energy source. 
Electric vehicles for passenger transport have gained much traction in the last ten to 
twenty years, the technology in battery development has been increasing every year, 
and the popularity among the usual consumers has reached record numbers (İmre 
et al., 2021). Electric Commercial Vehicles (ECVs) are battery-powered vehicles 
used to transport goods, haven’t gotten the same amount of attention as electric 
vehicles for passengers (Schulte & Ny, 2018). In this sense, ECVs can be powered 
partially or fully by electricity and are expected to influence the sustainability in 
UFT by their limited greenhouse gases emissions, decreasing noises, and their 
low-level energy consumption (Wang et al., 2018). Thus, ECVs have made their 
entrance to the public market in the shape of battery-powered trucks that can reach 
800 km range on one charge; some examples are the Tesla Semi and the Nikola 
One (Schulte & Ny, 2018). In Morocco, urban logistics are still characterized by a 
traditional network of points of sale, with nearly 200,000 points of sale, 40% of them 
are small grocery stores, according to a report by the Ministry of Transportation 
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and Equipment and Logistics. The majority of distribution in Morocco is carried 
out through traditional trade involving a multiplicity of uncoordinated actors. 
Transport is mainly organized by the shipper (production units, assembly plants, 
packaging or consolidation / unbundling warehouses, wholesalers) on their account, 
with a filling rate resulting in an overstaffing of vehicles in circulation in the cities 
(Kammas & Zendal, 2017). Being aware of the significance of urban logistics 
in modern societies, the traditional urban network leads to weak management of 
freight transport in urban areas. According to the High Commission for Planning, 
the flow of goods that pass through the region of Casablanca is about 50.8%. At this 
occupancy rate, most problems can arise, such as road congestion, high pollution 
levels and low UFT performance (Elhasbi et al., 2015). Here, the fleet of vehicles 
in the Moroccan UFT is constituted of Internal Combustion Engine (ICE) vehicles 
(light and heavy-duty trucks). Very importantly, the penetration rate of ECVs is 
weak, and the city policy must, therefore, well integrate transport and logistics 
practices. However, the question of sustainability in transport has been embedded in 
the national strategies. According to the Strategy for the Logistics Competitiveness 
Development, Morocco intends to lower its emissions of CO2 by 35% and create 
96,000 jobs within the sector of transport by the year 2030 (Elhasbi et al., 2015). 
Elhasbi et al., (2015) made a study about sustainable transport in Morocco, and 
confirmed that the question of sustainability in freight transport is far from being 
a priority for freight transport providers since the market and competition pressure 
them to prioritize costs and the level of service.

Put concisely, transportation is a theme that has attracted much attention. Having 
roots in sustainable development, it actively revolves around contributing to life 
quality enhancement, pollution reduction, and noise underproduction. Although 
the discussion among scholars and professionals on the implementation of electric 
vehicles in UFT in national debates and scientific seminars, there is a significant lack 
of frameworks to study the feasibility of this adoption and its effects on promoting 
sustainability in the transportation sector in Morocco. For this reason, the present 
chapter develops a constructive framework that addresses all aspects of electric 
mobility to fill in the gaps in the literature. The proposed approach evaluates the 
leading and the lagging factors that hinder or facilitate the implementation of ECVs. 
In this context, the present work investigates sustainable mobility in Morocco to 
assess the potential of the Moroccan market and identify the most suitable alternative 
solutions. Among other things, the study tackles the regulatory aspect, pricing, 
standards and marketing. Therefore, the research questions are addressed as follows:

Question One: What are the crucial stakeholders’ attitudes regarding the EFV 
adoption in Morocco? Are stakeholders ready to make the transition?
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Question Two: What potential policy measures are in place to encourage the adoption 
of ECVs in Morocco?

The main aim of the present chapter is to evaluate the process by the use of the 
contemporary strategic management methods and Multi-Criteria Decision Making 
(MCDM) approach, mainly the SWOT-PESTEL analysis and Analytical Hierarchy 
Process (AHP). The former is a combination of PESTEL, which is a study of the 
environment and an analysis of the factors that will stem from the six perspectives 
(politics, economy, society, technology, environment and legal), and SWOT analysis 
which divides the environment into two parts, an internal part (which contains 
strengths and weaknesses) and an external one (which includes opportunities 
and threats). The integration of the two analysis approaches enables covering the 
research matter from the main points of view (Sansa et al., 2021). The latter method 
is AHP, and it serves as a weighting method that results in a hierarchy in terms of 
the importance of the proposed factors according to the experts that participated in 
the study (Tsangas et al., 2019). At the stake here is the fact that several countries 
get caught up in the hype of the ECVs implementation craze and neglect that it is 
a ramified policy decision that encompasses several aspects (İmre et al., 2021). 
Although these dimensions accrue to well-planned and feasible policies initiatives, 
most governments fail to acknowledge and admit that their experience of urban 
freight transport is minimal, and most decisions apply haphazardly. Thus, this 
chapter will help the decision-makers in Morocco to consider the essential criteria 
for implementing the ECVs in UFT and study the hinder effects in the long term. 
Since sustainability appears to be a vital element of the strategic plan of Morocco, 
the proposed framework will highlight the contributions of ECVs to more sustainable 
transportation and adapt the new regulations. Increasingly enough, in the present 
chapter, we will study in the first place the feasibility of implementing the ECVs 
in the Moroccan market by unveiling the opportunities and the limitations of this 
mode of transport and then projecting the potential effect of this implementation 
on increasing the sustainability of UFT in Morocco.

The rest of the chapter is organized as follows; Section 2 highlights the research 
background of the subject. Section 3 presents the methodology. Section 4 enumerates 
the suggested solutions to overcome the issues found in the study. Section 5 lists the 
obtained results and discussions for future studies. Then we conclude the chapter 
in Section 6.
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Background

As discussed in the introduction, the main reason to keep the advancement of 
sustainable development is the motivation aspects that push the researchers and 
professionals alike to conduct various scientific researches in the urban logistics sector 
by conducting solid work that would-as result- help in the decrease of the negative 
impact of urbanization economically, socially, and environmentally. What is at issue 
here is that employing urbanization as a policy might offer communities a quite 
enticing advantage. In our case, the implementation of the Urban Freight Transport 
(ECVs) is seen as the silver bullet to solve intricacies to keep the advancement of 
sustainable development regionally and nationally. To ground the rest of the sections 
in this chapter, we vision it is obvious to state the common traps processed during 
the urbanization of the transport sector. The authors go into a detailed explanation 
of the impact of the UFT/ ECVs in modern communities and their crippling chances 
for progress. The different veteran stakeholders affecting the decision-making 
process in this sector are also enumerated. Afterwards, analyse the feasibility of 
implementing the ECVs in UFT with the support of SWOT-PESTEL analysis and 
the AHP method. The findings communicate the potential of ECVs in promoting 
sustainability in the transport sector in Morocco, as discussed in the next section.

URBAN FREIGHT TRANSPORT

The prime role of transportation is to ship goods and convey passengers from one 
point to another (Gurtu et al., 2019). Nevertheless, transportation activity remains 
one of the main contributions to climate change since it is estimated that it is the 
root cause for 25% of CO2 emission worldwide and the biggest polluter after the 
energy sector (IEA, 2009; European Commission, 2016). In addition, transportation 
is responsible for the high-temperature variability, rain disturbances, and wind 
patterns. These crucial facts raised the communities’ awareness about the negative 
impacts on the total quality of life. Such emphasizes the need for the transportation 
systems to be sustainable; if addressed correctly. Traffic congestion remains one of 
the problems degrading the quality of life on economic, social, and environmental 
levels (Dimitrakopaulos et al., 2020).

Freight transportation consists of using commercial vehicles to transport goods in 
cities; these vehicles are categorized into light-size vehicles, medium-size commercial 
vehicles, and; heavy-size commercial vehicles (European Parliament, 2007). The 
UFT is divided into five markets; retail, mail delivery, hotel and restoration delivery, 
construction, waste disposal. These markets differ by features as shown in Table 1.
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In urban agglomerations, most citizens use their vehicles to fulfil their daily 
needs, which lead to traffic congestion, noise, and pollution increase in the local 
atmosphere. This phenomenon is exacerbated due to the unavailability of sustainable 
transport (electric vehicles). According to WBSCD (2004) report, it is foreseen 
that the average growth of personal vehicles will be up to 1.7% each year till 2050. 
Moreover, several studies have demonstrated that a vehicle user produces at least an 
average of 150g of CO2 emissions per kilometre while the user is responsible for 
only 80g if he takes a mode of public transport. What can be deduced here is that 
along with the efficient use of transportation, the level of pollution will be lessened 
down. Another option to reduce the emission of GHG in the long term is the use 
of electric vehicles. Brand et al., (2012) explained through their model of the life 
cycle of carbon emission in the UK transport system, that the use of electric vehicles 
offers an effective strategy to mitigate the climate change externalities. The main 
actors in the urban freight transport sector are consumers (citizens and visitors), 
shipper, retailers, and wholesalers, in addition to freight carriers who usually use 
third-party providers (3PLs) (Wang et al., 2018). However, the intricacy of the 
UFT system intensifies with the involution of supplementary stakeholders carried 
by the system of the electric vehicle. Figure 1 exemplifies the main stakeholders in 
the urban freight system in Morocco and the mutuality among these stakeholders.

Basically, Governments are confronted today with an increasing number of projects 
of permanent innovation and continuous adaptation in the face of a changing and 
plural environment. This multitude of changes contributes to a risk of dispersal of 
the forces present (energy, skills, resources) and of failure due to the progressive 
lack of respondent among actors unable to offer new services as frequently and 
quickly. In the case of Morocco, a need remains for developing both technical and 
service training programs and invest in scientific research and innovation, improving 

Table 1. Review of UFT markets source

UFT Markets Features

Retail: Freight transportation includes moving 
goods to retail spaces.

Reliance on medium to large size freight vehicles. 
Numerous deliveries and multiple suppliers.

Mail delivery: Delivering mail packages and letters,
While also offering special delivery services.

Governmental and non-governmental postal service 
providers. Multiplicity of beneficiaries.

Hotel and restoration delivery: Moving food and 
products to hotels and restaurants

Just-in-time delivery of food. 
Consistent ordering.

Construction: Transportation of construction raw 
materials and equipment to workshops.

Traditional management of transportation. 
Independent and atomic transport providers.

Waste Disposal: Consists of collecting and 
disposing of city waste.

Mixed cargo (no waste separation). Multiple stops but 
predetermined paths.

Source: (Wang et al., 2018)
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skills by adapting the training of the public-private institutes and universities for 
technological development, and finding synergies between the manufacturing sector 
and other sectors, especially logistics and infrastructure. Similarly, the government 
ought to speed up the establishment of the institutional, regulatory, budgetary, training 
and support provisions necessary to promote the development of the transport and 
logistics sector and the creation of jobs for young people by giving a suitable place 
for innovative ideas and entrepreneurship. Nevertheless, among these adjustments, 
the integration of the local communities and villages in the development of electric 
vehicles within the urban freight transport remains necessary by capitalizing on 
studies and evaluations of projects to further increase the visibility of the sector to 
attract investment.

Furthermore, these multiple changes increase the risk of dilution of central 
skills (controls, coordination, and logistical support) and reinforce the complexity 
of projects by mobilizing more and more actors. In this case, there is a high risk 
of loss of meaning, the policy-maker no longer having a clear and precise reading 
of the situation, and a lack of consistency in the actions to be taken to achieve the 
fixed objectives. This delicate situation of uncertainty often leads those in charge to 
go to the most urgent, with risks of precipitation and the development of imperfect 

Figure 1. Interdependencies among stakeholders in urban freight system in Morocco 
Source: Authors’ own illustration
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solutions. Efficient adoption of EFVs entails significant adjustments in actions. The 
unscheduled change leaves plenty of room for emerging phenomena and intuition. 
Identify the political issues, the risk of ambiguities, and negotiate the acceptable 
agreements to go in the direction of the general interest.

It is worth noting that there is no definition of sustainable logistics, as there may 
be for sustainable transport. However, logistics sustainability is characterized by its 
final results. In other words, we can say that logistics is sustainable if the transport 
is, even though we institute logistics as the key to sustainable mobility. The place 
of transport will be different, depending on the context, logistics and production. 
Concerns about sustainability are elements that will affect the operating environment 
of the communities. They are, therefore, required to adjust the logistical processes and 
modify the role of the transport. The place of transport will be different, insofar as 
the margins of action of governments in favour of sustainability will not be identical 
for all, some governments being more constrained than others. The policy-makers 
have to consider the interactions among logistics, transport, public administrations, 
and organisations at the micro and macro-level of the country.

Electric Commercial Vehicles

Electric Commercial Vehicles differ mainly by the source of energy used to power 
them. For instance, Battery Electric Vehicles (BEVs) use batteries as their source of 
energy, and Hybrid Electric Vehicles rely on two sources of propulsion, the Internal 
Combustion Engine and electric motors1. In this study, the authors will focus mainly 
on BEVs and their potential use in UFT. Energy use efficiency is another challenge. 
Battery Electric Vehicles, particularly lithium-ion batteries, are characterized by a 
high level of reliability. This feature allowed them to be the cleanest clean mode of 
transportation and is available on the market for sale. Meanwhile, the limitations 
to this type of vehicle are their short-range, high selling price and insufficient 
charging stations (Chan et al., 2009). In terms of the competitiveness of BEVs 
against diesel vehicles, multiple studies have been carried on that subject. Another 
way of expressing this is that Feng & Figliozzi (2013) found that electric trucks are 
an economically competitive advantage in cases of severe usage. Hence, Lee et al., 
(2013) confirm that the total cost of ownership (TCO) of traditional diesel trucks 
is 22% higher than electric delivery trucks. However, Zhou et al., (2017) realized 
contradictory results and; that even though electric trucks have low greenhouse 
gas emissions; their TCO is higher than traditional diesel trucks. The future, on the 
other hand, seems promising for battery electric vehicles. In a more recent study, 
Çabukoglu (2018) conducted a case study in Switzerland on the potential of heavy-
duty vehicles electrification like freight delivery trucks. Economically, Battery based 
electric vehicles have reportedly four times lowers energy costs in comparison with 
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diesel trucks (Feng & Figliozzi, 2013). The maintenance cost of BEVs is also 20% 
to 30% lower than those of traditional internal combustion engine vehicles (Taefi 
et al., 2015). In addition, maintenance costs are usually higher with time in the case 
of diesel vehicles. Besides the energy efficiency use, the BEVs have an additional 
advantage in terms of strategic planning. However, if the goal is to evaluate BEVs’ 
costs, thus what should be taken into consideration is the replacement of their 
batteries which is required regularly with intensive use (Pelletier et al., 2016). From 
a long-term perspective, researchers expect that the competitiveness of BEVs will 
increase because of the incremental improvement of their operational performance 
with time. The purchase price is significantly high compared with diesel trucks 
and is expected to decrease with mass production and the growing consciousness 
of the environmental effects of fuel-powered vehicles (Quak & Nesterova, 2014). 
This study also examines the impact of the development and increase of electric 
mobility on the environment. Indeed, who says electric vehicles says the increase in 
electricity needs. Many projects reported the environmental efficiency of ECVs. For 
example, Posten Norge (NO)2 claimed that it is possible to reduce up to 2.1 tons of 
CO2 emission per truck per year by using BEVs rather than diesel traditional trucks. 
Tesco (UK) has 15 Modec BEVs on their fleet, and they reported that each electric 
vehicle reduces a quantity of up to 15 tons of CO2 per year. UPS announced a 20% 
reduction of CO2 emissions according to their use of electric-powered vehicles. 
Moreover, BEVs proved that there are almost zero local emissions of NOx emitted 
by battery-powered vehicles. Therefore, the air quality might improve due to the 
adoption of electric vehicles (Nesterova et al., 2013). Göhlich et al (2021) realized 
a comparative study between the performance of diesel and electric vehicles in 
waste collection, and they found that greenhouse gases emissions are lowered by 
approximately 27%. The electrification of the vehicles fleet will lead to an increase 
of 18% and 30% in the total cost of ownership. Another essential aspect of the impact 
of electric vehicles on the environment is the reduced noise nuisance since electric 
vehicles are mostly silent (the manufacturers of electric vehicles implement safety 
sounds into the trucks for safety reasons) (Quak & Nesterova, 2014). One of the 
barriers to adopting ECVs in UFT is their limited range. Some of the UFT categories 
(i.e. retail) require frequent deliveries and demand long-range vehicles. However, 
with the development of battery technology, the range of electric vehicles is getting 
larger. Another limitation of the use of ECVs is their payload. The UFT requires 
several cases of heavy-duty trucks that are often difficult to implement because of 
the exceeding weight of the batteries (Taefi et al., 2016).
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METHODOLOGY

To be resilient in the market place, organizations must determine, conduct and 
apply proven methodologies and management best initiatives. When an organization 
tries to lead management practices without perceiving future ramifications, it will 
be impossible to articulate an execution strategy due to the ambiguity in collected 
data and this result in a high probability of failure. SWOT and PESTEL analysis are 
proven methods to deal with numerous issues and lead to unsophisticated reliable 
results. The first is a strategic tool capable of conducting the sustainability issues, 
economic, social, environmental, political, legal, and technical, that have a potential 
impact on the organization’s operations. Besides, it has been recently applied in several 
domains such as in the energy waste (Song et al., 2017), productivity management 
(Pan et al., 2019), hydrocarbons sector (Tsangas et al., 2019), and healthcare waste 
management (Thakur. 2021). The latter is a strategic technique used to combine the 
strengths and weaknesses of a study concerning the opportunities and threats found 
in its background (Büyüközkan et al., 2021). It has been also combined with the 
MCDM methods like Analytic Network Process (ANP) (Zhang & Paudel. 2021) and 
Analytic Hierarchy Process (Ali et al., 2021). Furthermore, AHP is applied in the 
present research study as a weighting technique to quantify and assess the SWOT-
PESTEL analysis output since the structure of the assessment problem (indicators) is 
hierarchal. The quantification of the criteria is processed by exploiting the academic 
online AHP Calculator based system (Geopel. 2018). For the very first time, the 
integrated SWOT-PESTEL analysis in combination with AHP is used in sustainable 
transport area to investigate the viability of implementing the ECVs.

SOLUTIONS AND RECOMMENDATIONS

Potential of the ECVs Adoption in Morocco

By its commitments expressed to the international community at the Earth Summits 
in Rio de Janeiro in 1992 and Johannesburg in 2002, Morocco has embarked on a 
new mission of sustainable development by putting in place foundations aimed at 
ensuring economic development that respects the environment and social equity. 
Committed to this dynamic, Morocco is positioning itself as an actor invested in global 
and regional agendas that focus on a sustainable and inclusive green economy. This 
commitment was enshrined in 2014 by the adoption of framework law N ° 99.12 on 
the National Charter for the Environment and Sustainable Development and in 2017 
by the adoption by the Council of Ministers of the National Strategy for Sustainable 
Development which infused several sector strategies that must further integrate 
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sustainability parameters into their objectives (ESEC, 2018). Figure 2 illustrates 
the potential of the sustainable transport market in Morocco, where three scenarios 
were considered. These scenarios lead to very different potentials, depending mainly 
on the involvement of the State. For the optimistic scenario, 425,704 vehicles will 
be adopted in 2030 if the State is fully involved in the implementation of strategic 
recommendations. Concerning the optimistic scenario, 257,777 vehicles will be 
exploited in 2030 if state involvement is medium. In the pessimist scenario, only 
11,391 vehicles will be adopted if the Moroccan market follows the global growth 
of the stock of sustainable vehicles without any government intervention.

Therefore, the economic and social opportunities of the Moroccan transport 
sector, but also the threats weighing on them, require a new strategic approach to 
urban freight. In this context, the present chapter investigates sustainable mobility 
in Morocco to assess the potential of the Moroccan market and identify the most 
suitable alternative solutions. The proposed framework regulates all the essential 
issues of adopting the ECVs in Morocco. The SWOT-PESTEL analysis, as given in 
Table 2, illustrates the leading and lagging factors of implementing electric vehicles, 
which are established as sustainability indicators.

Figure 2. Scenarios of the sustainable transport mobility in Morocco Source: 
(Sunergia Studies - Nevolys Consulting. 2019)
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The study aimed to highlight the opportunities to be seized and the main challenges 
to be met. The SWOT-PESTEL analysis of the sustainable mobility market in Morocco 
synthesized the vital factors that impact the ECVs adoption decision and at the same 
time respected the sustainability dimensions. The forces encompass the proactive 
policy of the State through mainly the National Strategy for Sustainable Development 
by 2030, the establishment of an automotive ecosystem in Morocco, memorandum 
of understanding relating to the development of an electric transport ecosystem in 
Morocco by the Chinese group “BYD Auto Industry, the fact of the electric vehicle 
mobility all over the world, and the general acceptance of the electric vehicle by the 
customer. For weaknesses, some factors have been gathered such as the insufficient 
fast-charging stations on the national road network; the limited incentives that do 
not significantly reduce the selling prices of EVs; the lack of qualified labour for 
the servicing and maintenance of EVs; the treatment of sustainable mobility apart 
from the energy transition; the absence of a regulatory framework on sustainable 
mobility and sale of energy by the operators of recharging stations; and the absence 
of engine noise which affects the general acceptance of the EVs. The opportunities 
consist of the Energy Efficiency Strategy Project 2030, the modular production 
platform within the Renault and Peugeot factories in Morocco, the emergence of 
new professions, the guidance from manufacturers installed in Morocco (Renault, 
Peugeot) towards the development of battery technology of the electric vehicle, the 

Table 2. SWOT-PESTEL matrix of the electric vehicles implementation Source: 
Authors’ own elaboration

SWOT 
PESTEL Strengths Weaknesses Opportunities Threats

Political
P1. Draft Strategy for 
Energy Efficiency 
2030

P2. Insufficient fast 
charging stations

P3. National Strategy 
for Sustainable 
Development by 2030

P4. Resistance from 
fossil fuel providers

Economic
E1. Global market 
orientation towards 
EVs including China

E2. Sale price of the EVs E3. Modular production 
platform

E4. Traditional 
network of points 
of sale

Social S1. General 
Acceptance

S2. Absence of the engine 
noise

S3. Emergence of new 
professions

S4. Short distance 
of the green miles 
project

Technological
T1. Success of 
electric passenger 
cars worldwide

T2. Lack of skilled labour 
for maintaining the EVs

T3. Development of 
battery technology -

Environmental

V1. Establishment 
of an automotive 
ecosystem in 
Morocco

V2. The source of the 
electricity is still fossil 
fuel stations

V3. Strong compatibility 
and in line with 
the development of 
renewable energies

-

Legal -
L1. Absence of a 
regulatory framework on 
sustainable mobility

L2. State exemplarity 
(10% of new 
acquisitions by 2019)

-
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strong compatibility and linked to the development of renewable energies (solar 
energy in particular) in the territory, and the exemplary nature of the State (10% 
of new acquisitions by 2019). The threats are about the resistance from fossil fuel 
providers and lobbyists, the traditional network of points of sale and possible impact 
on the spare parts and after-sales service market, and insufficient fast-charging 
stations on the national road network (Tangier-Casablanca).

Pairwise Comparison of the PESTEL Analysis

The research is about anticipating and planning the necessary adaptations regarding 
the ECVs adoption at the national level. The main aim of the empirical study is to 
support and drive this acceleration of the development of electric mobility in Morocco. 
To reap the above-mentioned advantages, stakeholders with variable professional 
and scientific backgrounds were called to pairwise compare the priority of the six 
components of the PESTEL analysis via a well-thought-out questionnaire, due to their 
deep impact in decision-making, from the policy scope. These were an academician 
who is in charge of the training programs and the scientific research to improve the 
future graduates’ skills, a logistician who is an expert in supply chain management 
and logistics management working for an automotive company, and an economy 
expert who is working as a financial adviser and interested in the electric mobility in 
Morocco, an environmentalist is an active member in a non-profit organization that 
make significant contributions to the sustainability issues, a fleet manager who is a 
transport expert working for a company implemented in MedPort Tangier terminal, 
and an urban freight expert, who works in public regional administration and he 
is in charge of sustainable urban transport planning. It is particularly important to 
point out here that the group of the designated experts intended to embrace the main 
pillars of sustainability. The main reason behind selecting specialists with different 
backgrounds is to obtain the maximum points of view to construct diverse pairwise 
comparison matrices and generate valid results. The collected judgments are given 
in Table 3-4 and Figure 3.

The obtained results illustrate that there is a significant variety of importance 
regarding the sustainability pillars. It is very crucial to note that the political issues vs. 
legal issues or political issues vs. economic issues or social issues vs. environmental 
issues or social issues vs. technical issues or economic issues vs. environmental issues 
or political issues vs. technological issues encompasses at least one judgement of 
equal importance. For the rest of the issues, there was a divided point of view from 
the decision-makers. For example, five of them selected the first side, and the other 
one prioritized the second side regarding the economic issues vs. technical issues. 
It is worth noting that environmental issues are of higher significance compared to 
technical and legal issues. This means that there is a prominent agreement among 
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the part involved in the assessment of investigating the viability of implementing 
the ECVs in Morocco.

Leading and Lagging Factors’ Quantification

The quantification of the leading and lagging factors (enabler and barriers) of the 
electric vehicle adoption in Morocco were processed by exploiting the academic 
online AHP Calculator based system. The latter was initially created by the Business 
Performance Management Singapore Group to facilitate the calculation of the AHP 
method, especially when it comes to multiple criteria with hierarchical structure. 
The twenty (20) factors were inputs as criteria, and one hundred-ninety pairwise 

Figure 3. Pairwise comparison results of the sustainability indicators Source: 
Authors’ own elaboration

Table 3. Stakeholders’ perspectives on the sustainability issues of ECVs adoption 
in Morocco Source: Authors’ own elaboration

Sustainability 
Indicators Academician Logistician Environmentalist Economy 

expert Fleet manager Urban freight 
expert

1 Political 4.6% 6 7.5% 5 7.4% 5 26.2% 2 13.4% 3 5.2% 6

2 Economic 26.2% 2 27.6% 2 7.8% 3 31.5% 1 49.1% 1 5.5% 4

3 Social Issues 22.6% 3 12.7% 3 22.2% 2 8.9% 5 4.4% 6 15.8% 2

4 Technical 10.5% 4 9.2% 4 4.5% 6 13.3% 4 16.1% 2 15.7% 3

5 Environmental 29.5% 1 37.3% 1 50.3% 1 5.9% 6 5.2% 5 52.2% 1

6 Legal 6.7% 5 5.8% 6 7.8% 4 14.2% 3 11.8% 4 5.5% 4
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comparisons were assessed for each evaluator case. The collected judgements from 
the decision-makers concerning the six pillars of sustainability were utilized. The 
sub-criteria regarding similar issues were given equal importance. However, the 
calculation of the Consistency Rate (CR) for each evaluation case was mandatory 
to study the reliability and the feasibility of the collected judgments. Accordingly, 
all the rates in this research study are under 10%, which prove the consistency of 
the stakeholders’ responses. Table 5 presents the factors quantification results for 
each expert with the support of the AHP Calculator (Geopel. 2018). Essentially, 
the assessment of the academician and the fleet manager judgments ranked the 
source of the electricity issue in the first place. For the logistician, the emergence 
of new professions is the priority. Concerning the environmentalist, the absence of a 
regulatory framework on sustainable mobility is an essential element. The economist 
supposes that the sale price of EVs is crucial. Meanwhile, urban freight transport 
emphasizes the necessity of considering the development of battery technology.

Table 4. Judgements summary review Source: Authors’ own elaboration
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Table 6 presents the obtained results of the SWOT-PESTEL analysis via the 
calculation of the geometric means of the inputs. The factors of adopting electric 
vehicles in Morocco are segmented into two main categories. The first category 
encompasses the strengths and opportunities, which hold positive values. Meanwhile, 
the second category embraces weakness and threats, which has negative values. Figure 
4 illustrates the value size indicators of leading factors that enable the implementation 
of the EVs in Morocco and the lagging factors that hinder the latter, respectively.

Table 6. SWOT-PESTEL analysis results with the combination of AHP Source: 
Authors’ own elaboration

Leading and Lagging Factors Geometric Mean 
(%) SWOT Value (%)

P1. Draft Strategy for Energy Efficiency 2030 2.63% S 2.63%

P2. Insufficient fast charging stations 2.99% W -2.99%

P3. National Strategy for Sustainable Development by 2030 3.08% O 3.08%

P4. Resistance from fossil fuel providers 2.81% T -2.81%

E1. Global market orientation towards EVs including China 3.23% S 3.23%

E2. Sale price of the EVs 2.40% W -2.40%

E3. Modular production platform 2.02% O 2.02%

E4. Traditional network of points of sale 3.31% T -3.31%

S1. General Acceptance 2.45% S 2.45%

S2. Absence of the engine noise 2.09% W -2.09%

S3. Emergence of new professions 4.71% O 4.71%

S4. Short distance of the green miles project 6.36% T -6.36%

T1. Success of electric passenger cars worldwide 3.36% S 3.36%

T2. Lack of skilled labour for maintaining the ECVs 5.93% W -5.93%

T3. Development of battery technology 9.13% O 9.13%

V1. Establishment of an automotive ecosystem in Morocco 7.11% S 7.11%

V2. The source of the electricity is still fossil fuel stations 8.56% W -8.56%

V3. Strong compatibility and in line with the development of 
renewable energies 8.17% O 8.17%

L1. Absence of a regulatory framework on sustainable 
mobility 6.54% W -6.54%

L2. State exemplarity 4.84% O 4.84%
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DISCUSSION AND FUTURE RESEARCH DIRECTIONS

The transportation industry has known after the explosion of global competition, 
several opportunities for development. It takes an important place and a rapid 
growth due to its role in improving performance communities. The findings depict 
that besides the lack of information on policy measures and support strategies, a 
willingness of Morocco to move towards a cleaner and environmentally friendly 
mobility has increased. The analysis of the obtained results shows that the leading 
factors outnumber the lagging ones in terms of the size of the values, which indicates 
that the implementation of electric vehicles in the freight transportation market in 
Morocco is viable. The quantification of the factors leads to the same results, where 
the strengths and opportunities of the EVs adoption have gained traction from the 
stakeholders, more than the weaknesses and the threats. The interviewed experts from 
different backgrounds prioritized the environmental issues when asked about the 
sustainability issues related to the ECVs adoption in Morocco. What can be deduced 
here is that the Sustainability matter would be highly influenced by environmental 
factors (enablers and barriers). For instance, the factor V3 (strong compatibility and 
in line with the development of renewable energies) is- according to the experts- a 
promising factor that may contribute to the facilitation of the implementation in 
question. On the other hand, the factor V2 (source of the electricity is still fossil 
fuel stations) has the highest value on the side of the barrier. The analysis showed 
that the local and regional public authorities should pay more attention to the 
proportions of energy sources that are clean. The second set of indicators that got 
high-value sizes were the technical factors. For example, an opportunity that ought 
to be exploited is the T3 factor (increased development of battery technology in 

Figure 4. Sustainability Indicators values size Source: Authors’ own elaboration
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recent years). The production of ECVs’ batteries has grown significantly around 
the world. Morocco has the potential of hosting companies in this sector to add 
them to the already existing ecosystem of its automobile industry. Another technical 
factor but on the side of the barrier is the T2 (lack of skilled labour for maintaining 
ECVs). With the growing penetration of electric vehicles to the Moroccan market, 
institutions are required to train their students on how to deal with automotive 
electrical systems. Manufacturers could also offer similar training to their employees 
to overcome the challenge of unskilled labour and softly solve technical problems 
without generating additional costs and unwanted waste. The legal indicators are 
also among the important factors that should be considered. Firstly, the L1 factor 
(absence of a regulatory framework on sustainable mobility and energy sales by 
charging stations operators) is the third-highest lagging factor. Regulators are invited 
to create a legal framework to facilitate electric mobility in the freight transportation 
sector. On the upside, the state exemption of some taxes on electric vehicles is seen 
as an enabler that should encourage companies to implement more ECVs in their 
transportation fleet. The economic and political factors are in the middle in terms 
of value size. The experts prioritized approximately the same types of criteria. In 
other words, the evaluators are dotted with the same importance but not as crucial 
as the previous environmental and technical factors. The obtained results are rational 
given that the aforementioned factors present the current and overall political and 
economic directions of Morocco (the State’s orientation for adopting sustainable 
production methods and the National strategy for sustainable development). In 
addition to the fact that the political view and the economic strategy are usually 
interconnected, it is only fair to consider them as equals in terms of their effect on 
the implementation of ECVs in freight mobility. The social factors are also figured 
among the essential elements for the evaluators. The highest indicator is S3 (The 
emergence of new professions), which is considered an opportunity because the 
implementation of ECVs in freight transportation will create new jobs. That would 
start from manufacturing lines to maintenance workshops. On the flipside, S4 (Short 
distance of the green miles project) is considered a barrier that would be a challenge 
that companies and authorities are required to deal with. After discussing the results 
of the SWOT-PESTEL analysis with the combination of AHP, the essential factors 
that enable and hinder the implementation of EVCs in freight transportation are 
summarized in Table 7.

The main objective of the transport activity is to minimize its energy consumption 
and avoid congestion on the main roads. Monitoring of various key points such as 
the vehicle fill rate, the number of group deliveries, the share of alternative modes 
of transport to the road, the number of tons of carbon dioxide emitted in relation 
to the mode of transport used, kilometres travelled, weight transported is essential. 
Sustainable logistics therefore aims to disseminate sustainable development, while 
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minimizing its environmental and social impacts. These goals can span the entire 
supply chain and results in various performance effects that need to be assessed. 
Sustainable transportation strategy aims to improve the social, economic, and 
behavioural status of sustainable transportation while respecting the environment 
for green and healthy future. The impact of transportation on the environment could 
be reduced by achieving a set of objectives that directly or indirectly relate to the 
environment and thus the sustainable transportation strategy could be achieved. 
Reducing the carbon footprint by using environmentally friendly transportation 
such as bicycles or walking which have massive benefits, such as reducing traffic 
congestion, reducing greenhouse gas emissions, reducing transport costs, and many 
other benefits. Not all these solutions are one hundred per cent efficient, but they 
contribute in one way or another to the improvement of the sustainable transportation 
strategy.

CONCLUSION

The analysis of the study has shown that there is a wide variety of leading factors, 
which could facilitate the implementation of electric freight vehicles in Morocco. 
There is also a consensus between the different stakeholders on the importance of 
sustainability in the transportation sector. However, some constraints will stand in 
the way of this implementation. The interviewed experts raised their concerns about 
the environment and considered that the development of renewable energy stations 
is an enabler of clean transport adoption. The PESTEL-SWOT analysis represents a 
powerful tool that helped the authors in pinning down the main factors linked to the 
research question internally and externally. Moreover, it has yielded a set of leading 
indicators to be exploited and other lagging indicators to be alleviated. The AHP 
method was applied to quantify the factors revealed in the SWOT-PESTEL analysis. 

Table 7. Major leading and lagging factor Source: Authors’ own elaboration

Major Leading factors Major Lagging factors

T3. Increased development of battery technology in 
recent years

V2. The source of the electricity is still fossil fuel 
stations

T3. Increased development of battery technology in 
recent years

L1. Absence of a regulatory framework on 
sustainable mobility and energy sales by charging 
stations operators

V1. Establishment of an automotive ecosystem in 
Morocco T2. Lack of skilled labour for maintaining ECVs

L2. State exemplarity S4. Short distance of the green miles project
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The limits of this study emerge from two major aspects. On one hand, it does not 
include the perspectives of other stakeholders like policymakers that are strongly 
involved in decision making, especially, when it comes to the implementation of 
new technologies. The inclusion of other stakeholders will be for future research to 
implement. On the other hand, in terms of the methods used, pairwise comparisons 
of indicators have resulted in important insights for the study. However, it would 
be richer if the comparisons were between each individual indicator and the others 
and that might cost more time and energy to realise.
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KEY TERMS AND DEFINITIONS

Electric Vehicles: The electric vehicle is a vehicle that draws its energy from 
electric batteries or a fuel cell. It is opposed to the thermal vehicle, which itself is 
powered by the energy of a fossil fuel or a biofuel. The electric vehicle comprises 
one or more electric motors.

Logistics: Logistics is one of the most vital functions of the economy and is a 
service activity which aims to manage the flow of materials by making available 
and managing resources corresponding to needs, to economic conditions and for 
a determined quality of service, under satisfactory safety and security conditions.

Multi-Criteria Decision-Making (MCDM) Approach: One of the most 
well-known branches of decision theory is MCDM. It is a subdivision of the larger 
class of Operations Research (OR) models that deal with decision problems in the 
presence of many decision criteria. MCDM could be divided into Multi-Objective 
Decision Making (MODM) and Multi-Attribute Decision Making (MADM) and 
each approach has its own distinct features.

Renewable Energies: Renewable energies all energies produced via a so-called 
“inexhaustible” energy source, which regenerates easily. There are five major families 
of renewable energies. Solar photovoltaic and thermal energy refers to electricity 
produced from photovoltaic panels and heat produced via thermal collectors. Wind 
power is energy created from the wind. There are two types: onshore and offshore. 
In both cases, the wind turns blades connected to the wind turbine generator, which 
transforms the mechanical energy of the wind into electrical energy. Hydraulic 
energy is obtained by harnessing the motive power of water. Energy is created by 
passing water through turbines, thereby transforming the force of currents into 
electrical energy. Biomass energy is energy from combustion or anaerobic digestion. 
Geothermal energy is the use of energy contained in the basement to transform it 
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into a source of heat and electricity. It is inexhaustible, stable, clean energy that is 
available all year round without interruption.

Sustainability: Sustainability can be defined as the ultimate goal of achieving 
a fulfilling life while respecting the boundaries of nature, which suggest, therefore, 
that sustainable development is the process of achieving sustainability.

Sustainability Transport Strategy: Sustainability transport strategy can be 
defined as when the community tries to provide commuters the means of transport 
that efficiently meet environmental, economic, and social aspects by mitigating 
unnecessary impacts and their associated costs, over pertinent space, and time factors.

Transportation: Transportation is the action of transporting someone or 
something or the process of being transported. Goods transport includes any 
movement of goods on board any mode of transport: rail, road, river, sea, air, etc. 
It is measured in tonne-kilometres or, on a given route, in tonnes.

Urban Logistics: Urban logistics covers all the activities inherent in the transport 
of goods in the city. Located at the crossroads of the challenges of urban development, 
economic dynamics, and quality of life, it is taking a growing interest in the overall 
functioning of the city and its management requires efficient rationalization of its 
components.

ENDNOTES

1 	 Alternative Fuels Data Center (2018) All-Electric Vehicles. Available online: 
http://www.afdc.energy.gov/vehicles/electric_basics_ev.html. (accessed on 23 
April 2020).

2 	 Norwegian Postal service.
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ABSTRACT

Biomass energy is an essential and sustainable type of energy for today and the 
future because it is produced from renewable sources and is environmentally friendly 
compared to fossil-based energy. Biomass energy is the only renewable energy source 
that creates social and economic impact together. It creates added value, provides 
employment, and creates new tax opportunities in many fields from agriculture to 
industry, from the transportation sector to the banking insurance sector. While other 
renewable energy sources cannot be stored, the energy obtained from biomass can 
be stored. In this aspect, energy production from biomass stands out from other 
renewable energy sources. One of the crucial handicaps in evaluating biomass 
as an energy source is the collection of biomass. Biomass is produced in different 
amounts in different village centers, while country roads are suitable for trucks of 
different sizes. In this chapter, the multi-capacity vehicle routing problem is modeled 
for biomass collection in village centers at different production capacities.
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INTRODUCTION

Due to the rapid increase in the world population in the last century, the required 
energy is increasing daily (Trivedi et al., 2008). In addition to rapid population growth, 
technological developments cause the need for energy to increase exponentially from 
year to year. Developed countries are constantly trying to increase energy supply to 
meet increasing energy needs (Binswanger, 2001). With the increase in industrial 
production and the opening of global markets, the consumption of fossil resources, 
which is the most basic energy, has reached very high levels worldwide (Yergin, 
2006). With the decrease in the total reserves of carbon-based fuels in traditional 
production systems and the emergence of their wastes as global climate change, 
renewable energy sources have come to the fore (Alniak, 2011).

Unlike fossil fuels, renewable energy sources can be used continuously. Renewable 
energy sources have disadvantages compared to fossil sources. This disadvantage 
is transporting raw materials from the source to the power plant, selecting suitable 
regions. Suitable regions should be determined, and feasibility studies should be 
carried out to produce renewable energy sources. Limited installation areas and high 
costs are barriers to renewable energy sources (Nalan et al., 2009).

The use of renewable energy sources has different limits and constraints. The 
most important of these constraints is that it is difficult to balance while the grid is 
fed from edible energy sources, and the energy produced cannot be stored. Unlike 
other renewable energy sources, the energy obtained from biomass can be stored 
in gas (such as methane).

The installation site is vital so that the biopower plant can be fed continuously 
with waste in the collection areas. Different studies have been carried out for the 
types of raw materials used in power plants where various types of waste are used 
as inputs. While producing biogas from biomass, industrial and agricultural organic 
wastes are used in energy production by many processes (Schievano et al., 2009). 
Fermented manure, produced at the end of this biological process, also supports 
increased agricultural productivity (Ocal, 2013). When energy needs and constraints 
are considered together, it is necessary to diversify renewable energy sources to 
solve this problem (Kumar & Jayanti, 2021). Biomass energy has been the primary 
renewable energy source from the first age to the present (Liserre et al., 2010). Many 
countries in the world also use biomass energy among renewable energy sources. 
While Austria provides 13% of its energy from biomass energy, Sweden provides 
16% of its energy needed from biomass (Karayilmazlar, 2011).

Boi mass is an essential type of renewable energy source. However, it has 
disadvantages compared to other renewable energy sources. The biggest problem 
encountered in renewable energy production is collecting biomass from its source 
and transporting it to the power plant. The cost of the collection process cannot 
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be more than the return of the energy to be produced. Installation site selection, 
collection routes, and vehicle types need to be planned cost-effectively. This study 
focuses on reducing transportation costs in biomass collection. The multi-capacity 
vehicle routing problem is modeled to minimize transportation costs.

This chapter consists of six sections. Past studies about the considered problem 
are presented in the second section. The main focus of this chapter is presented 
in the third section. The classical vehicle routing problem, the road and capacity-
constrained vehicle routing problem for biomass, and the simulated annealing 
algorithm used for solving the problem are included in the fourth section. The data, 
results, and findings are presented in the fifth section. The obtained numerical results 
are comprised in the fifth section. The future work and conclusion are presented in 
the sixth and seventh sections.

BACKGROUND

One of the most crucial problems of century 21st century is global climate change 
(Jacob & Winner, 2009; Karl & Trenberth, 2003; Misra, 2014). The gaseous emission 
effect of fossil resources has accelerated environmentally friendly energy resources 
(Dincer, 2000). To meet the increasing energy need, the resources to be added to the 
system are selected from renewable energy sources instead of fossil-based production 
(Aworanti et al., 2017).

Biomass primarily refers to plants or plant-based materials (McKendry, 2002). 
Biomass material can be used directly by combustion to generate heat or convert 
it into various biofuels. Biomass harvesting is usually carried out at the same site 
or immediately after harvest as a land management tool (Naughton-Treves et al., 
2007). Biomass harvesting can also be done on fallow lands where harvesting does 
not occur. The use of uncultivated lands in biomass harvesting is an alternative 
source of income in agriculture (Kohlheb & Krausmann, 2009). In areas with dense 
forest cover, it is threatened by insects, disease, drought, and fire. The thinning of 
dense forest cover is one of the essential tools in combating these threats (Spinelli 
& Magagnotti, 2010). Another source of biomass is animal excrement and forage 
crops, which are produced due to animal husbandry and agriculture (Piscioneri 
et al., 2000). The wastes generated after the meat processing processes in the 
slaughterhouse can be counted among the biomass inputs. Using biomass resulting 
from dilution, livestock, and meat processing as a renewable energy source plays 
an essential role in reducing energy production costs (Vida & Tedesco, 2017). It 
is obtained by using ethanol, an alcohol type, and biodiesel or methane gas, a fuel 
type, by using biomass.
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With the growing world, the population was increased biomass potential and 
agricultural supply (Polat, 2021). This increase also reveals the potential for energy 
production from biomass. Compensating the energy need from different sources is 
also essential for energy supply security. Diversification of energy sources gives 
confidence in the energy supply in times of possible crisis (Ajansı, 2016).

In addition to plant wastes, animal wastes also have a high biomass potential. 
Energy efficiency varies according to the type of waste and its processes (Mutlu, 
2019). Different sources affect the amount of energy produced and the production 
process (Wzorek et al., 2021). While producing biomass energy, which is carbon 
neutral, the energy produced from combustion is also more efficient than animal 
wastes (Pahla et al., 2017).

The gasification process in bioenergy production is a technology in which 
fertilizer and all kinds of organic waste feed the reactor (Mazaheri et al., 2019). It 
offers a range of benefits, including energy recovery from solid waste, a significant 
reduction in total waste, and environmental and water pollution (Haugen et al., 2015).

In addition, enzymatic processes in biofuel production also affect the yield of 
biofuel (Bhushan et al., 2021; Hajinajaf et al., 2021). Processes powered by bacteria 
and microalgae to reduce the cost of biomass production (Iasimone et al., 2021). In 
addition, the efficiency of biomass energy can be increased by chemical processes 
(Jin et al., 2020).

The livestock sector consists of farms of different sizes. Wastes generated in farms 
due to grazing animals in natural environments vary. The reasons for the different 
sizes of farm scales and the grazing of animals in the pasture are another problem 
in front of the total biomass (Salihoglu et al., 2019).

The amount of raw material supply is vital in determining biomass power plant 
location and the plant power capacity (Liu et al., 2021) (Çepelioğullar & Pütün, 2014). 
The technical, environmental, economic, and social effects of demand-oriented and 
participatory approaches and their relationship with other sectors should be analyzed 
to establish a sustainable bioenergy system (Röder et al., 2020).

While carrying out the feasibility studies, the population in the region, the number 
of settlements, the physical locations of the settlements, the number of animals, the 
amount of agricultural waste, and the energy need should be considered (Vitali et 
al., 2013). Bovine and ovine waste is usually collected after drying (Jayathilakan et 
al., 2012; Polprasert, 2007). Wastes collected from the region are transported to the 
power generation plant by vehicles. Animal and agricultural wastes are processed 
according to energy production processes, and biofuel is obtained. The obtained 
biofuel is used to produce different types of energy (Ajansı, 2016).

Transportation costs are one of the most critical handicaps in converting biomass, 
an input in renewable energy sources, into energy (Azevedo et al., 2019). Collecting 
biomass from its source and transporting it to the processing plant is a crucial cost 
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resource for businesses. Different methods have been developed in the literature to 
reduce costs. Cultivating innovative biomass types such as microalgal biomass is 
recommended to reduce harvesting costs (Zhu et al., 2018). The biomass accumulation 
at its source depends on the amount and type of biomass and potential fuel energy 
(Toklu, 2017). Waste collection order, equipment used, collection method, and 
erosion control are issues to consider when collecting agricultural waste (Johnson 
et al., 2012). It has been reported that the type of transport vehicle and the packing 
method of the payload should be evaluated to reduce transportation costs (Singh 
et al., 2010).

Another parameter to be considered in energy production using biomass is storage 
costs (Voivontas et al., 2001). The supply chain plays a vital role in collection and 
storage costs. It has been proposed to use mixed-integer linear programming (MILP) 
to determine the biofuel supply chain, plant location, plant capacity, and operational 
biofuel production volume (Zhang & Hu, 2013).

Mathematical programming models were proposed to determine the biomass 
supply’s economic potential (Chen, 2016). The distribution of temporal and spatial 
costs of agricultural wastes influences establishing a bio plant (Kingwell & Abadi, 
2014). The main parameters affecting the are the capacity and the distribution 
biomass (Voivontas et al., 2001).

Route and yield analysis must also be done correctly (Cao, et al., 2021). Given the 
predetermined supply of biomass resources, a mixed-integer programming model was 
established to identify the best spots for biomass collection facilities and associated 
vehicle routes (Shabani & Sowlati, 2013; van Dyken et al., 2010). A hybrid heuristic 
is developed to address the computational complexity in a variable neighborhood 
search framework (Cao, Wang, et al., 2021). Integer linear programming formulations 
of multi-vendor problems need to be calculated when constructing a mathematical 
model of a biomass plant supplied from different points (Kara & Bektas, 2006). 
Another method used to solve the deterministic vehicle routing problem is the branch 
boundary algorithm (Archetti et al., 2007).

In the vehicle routing problem, the sum of the distance from the source points to 
the demand point is considered. The vehicle routing problem literature was examined 
in the biomass supply chain problem. While creating the biomass supply chain, the 
most significant distance of the supply points in priority order is one of the methods 
used in sequencing. In addition, new heuristic algorithms are proposed in ordering and 
prioritizing supply points (Li et al., 2017). The expected level of carbon reduction in 
biomass logistics has been taken into account. A location guidance model is proposed 
to determine biomass collection stations and routes by using a genetic algorithm (Li 
et al., 2019). Reducing transportation costs is very important for biopower plants. 
The vehicle routing problem in biomass collection is necessary for establishing and 
operating the bioenergy supply chain. A dual-objective MILP was developed, and a 
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Genetic Algorithm was used to solve the problem (Rabbani et al., 2020). The critical 
activities in biomass logistics can be summarized as harvesting and collection, storage, 
and transportation. Parameters such as demand-driven collection, type of biomass 
(dry, wet), and transport distance are included in the logistics model (Malladi & 
Sowlati, 2018). In-vehicle routing problems, deterministic versions where all data 
are known are examined. The dynamic models created by taking instant data from 
vehicles and supply points can be solved using artificial intelligence techniques by 
using up-to-date computing technologies (Gendreau et al., 1999).

Vehicle routing problems created for biomass collection are limited in capacity. 
The Capacity Vehicle Routing Problem (CVRP) is one of the problem types that 
has been widely studied in the literature. Many heuristics and meta-heuristics have 
been proposed to solve CVRP. Comparison of the proposed heuristics and meta-
heuristics is a separate research topic (Hosseinabadi et al., 2017). Evolutionary 
algorithms are another method used in VRP models where stochastic demands are 
met (Niu et al., 2021).

This study aims to consider the vehicle routing problem, which can be applied 
in different disciplines in biomass collection processes—creating a vehicle routing 
model for biomass collection and developing a technique for solving the established 
model. Thus, it is possible to reduce the costs of the enterprises that produce energy 
using biomass and increase the operating efficiency.

MAIN FOCUS OF THE CHAPTER

As the population increases, the need for energy increases. It meets its energy needs 
by using different sources. Energy is commonly obtained from fossil fuels. The 
adverse effects of fossil fuels have become an undeniable reality today. Renewable 
energy sources are the best alternative to fossil fuels. Unlike fossil fuels, renewable 
energy sources are inexhaustible and can be used continuously. Biomass energy, 
one of the renewable energy sources, can be obtained from plants, organic waste, 
animal feces, and garbage.

Renewable energy sources also have disadvantages compared to fossil sources. In 
energy production from biomass, this handicap is transporting raw materials from the 
source to the power plant. The transport process has a cost. It is a decision problem 
which route will be used in the transportation process and what the capacities of the 
transfer vehicles will be. Taking the raw material from its source and transporting 
it to the power plant should be planned effectively. The most significant factor in 
reducing costs is to keep the costs at an acceptable level while collecting biomass. 
In literature, biomass collection has been considered a part of the supply chain.
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Nevertheless, decision-makers should use cost functions to determine the 
collection routes and plan the vehicle type suitable. The cost function used should 
reflect the real-life model. The road types used along the route on the travel times 
should be calculated while determining the cost function. If a vehicle type suitable 
for the route is not planned, it should be reflected in the mathematical model as a 
penalty cost. In addition, vehicles have a load capacity for transport. The payload 
which can collect must be within the the capacity of the vehicle.

The biggest problem encountered in renewable energy production is collecting 
biomass from its source and transporting it to the power plant. However, the cost of 
the collection process cannot be more than the return of the energy to be produced. 
There are two main cost items of the collection process: the procurement cost, and 
the other is the transfer cost. The supply cost depends on the contract between the 
buyer and the seller, factors such as exchange rate policy. The cost of transport 
directly depends on the efficiency of transport planning. This study focuses on 
reducing transportation costs in biomass collection. The multi-capacity vehicle 
routing problem is modeled to minimize transportation costs. The model is solved 
by using a randomly generated dataset annealing simulation.

METHODOLOGY

This section discusses the vehicle routing problem for planning vehicle routes and 
optimizing costs in biomass collection. The capacity-constrained vehicle routing 
problem is examined in which road condition and vehicle capacity constraints 
are included in the cost function. The biomass supply quantities are considered 
deterministic. The number of routes and the types of vehicles used for transportation 
are also previously determined. Unlike previous studies, the VRP cost function is 
modeled as a combination of distance, road state, and transport vehicle type between 
supply points and biopower plants. Different capacity types for vehicle types are 
included as a constraint to the VRP model. The Simulated Annealing solved the 
proposed model.

The Vehicle Routing Problem

Vehicle routing can be defined as distributing products from warehouses to specific 
customers in the logistics system and collecting products from customers. When 
looking at a multi-stage logistics system, the vehicle routing problem comprise 
manufacturer, commercial goods, transfer vehiclei customers, and demand.

The distribution phase consists of delivering the products purchased from the 
manufacturer to the customers. At this stage, each vehicle moves one customer to 
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the other, finishes the route, and returns to the center after distributing products as 
much as each customer’s demand. Therefore, the warehouse can be defined as where 
the vehicles start their route and return. The road has the same standard along the 
transport vehicles’ route in the classical vehicle routing problem.

In the literature, the vehicle routing problem has been examined under four 
headings: capacity-limited vehicle routing problem, distance-limited vehicle routing 
problem, vehicle routing problem with multiple warehouses, first distributed and 
then collected simultaneous and mixed collect-distribute vehicle routing problem, 
first distribute and then collect vehicle routing problem. The representation of the 
classical vehicle routing problem is presented in Figure 1.

In the capacity-constrained vehicle routing problem, each vehicle has unique 
capacity. The demand and vehicle capacities of the customers are determined in 
advance. Vehicles start their movement from the warehouse, return to the warehouse, 
and end their route. The capacity-constrained vehicle routing problem is modeled 
using the number of supply points (N), the amount of demand at the node (q), and 
the number of vehicles used for transportation (K). The demand amount of the 
customers to be visited by each vehicle should not exceed the vehicle’s capacity 
(VC). The main point to be considered in this type of problem is that all vehicles 
start their movement from the warehouse and return the vehicles to the warehouse. 
Travel time from customer i to customer j is cij, if vehicle k is moving from customer 

Figure 1. Classic vehicle routing problem
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i to customer j, xijk is equal to 1 otherwise xijk is equal to 0. The objective function of 
the capacity-constrained vehicle routing problem is presented in Eq.1.

min z x c
k
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ij ij
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	 (1)

The constraint that determines that each customer is visited by only one vehicle 
is presented in Eq.2.
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The constraint limiting sending each vehicle from the starting point to only one 
customer is shown in Eq.3.
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If a vehicle is visiting a customer, its departure from that customer simultaneously 
is shown with Eq.4.
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Connecting only one node to the warehouse at the end of the routes is modeled 
with Eq.5.
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The constraint created that the amount at the supply points cannot exceed the 
vehicle capacity is presented in Eq.6.
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The constraint of variables being positive Eq.7, the binary constraint that takes 
the value 1 and 0 depending on whether k vehicle goes from customer i to customer 
j is denoted by Eq.8.

Xijk≥0 ∀k∈K, (i,j)∈A	 (7)

Xijk∈(0,1) ∀k∈K, (i,j)∈A	 (8)

The maximum distance constraint of each vehicle assigned to the predetermined 
routes is shown with Eq.9.

i j
ijk ijkc X T

� �
�� �

0 0

	 (9)

The Multi-Capacity Vehicle Routing for Biomass

Vehicle routing problems in biomass collection and classical vehicle routing problems 
have differences in terms of terminology. The route of collecting biomass does not 
always have the same standards. While some of the roads have asphalt ground, some 
have dirt ground. While a particular part of the road has the desired width, some 
are relatively narrow. The roads between the biopower plants established in the 
countryside and the biowaste supply point are divided into three main categories. 
These categories are double-lane asphalt road (DLAR), single-lane asphalt road 
(SLAR), and single-lane dirt road (SLDR). In addition, the route may consist of 
different road types. While some of the routes are double-lane asphalt roads, some 
can be single-lane dirt roads. A safety factor is defined for each different road type.

The vehicle capable of traveling safely and economically in traffic on each road 
type should be planned on the route. If the route consists of more than one road type, 
the suitable vehicle for the road type with the lowest safety factor should be planned. 
Different speed and tonnages limits are regulated for different vehicles types on 
routes. The vehicles’ fuel consumption and travel times also change depending on 
this change. Under these considerations, including the road safety coefficient and 
the planned vehicle type in the cost function and the length of the road that affects 
the travel time will make the vehicle routing problem for the biomass more realistic. 
The illustration of the vehicle routing problem for biomass collection is presented 
in Figure 2. At the biomass supply points, the amount of waste is modeled similarly 
to the customer demand in the vehicle routing problem. The vehicle moves from 
the biopower plant or the regional storage center in biomass collection. The vehicle 
returns to the starting point by loading from farms.
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Vehicles with different capacities are used in the vehicle routing problem for 
biomass collection. Vehicles start action from the biopower plant, visit the biowaste 
supply points on the route and return to the biopower plant and end route. The 
amount of biomass to be collected at the supply points and the vehicle capacities 
are predetermined. Capacity constrained vehicle routing problem, N is the number 
of biowaste supply points, q is the amount of waste at the supply point, K is the 
number of vehicles used for collection.

The effect of the vehicle type on the cost is accepted as 𝜗l, provided that the road 
safety coefficient Sij from the starting point i to the target point j, the distance dij, 
the number of different types of vehicles used for transfer is l. The cost function is 
rewritten as presented in Eq 10.

cij = dij(1 / Sij𝜗l)	 (10)

Using the cost function presented in Eq.10, the objective function of the vehicle 
routing problem for biomass is written as Eq.11.
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Figure 2. Vehicle routing problem for biomass collection
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The sum of the biomass supply amount to be visited by each vehicle should not 
exceed the capacity of the type l vehicle (VNl). The travel time from supply point i 
to supply point j is cij, xijk=1 otherwise xijk=0 if vehicle k moves from customer i to 
customer j. The constraint presented in Eq.2 is used if each customer is visited by 
only one vehicle. The constraint determines that each vehicle sent from the starting 
point is sent to only one supply point (see Eq.3.) If a transfer vehicle’s vehicle is 
visiting a supply point, Eq.4 is used for the constraint to move at that supply point 
simultaneously, Eq.5 is used for the constraint of only one node to connect to the 
warehouse at the end of the routes. To amount at the supply points to exceed the 
capacity of the l vehicle type, Eq.6 is revised and used in Eq.12.
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Positive variables in the routing problem The constraint presented in Eq.7 is 
written. Eq.8 is written for the assignment constraint [0,1], which takes the value 
of 1 if the k vehicles move from customer i to customer j. Eq.9 is written for the 
maximum distance constraint that each vehicle assigned to the determined routes 
can travel. The revised model, which contains objective function and constraint for 
biomass collection presented in Eq.13.
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Simulated Annealing

The simulated annealing (SA) aims to find the optimal solution with the initial and 
randomly generated neighbor solutions (Kirkpatrick et al., 1983). The advantage of 
panning simulation compared to swarm-based optimization techniques is that SA 
does not get stuck on local goodness by sacrificing the improvement in the objective 
function and can obtain better solutions in the subsequent iterations (Brooks & 
Morgan, 1995). The function of the annealing process is to start from a solution 
at a sufficiently high temperature and gradually decrease the temperature to cycle 
between good and bad solutions and finally arrive at the best solution (Romeo & 
Sangiovanni-Vincentelli, 1991). To show the objective function value of any solution 
in a minimization problem z, the steps of simulated annealing are as follows. The 
steps of Simulated Annealing are presented in Table 1.

The number of iterations of the annealing simulation is controlled by the cooling 
coefficient and the initial temperature. Temperature T is a parameter that controls the 
probability of the algorithm accepting bad solutions. High temperatures can cause a 
completely random walk, increased resolution time, or poor performance. On the other 
hand, low temperatures can lead to the path to the best being overlooked. Therefore, 
the temperature should be kept high at the beginning and gradually reduced as the 
research progresses. The flow algorithm of the simulated annealing is shown in 
Figure 3. Biomass vehicle routing has some differences from the classical vehicle 
routing problem. Vehicles depart from the same biomass storage center. They visit 
supply points. Biomass loading is done at each supply point. The total biomass 
loaded on the vehicle cannot be greater than the vehicle’s capacity. However, the 
distance that the transport vehicle can travel is limited. This intent can vary from 
business to business. While the constraint is the shift time in the companies that 
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collect on a triple shift basis, it is the fuel tank capacity for the transport vehicles 
that cannot refuel on the route.

The initial solution is randomly generated. The number of elements of the initial 
solution (I+J-1) is the permutation matrix, provided that the number of supply 
points (I) and the number of routes (J) in the initial solution are. The order of the 
elements with the permutation matrix elements greater than I is found, and the 
matrix is divided into the number of routes. The type of truck used on each route 
is randomly generated as many as J routes. The vehicle capacity assigned to the 
route is compared with the total waste amount at the supply points on the route. If 
the vehicle capacity is insufficient, the permutation matrix is created again, and the 
process is repeated. The route is a permutation of supply points. When generating 
a neighboring solution, the previous solution is used to order the supply points. 
The supply points at two randomly selected positions in the permutation matrix are 
interchanged, and the same solution is obtained. The graphical representation of 
obtaining the neighbor solution is shown in Figure 4. The pseudo-code for creating 
the initial solution is presented in Table 2.

Table 1. The steps of simulated annealing (SA)

Step 1: Randomly generate an initial solution that meets the constraints S
Step 2: Calculate objective function value Z
Step 3: The current solution is Sc=S and the best solution is SB=S.
        The urrent solution objective function value is Zc=Z
        The est solution objective function value is ZB=Z.
Step 4: Set algorithm parameters 
        Detemine initial temperature T 
        Assin final temperature Te
        Assin cooling rate Cr
Step 5: Repeat the loop T<Te
        Create a neighbor solution SN
        Calculate neighbor solution objective function value ZN
        Calculate ∆Z=ZS–ZN
            If ∆Z>0 
               SC=SN, ZS=ZN
            Else 
        Generate a random number RN in the range [0,1] 
            If RN � �

e
Z T� /  then SC=SN, ZS=ZN

               T=TxCr
            If CB–CS>0 then SB=SC, ZB=ZC
Step 6: Output SB and ZB
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Figure 3. The simulated annealing flowchart

Table 2. Initial solution pseudocode

GET supply points number (I)
GET routes number (J)
  Loop solution.feasible =TRUE 
    Randperm(I+J–1);
    q=find(Sol>I);
    Split q to J piece and get Routes

    Sum supply quantity of each Route 
j

J

i

VN

ijr
� �
��

1 1
        Assign a vehicle type to each route VRA=randi(VN,1,J) (VN: available vehicle number) 

        if VC j r
j

J

i

VN

ij� � �
� �
��

1 1
           then solution.feasible= TRUE 
           else solution.feasible=FALSE 
Output solution
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SOLUTIONS AND RECOMMENDATIONS

This study focuses on reducing transportation costs in biomass collection. The 
multi-capacity vehicle routing problem is modeled to minimize transportation costs. 
The model is solved by using a randomly generated dataset annealing simulation.

Data

The data used in this study were randomly generated. It is assumed that there 
are three different routes on the planning route. It is accepted that transportation 
operations are carried out with five different types of vehicles. Vehicle types and 
carrying capacities are presented in Table 3.

It is assumed that there are ten different supply points on the planning route. 
The amount of bio-waste supplied at each supply point was randomly generated 
and presented in Table 4.

Figure 4. Generating the neighboring solution

Table 3. Vehicle types, impact on costs and carrying capacities

Vehicle type 1 2 3 4 5

Cost Impact 1 2 4 6 8

Vehicle Capacity (tons) 4 6 10 20 30

Table 4. Supply points and amount of bio-waste

Supply point 1 2 3 4 5 6 7 8 9 10

Bio waste quantity 2 5 1 2 1 3 5 7 2 7
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The distance of the supply points to each other and the biopower plant was 
randomly distributed between 0 and 200. The distances are presented in Table 5.

It is assumed that there are three different road types between the supply points 
and the biopower plant installation site. These road types are double lane asphalt road 
(DLAR), single-lane asphalt road (SLAR), and single-lane dirt road (SLDR), and 
their Sij values are taken as 1, 0.95, 0.9, respectively. The road state cost coefficients 
are presented in Table 6.

Table 5. Distances

Destination PC SP 1 SP 2 SP 3 SP 4 SP 5 SP 6 SP 7 SP 8 SP 9 SP 10

PC 0 28 30 78 50 20 80 108 80 98 120

SP 1 28 0 32 45 45 48 85 120 130 110 80

SP 2 30 32 0 91.83 15 50 65 80 1113 137 110

SP 3 78 45 91.83 0 140 98 140 180 90 57 43

SP 4 50 45 15 140 0 66 26 50 71 160 165

SP 5 20 48 50 98 66 0 85 89.4 55 96 180

SP 6 80 85 65 140 26 85 0 58 46 130 206

SP 7 108 120 80 180 50 89.4 58.6 0 33 117 210

SP 8 80 130 1113 90 71 55 46 33 0 70 157

SP 9 98 110 137 57 160 96 130 117 70.2 0 84

SP 10 120 80 110 43 165 180 206 210 157 84 0

Table 6. Road state cost coefficients

Destination PC SP 1 SP 2 SP 3 SP 4 SP 5 SP 6 SP 7 SP 8 SP 9 SP 10

PC 0 1 0.95 1 0.9 1 0.9 0.9 1 1 1

SP 1 1 0 0.95 1 0.9 1 0.9 0.9 1 1 1

SP 2 0.95 0.95 0 0.95 0.9 0.95 0.9 0.9 0.95 0.95 0.95

SP 3 1 1 0.95 0 0.9 1 0.9 0.9 1 1 0.9

SP 4 0.9 0.9 0.9 0.9 0 0.9 0.9 0.9 0.9 0.9 1

SP 5 1 1 0.95 1 0.9 0 0.9 0.9 1 1 0.9

SP 6 0.9 0.9 0.9 0.9 0.9 0.9 0 0.9 0.9 0.9 1

SP 7 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0 0.9 0.9 0.9

SP 8 1 1 0.95 1 0.9 1 0.9 0.9 0 1 0.9

SP 9 1 1 0.95 1 0.9 1 0.9 0.9 1 0 1

SP 10 1 1 0.95 0.9 1 0.9 1 0.9 0.9 1 0
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RESULTS AND FINDINGS

The simulated annealing algorithm developed for the vehicle routing problem for 
biomass collection was run in Matlab 2018. The cooling rate (Cr) was taken as 0.99. 
The initial temperature (T0) is assumed as 1000 degrees. The proposed objective 
function equation (see Eq.11) for the vehicle routing problem in biomass collection 
was used. Thus, more realistic decision-making has been enabled by including the 
state of the road between the supply points and the center and the cost-effectiveness 
ratio of the vehicles used for transportation into the objective function. The algorithm 
was run on Win10 64 bit operating system installed on an I5 processor and 8 GB 
memory.

As a result of running the algorithm, three different routes were determined. 
Vehicle number 4 is planned for the first route, number 3 for the second route, and 
number 5 for the third. The capacities of the transport vehicles are 20, 10 and 30 
tons, respectively.

The order of visits of the transport vehicles of the routes and supply points is 
presented in Table 7. It has been proposed to have supply points 4, 7, 8, and 3 on Route 
1. Route 1’ vehicle number 4 is planned. The load capacity of vehicle number 4 is 20 
tons, and the maximum amount of biowaste collected from the supply points on the 
route is 15 tons. Vehicle number 1 is planned for Route 2. The maximum amount of 
waste collected from route two supply points is 1 ton, and vehicle number 1 with a 
capacity of 4 tons is planned. Route three consisted of supply points 2, 1, 9,6, and 10.

The maximum amount of waste collected from Route 2 supply points is 
19 tons, and vehicle number 4, with a capacity of 20 tons, is planned. Vehicle 
capacity constraint is provided for all three routes. The graphical representation 
of the solution is defined in a 200x100 pixel area. The x and y coordinate points 
used for the graphical representation of the solution are presented in Table 8. The 
supply points coordinates, and biopower plant center coordinates are SP (in), PC 
respectively. The connections of the solution between supply points and bio plant 
are shown in Figure 5.

Table 7. Route and solution

Supply points

Route 1 4 7 8 3

Route 2 5

Route 3 2 1 9 6 10
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The hundredth iteration of the algorithm reached the best objective function value. 
The objective function value was determined as 1270.187. As a result of running 
the algorithm, the best objective function & iteration graph is presented in Figure 6.

FUTURE RESEARCH DIRECTIONS

Energy is one of the resources that societies and states need. The energy needs 
must be met uninterruptedly and safely. The preferred energy source should be 
sustainable, environmentally, and cost-effective. The solution to the energy problem 
is in a structure that requires cooperation and coordination. The choice of energy 
source is a strategic decision, and therefore, it is of great importance to determine a 
practical decision-making approach. Evaluating energy resources to determine the 
most suitable one for energy production requires simultaneous evaluation of many 
decision criteria in terms of decision making.

Table 8. Coordinate matrix

PC SP 1 SP 2 SP 3 SP 4 SP 5 SP 6 SP 7 SP 8 SP 9 SP 10

X 110 113.1 141.3 54.5 164.5 123.3 152.9 196.5 153.5 81.7 12

Y 56 85.3 75.1 60.3 56.7 34.9 37.1 19.5 10.3 13.3 41.5

Figure 5. Connections between supply points and biopower plant
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The environmental, socio-cultural, and economic effects of renewable energy 
resources can be examined. Thus, the environmental effects can be revealed, and 
the national park areas that need to be protected can be determined, or conservation 
programs can be developed. For power plants that produce energy from biomass, 
studies can be carried out in river, river, and lake areas, considering the distance to 
water areas. The most critical environmental problem that may occur in wind turbines 
is noise. When choosing the installation site of wind power plants, an examination 
can be made on the choice decision where there is no settlement, or the noise is felt 
very little due to altitude differences. Multi-criteria decisions and techniques can 
be used for potential site compatibility with renewable energy sources.

The cost of alternative routes can be inspected by taking a fixed value for the 
number of routes and supply points. Other techniques in the literature can be used to 
generate neighbor solutions in annealing simulation. The data used in the workshop 
can be used instead of randomly generated.

CONCLUSION

One of the biggest problems of our age is global climate change. As the pressure 
of global climate change on society, state, economy, and the gas emission effect 
of fossil resources increases, the use of environmentally friendly energy resources 

Figure 6. Best objective function and iteration graph
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has gained momentum. To meet the increasing energy need, research on renewable 
energy sources, reducing costs, and increasing efficiency gain importance.

In this study, vehicle route optimization and vehicle planning on routes were 
inspected to reduce the cost of biomass collection in energy generation using biomass 
wastes. Unlike the literature, the state of the road between the supply points and the 
center is modeled for the classical vehicle routing problem. A constraint has been 
added to meet the amount of biomass collected for the transport vehicle capacity 
planned on the route. The data used in the multi-capacity vehicle routing for biomass 
solution are randomly generated.

A vehicle routing model developed simulated annealing algorithm for biomass 
collection was used to solve the problem. The modeled problem has been solved by 
determining the supply points that the vehicles will visit in three different routes. The 
three different routes were determined, the most suitable vehicle type was assigned 
to routes to minimize transportation costs.

The model and solution technique we have developed will significantly reduce 
the costs and increase the efficiency of enterprises producing energy from biomass.
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KEY TERMS AND DEFINITIONS

Constraint: The optimization expresses the limits of the investigated problem.
Cost Function: Function that minimizes cost and maximizes production efficiency.
Meta Heuristic: Unified version of heuristic methods. It aims to find the most 

suitable solution in the solution space by using search algorithms.
Multi-Capacity Vehicle Routing: A special version of the vehicle routing 

problem in which the capacities of the planning vehicles are taken into account.
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Objective Function: Defines the purpose of optimization. It is expressed as 
profit maximization or cost minimization.

Simulated Annealing: A probabilistic approximation technique that allows 
finding the global optimum value of a given function solution.

Supply Chain: The management of the activities of businesses, individuals and 
institutions in delivering natural resources to the end user as a final product.

Vehicle Routing Problem: An integer programming model that allows the 
determination of the route that allows the vehicles that are the basis of planning to 
visit a certain set of customers.
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ABSTRACT

Global climate change is one of the most challenging problems of today’s world and 
its effects have become more noticeable day after day. The magnitude of climate 
change is closely related to our carbon footprint, so replacing the resources such 
as petroleum, coal, nuclear energy by which humankind generates their energy 
requirements with new ones is essential. The usage of renewable energy resources 
is one of the effective ways to decrease CO2 emissions and environmental pollution. 
Biomass energy is one of the promising future energies as a renewable resource. 
Therefore, many requirements should be considered and evaluated carefully to 
produce and sustain a successful biomass energy system. This chapter presents a 
review of academic research attempting to face the biomass energy sector’s problems 
using multi-criteria decision-making (MCDM) methods. Related articles in the 
international journals from 2010 to 2021 are collected and reviewed to answer 
the following questions: (1) Which methods are mainly used? (2) Which problems 
attract the most attention?
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INTRODUCTION

Industrialization and motorization are increasing all over the world. Energy demand 
is increasing in proportion to these developments, and 80% of this need is met from 
fossil fuels. Despite the rapidly increasing energy demand, the effort to meet these 
demands with limited fossil fuels has accelerated the searching to introduce new energy 
sources in the coming years. One of the main motivations in these studies is that the 
environmental damage caused by fossil fuels is becoming challenging to reverse. 
Increasing energy consumption causes an increase in GHG emissions; therefore, 
environmental damage increases. In order to meet the energy demand in the coming 
years, the world has accelerated the search for environmentally friendly, renewable, 
efficient, and cost-effective alternative energy sources instead of fossil fuels, which 
are gradually decreasing and causing an increase in GHG emissions. While countries 
are creating their energy policies, they are taking initiatives to supply their energy 
demands from cheap, reliable, and sustainable alternative sources. Alternative energy 
is a concept that expresses the substitution of other energy sources for the need for 
crude oil and thus reducing the environmental damage brought about by climate 
change. Alternative energy sources include solar, wind, geothermal, and biomass 
energy. When considering renewable energy sources, solar and wind energies are 
the first ones that come to mind. However, from the first human to this day, many 
people have used wood, fertilizer, and coal as fuel while fulfilling their daily routines 
such as cooking. Considering the increasing population, mostly living in rural areas, 
especially in developing countries, the use of these resources is undeniable.

Fuelwood consumption has increased by 250% since 1960. This fact shows us 
that this energy, which we call biomass, is an important element of renewable energy 
sources. Today, biomass energy has a share of 14% in primary energy sources. 
Every year, several million tons of agricultural waste are destroyed in different ways, 
such as incineration, land applications, and landfilling. As a result, high potential 
bio-renewable energy sources cannot be used. Biomass energy meets 35% of the 
energy needs of developing countries. It is predicted that by 2050, 90% of the world 
population will live in developing countries. Therefore, biomass energy is of great 
importance for these countries where agriculture is an important source of livelihood 
(Pathak, Chaudhari, & Fulekar, 2013).

The world population continues to increase rapidly. Today’s world population 
is twice that of 1960 and is expected to approach 9 billion by 2050 (Perea-Moreno, 
Samerón-Manzano, & Perea-Moreno, 2019). The increase in the world population 
brings an increase in energy demand. Studies show that this increase in energy need 
has an annual acceleration of 2% (Zahid, Tahir, Khan, & Naeem, 2021). Developing 
countries account for 99% of this population growth, and this increase is observed 
as 50% in urban areas. While the share of global energy in cities was less than half 
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of the energy produced in 1990, today, this rate constitutes two-thirds of the total 
energy. Fossil fuels are still used as the primary energy source in cities, and they 
constitute 70% of CO2 emissions, which is one of the causes of global warming. Air 
pollution in urban areas reaches significant levels. According to the World Health 
Organization (WHO), 90% of those living in urban areas are exposed to levels of 
environmental pollution that exceed recommended limits. 90% of all urban areas 
are located on the coastline. Rising sea levels make some cities vulnerable to danger 
in developing countries. (Perea-Moreno et al., 2019)

Different forms of biomass such as plant products, vegetation, and animal manure 
are made usable in the form of biogas and liquid fuels by utilizing thermochemical 
conversion technologies. These technologies have significantly contributed to 
reducing the need for fossil fuels. It also helps these regions develop economically 
by reducing the damage to the environment and enabling new job opportunities for 
people living in rural areas. Especially in developing countries, the emergence of 
different livelihoods helps reduce migration from rural areas to cities and prevents 
agricultural land from being idle. Due to political uncertainties, fluctuations in oil 
prices also play an essential role in developing biofuels that can replace fossil fuels. 
Many countries in the world meet their crude oil needs through export. In addition to 
environmental concerns, foreign dependency on energy causes countries to explore 
their energy potential. Efficient and cost-effective access to energy has a vital role 
in the sustainable development of countries.

Energy generation from renewable energy sources includes long-term investments 
from designing the necessary systems to implementing these systems. The decisions 
to be taken in this process include many different stakeholders. Each of these 
stakeholders has multifaceted decisions to make. Stakeholders should also consider 
essential criteria for themselves when making these decisions. In this study, multi-
criteria decision-making studies on biomass energy, one of the renewable energy 
sources, were examined between 2010-2021 years. The popularity of the methods 
used was evaluated, and the problems that these studies mostly addressed were 
investigated by examining the literature.

Biomass

Biomass is a renewable organic material. Recently, biomass has been the most common 
form of renewable energy, and its importance has increased because of the impacts 
of fossil fuels. There are high potentials of producing biofuels for heating, electricity, 
and transportation. Released CO2 from combustion and biomass utilization does 
not increase atmospheric CO2 because of the biogenic origin of biomass. Biomass 
usage enables faster transfer of CO2 into the atmosphere, which plants will adsorb to 
produce biomass again. Biomass is generally categorized based on biomass type in 
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nature and application and use of biomass as feedstock. Nature-based classification 
is the most preferred one (Tursi, 2019).

A general classification of biomass as a solid fuel resource is given in Table 1 
(Vassilev et al., 2012).

Biomass is converted to energy through different processes: direct combustion 
(burning) for heating; thermochemical conversion, which generates liquid, solid and 
gaseous fuels; chemical conversion for producing liquid fuels; biological conversion 
for producing gaseous and liquid fuels.

Direct combustion is the most widely used method for producing energy from 
biomass. Pruduced energy can be used in heating water or buildings, steam turbines, 
or industrial process heat.

Thermochemical conversion includes gasification and pyrolysis. Both processes 
use thermal decomposition, where materials are heated at gasifiers (pressurized 
vessels) at very high temperatures (400-900o C). The difference between these two 
processes is due to the amount of O2 present and temperature in processes.

The chemical conversion process is called transesterification, in which biomass is 
converted into fatty acid methyl esters (FAME). FAME is used in biodiesel production.

Biological conversion involves fermentation and anaerobic digestion processes 
that produce ethanol and renewable natural gas.

Recently, researchers have tried to improve productivity in current processes and 
also to explore other ways in converting and using more biomass

Table 1. A general classification of biomass as a resource of solid fuel

Biomass Class Examples

Wood-based barks, stems, twigs, foliage, bushes, pellets, sawdust,

Herbaceous and agricultural

grasses, flowers, straws (corn, bean, sunflower, others), fibers 
(flax, palm, coconut coir, others), stalks (corn, bean, kenaf, 
tobacco, others), shells and husks (coconut, cotton, olive, rice, 
coffee, others), pits (olive, plum, peach, others), other residues 
(seeds, cobs, food, fruits, pips, marc, cakes, others)

Aquatic
microalgae or macroalgae, freshwater or marine, unicellular 
or multicellular species (blue or red algae, duckweed, kelp, 
duckweed, water hyacinth, others)

Animal and human biomass wastes various manures, sponges, bones, others

Contaminated and industrial biomass 
wastes

solid waste from municipal areas, hospital waste, waste papers, 
demolition wood, tannery waste, fibreboard, chipboard, others
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Multi-Criteria Decision Making

Multi-criteria decision-making (MCDM) is a branch of operational research. Its 
development began in 1971. MCDM methods are applied to rank, compare, classify, 
or select multiple alternatives, including incommensurate attributes. MCDM methods 
help decision-makers find robust and consistent solutions for multi-criteria problems 
in various industries or science (Zare et al., 2016).

A typical process of a MCDM method has seven steps: problem formulating, 
defining of objectives, criteria selecting, formation of alternatives, defining scores/
weights to criteria, and selecting proper methods (Gebre et al., 2021).

MCDM methods place decision-makers in the center of the decision-making 
process. These methods are not automatable, which gives the same solution for each 
decision-maker. They are comprised of subjective (preference) information. There 
are many MCDM methods in the literature. Each of them has some advantages and 
disadvantages in related to application areas. The publications about multi-criteria 
decision analysis (MCDA) have recently increased steadily. The software availability 
and efficiency of researchers contribute to growth in use (Ishizaka and Nemery, 2013).

Ishizaka and Nemery (2013) listed MCDM methods relative to the type of problems. 
Such as AHP, ANP, MAUT/UTA, PTOMETHEE, TOPSIS, DEA, MACBETH are 
used in both ranking and choice problems. AHPSort, ELECTRE-Tri, UTADIS is 
used in sorting problems. GAIA, FS-Gaia are used in description problems.

In the literature, there are various classifications for MCDM methods. The methods 
are classified based on criteria, data, number of decision-makers, alternatives.

One of the classifications is based on a number of alternatives: discrete MCDM 
or Multi-Attribute Decision Making (MADM) against continuous Multi-Objective 
Decision Making (MODM) methods. The MADM methods deal with the cases 
where decision alternatives are defined explicitly by a finite list of alternatives. The 
aim is to make a rational selection from the finite number of alternatives or assess 
and rank the finite number of alternatives (Zavadskas et al., 2014).

MADM methods make preference decisions (prioritize, select, rank, classify, 
screen) over the finite number of alternatives where problems are characterized 
by attributes (conflicting, multiple, weighted and incommensurable) (Yoon and 
Hwang, 1995).

On the other hand, MODM methods deal with problems in which problems are 
non-predetermined, and the number of alternatives is continuous (infinite). The aim 
is to design the optimal alternative with well-defined constraints and measurable 
objectives (Zavadskas et al., 2014). The classification is presented in Figure x. Some 
example methods are given for each category. Additionally, Yalcin et al. (2022) 
presented MODM methods in four categories: no-preference methods such as Global 
Criterion; a priori methods such as Goal Programming; a posteriori methods such as 
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Epsilon Constraint, multi-objective particle swarm optimization; interactive methods 
such as STEM, Geoffrion, Interactive Compromise Programming.

Zardari et al. (2015) presented another classification for MCDM methods, shown 
in Figure 2. There are three classes: elementary, unique synthesis, and outranking 
methods. Unique synthesis criterion methods combine different views into a unique 
function that will be optimized. In outranking methods, a relationship is developed 
based on the preferences of decision-makers, and then the relationship is explored 
to enable the solution of problems.

Arslan (2018) is defined hybrid methods in addition to basic methods (such as 
goal programming, integer, or linear programming) and single analytic methods 
(such as AHP, SMART, DAE). Some examples of Hybrid MCDM are AHP-VIKOR, 
fuzzy-TOPSIS.

Figure 1. A classification for MCDM methods

Figure 2. A classification of MCDM methods (Zarderi et al., 2015)
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Mutikanga (2012) summarized the weaknesses and strengths of MCDM methods. 
Different methods can give different results for the same problem. A multi-criteria 
problem is uncertain or ill-defined. Such that an action can be better than another 
action regarding one criterion and worse as regards another. In the process, subjective 
information is used. Information loss happens such as alternatives are generally 
defined as a single abstract value can reason that. During the problem structuring, 
adding or disregarding some options or criteria may manipulate results. The scaling 
of variables and requirements for additional information should be considered 
carefully. It is robust to represent and quantify the performance of options using a 
single value (Zarderi et al., 2015).

BACKGROUND

Bioenergy project developers need to make decisions that include many criteria to 
implement a project. Some of these decisions are how the biomass raw material 
will be stored and transported, which technologies will be used, the capacity and 
financing of the project to be made, etc. Using the ScienceDirect, Scopus, ProQuest, 
and Google scholar databases, studies conducted between 2010 and 2021 years were 
reviewed. While searching the databases, keywords considered necessary for the 
subject were used. First, the keyword “biomass” was used. Then, in order to keep the 
study broad, studies on byproducts such as biodiesel, biofuel, and biogas produced 
from biomass were also considered. The used search terms are presented in Table 2.

A pool containing 2678 articles is created, and 150 of these articles, in which 
multi-criteria decision-making methods are used, are selected for literature review. 
These studies are tabulated by considering the topics they cover and the methods 
they use. The literature survey on biomass and MCDM is given in Table 3.

Table 2. Used search terms

Search terms used for literature Search terms not used

Methods MCDM, multi-criteria decision making Decision analysis, decision making

Application Biomass, biofuel, biogas, biodiesel, 
bioenergy Renewable energy, waste, RES
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Table 3. Summary of studies made between 2010-2021 years

# of the 
Study Name of the Study Subject Used MCDM in the Study

1. Wang et al., 2021 Selecting biomass furnace suppliers.

Fuzzy Analytic Hierarchy 
Process (FAHP)-Combined 
Compromise Solution 
(CoCoSo) algorithm

2. Unay et al., 2021 Selecting the most suitable growth and harvesting 
method for microalgal biomass.

TOPSIS (Technique for Order 
Preference by Similarity to 
Ideal Solution)

3. Tazzit et al., 2021 Selecting a biomass pelleting processing depot.
Preference Index Selection 
Method (PSI)-Grey relational 
analysis (GRA),

4. Sunil Chaitanya et al., 
2021

Analyze and rank the different blends of biodiesel 
from the engine performance data. AHP-TOPSIS

5. Shahraki Shahdabadi et 
al., 2021

Selecting the best biomass power plant location 
in Iran. SAW, TOPSIS, ELECTRE

6. Rani et al., 2021 Selecting appropriate biomass technology for 
agricultural residues.

The Pythagorean Fuzzy Set 
(PFS)-Weighted 
Discrimination‐based 
Approximation (WDBA)

7. Ossei-Bremang & 
Kemausuor, 2021

Selection of appropriate biomass resources for 
bioenergy production. AHP-Fuzzy TOPSIS

8. Narwane et al., 2021 Ranking of challenges in biofuel industry in India.
Interpretive Structural 
Modelling (ISM)-DEMATEL, 
MICMAC analysis

9. Nantasaksiri et al., 
2021

Selecting of biogas power plant location in 
Thailand. AHP

10. Najafi et al., 2021 Selection of biodiesel production location in Iran. Additive Ratio Assessment 
Method (ARAS)

11. Mukeshimana et al., 
2021

Ranking of the barriers for biogas dissemination 
in Rwanda. AHP

12. Liano et al., 2021 Assessing biogas plants in Reykjavik, Iceland. Weighted Summation Method 
(WSM)

13. Li et al., 2021 Assessing biomass gasification.

The Linear Programming 
Technique for 
Multidimensional Analysis of 
Preference (LINMAP)

14. Kokkinos et al., 2021 Optimization of microalgal biomass 
feedstock selection for biofuel production.

FAHP, Fuzzy TOPSIS, Fuzzy 
Cognitive Mapping (FCM)

15. Kheybari et al., 2021 Measuring the importance of the selection criteria 
for biofuel production technology. Best–Worst Method (BWM)

16. Kheybari et al., 2021 Location selection for bioethanol production. BWM-PROMETHEE II

17. Júnior et al., 2021 Selecting biomass feedstock to produce biogas. AHP-TOPSIS

18. Guler, et al., 2021 Selecting the location of biomass facility in 
Turkey. BWM

19. González-Cruz et al., 
2021

Assessment of various biorefinery eco-design 
alternatives to select the optimal pathway to 
produce biodiesel.

TOPSIS, AHP, M-TOPSIS, 
Fuzzy AHP

continues on following page
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# of the 
Study Name of the Study Subject Used MCDM in the Study

20. George et al., 2021 Selection of biomass feedstock for gasification 
technology. AHP-TOPSIS

21. Galang et al., 2021 Analyzing sustainability of GIS-based biomass 
energy in Cebu. AHP

22. Firouzi et al., 2021 Selection of appropriate biomass resources for 
biofuel production. TOPSIS-ARAS-WASPAS

23. Boafo-Mensah et al., 
2021

Assessing the performance potential of biomass 
cookstoves. Entropy-TOPSIS

24. Barry et al., 2021 Analyzing the barriers to biomass gasification in 
Burkina Faso. AHP

25. Abdel-Basset et al., 
2021

Selecting the most suitable sustainable bioenergy 
technology. DEMATEL-EDAS-TNNs

26. Zhou et al., 2020 Ranking risk for biomass power generation 
projects.

Picture Fuzzy Set (PFS)- 
Entropy Weight Method 
(EWM),VIKOR

27. Yeo et al., 2020 Prioritizing parameters for multi-objective 
optimization of the biomass supply network.

Principal Component Analysis 
(PCA) and Analytic Network 
Process (ANP)

28. Shin & Zul, 2020 Selecting the most feasible biomass resource for 
bioethanol generation. AHP

29. Wannasiri, 2020 Analyzing land suitability for a biomass power 
plant in Thailand. Fuzzy AHP

30. Vlachokostas et al., 
2020

Selecting biowaste treatment for producing 
bioenergy. ELECTRE III

31. Su et al., 2020
Evaluating the performance of four primary crop 
straw energy utilization methods in the eastern 
Chinese province of Jiangsu.

Fuzzy AHP

32. Sivaraja et al., 2020 Selecting the optimum bio-diesel fuel blend. Fuzzy TOPSIS-Fuzzy VIKOR

33. Rasheed et al., 2020 Evaluating the sustainability of bioenergy projects 
in South Asia.

Simple Multi-Attribute Rating 
Techniqu (SMART)

34. Rahemi et al., 2020 Designing bioethanol supply chain network. PROMETHEE II

35. Pehlken et al., 2020 Selection of more sustainable bioenergy. PROMETHEE II

36. Omrani et al., 2020 Selection of pretreatment process in a biofuel 
production line. ANP

37. Naeini et al., 2020 Assessing biodiesel production from biomass 
feedstock.

SWARA- Fuzzy Cognitive Map 
(FCM)-WASPAS

38. Mostafaeipour et al., 
2020 Evaluating location for bioethanol production. VIKOR, TOPSIS, SAW

39. Mojaver et al., 2020 Evaluating biomass fueled power generation 
system. Entropy method-VIKOR

40. Mishra et al., 2020 Assessment of the bioenergy production process. SWARA-COPRAS

41. Madhu et al., 2020 Selection of a suitable biomass material 
for maximum bio-oil yield during pyrolysis.

FAHP, TOPSIS, VIKOR, 
EDAS, PROMETHEE II

42. Hong & Mwakalonge, 
2020 Assessing biofuel logistics network. DEA

continues on following page

Table 3. Continued
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# of the 
Study Name of the Study Subject Used MCDM in the Study

43. Dhanalakshmi et al., 
2020 Selecting pyrolysis material.

FAHP-TOPSIS-EDAS 
(Distance from Average 
Solution)

44. Costa et al., 2020 Assessing the location of bioenergy plants. AHP

45. Wu et al., 2019 Assessing location decision for biomass 
cogeneration project. MABAC, SAW, TOPSIS

46. Wang et al., 2019 Selecting the location of biomass energy power 
plants. FAHP-TOPSIS

47. Schröder et al., 2019 Assessing bioenergy pathways. PROMETHEE

48. Rodrigues et al., 2019 Assessing the location of a biogas plant. AHP

49. Rentizelas et al., 2019 Assessing biomass supply chain pathways. DEA

50. Nahand, 2019 Selecting appropriate biomass products for biofuel 
generation. BWM-PROMETHEE

51. Martinkus et al., 2019 Biorefinery siting. Weighted Sum Method (WSM)

52. Lu et al., 2019 Supplier selection for the biomass industry. Fuzzy AHP

53. Lerche et al., 2019 Providing decision support for bioenergy projects. PROMETHEE

54. Siamak Kheybari et 
al., 2019 Assessing energy production technologies. AHP

55. Ghose et al., 2019 Selecting a suitable biomass facility location in 
Sikkim. AHP

56. Curiel-Esparza et al., 
2019

Selecting the biogas desulfurization 
technique. Fuzzy set theory-VIKOR

57. Bastan et al., 2019 Selecting biomass product for biofuel generation. BWM-PROMETHEE

58. Arabi et al., 2019 Assessing biomass product supply chain for 
biofuel generation. DEA

59. Ali & Waewsak, 2019 Selecting the location of a biomass power plant. AHP

60. Zhang et al., 2018 Assessing performances of biomass technologies. PROMETHEE

61. Xiang et al., 2018 Assessing energy performances biomass feedstock 
for bioenergy production. Entropy method-AHP-GRA

62. Woo et al., 2018 Assessing the location of biomass energy facilities. AHP

63. Wheeler et al., 2018 Designing biomass supply chain network. SMART, SWING, AHP, 
TRADE OF

64. Sanaei et al., 2018 Assessing biorefinery strategies. Multi attribute utility theory 
(MAUT)

65. Memona et al., 2018 Analyzing power generation from biomass. AHP

66. Meidiana et al., 2018 Assessing the location of anaerobic digester 
location. AHP

67. Martinkus et al., 2018 Assessing facility siting biorefinery supply chain 
method. Weighted Sum Method (WSM)

68. Madhu et al., 2018 Selecting biomass feedstock for bio-oil. Fuzzy AHP-TOPSIS

69. Jeong, 2018 Biomass feedstock for biomass power facilities. F-DEMATEL-SAW

continues on following page

Table 3. Continued

 EBSCOhost - printed on 2/8/2023 9:14 PM via . All use subject to https://www.ebsco.com/terms-of-use



192

Multi-Criteria Decision-Making Methods for Biomass Energy Systems

# of the 
Study Name of the Study Subject Used MCDM in the Study

70. Ioannou et al., 2018 Assessing the location of biomass energy 
production. Fuzzy system-AHP

71. Geri et al., 2018 Evaluation of bioenergy planning. AHP

72. Gandhi et al., 2018 Biogas production from waste. VIKOR

73. Davtalab & Alesheikh, 
2018 Assessing the biomass power plant location. Fuzzy ANP- Weighted Linear 

Combination (WLC)

74. Andiloro et al., 2018 Assessing alternative feeds for biogas plants. AHP-SAW

75. Schillo et al., 2017 Assessing biofuels policies. QFD- AHP

76. Rodríguez et al., 2017 Assessing the allocation of bioenergy plants. Fuzzy AHP

77. Quinta-Nova et al., 
2017 Assessing forest biomass energy potential. AHP

78. Priyanka & Rajneesh, 
2017 Optimal biomass usage. Fuzzy VIKOR

79. Moulogianni & 
Bournaris, 2017 Ranking of agro-energy regions. ELECTRE III

80. Mostafaeipour et al., 
2017

Assessing the location of plant planning for 
bioethanol. DEA

81. Khishtandar et al., 2017 Assessing the technologies for bioenergy 
production.

Multi Actor Multi Criteria 
Outranking Method (MAMCA)

82. Jeong & Ramírez-
Gómez, 2017 Optimizing biomass facility sites. Fuzzy logic

83. Hamid et al., 2017 Assessing biorefinery feedstock for biomass 
energy. AHP

84. den Herder et al., 2017 Evaluating land usage for bioenergy targets. Simple Multi-Attribute Rating 
Technique (SMART)

85. de Clercq et al., 2017 Evaluating performances of different waste for 
biogas projects. SWING

86. Babazadeh et al., 2017 Designing biodiesel supply chain network. DEA

87. Anish Kumar et al., 
2017 Assessing biodiesel production method. Fuzzy AHP

88. Ubando et al., 2016 Selecting appropriate biofuel feedstock. AHP

89. Ubando et al., 2016 Evaluating biofuel production feedstock. AHP

90. Sacchelli & Cipollaro, 
2016 Evaluating bioenergy chain perception. Compromise Programming 

(CP)

91. Rupf et al., 2016 Assessing biogas system design. TOPSIS

92. Pezdevšek Malovrh et 
al., 2016 Assessing forest biomass. SMART

93. Khang et al., 2016 Selecting appropriate biodiesel feedstock. AHP

94. Gautam & LeBel, 2016 Locating a terminal in bioenergy supply chains. AHP

95. Djaković et al., 2016 Evaluating the use of biomass. SWOT-AHP, SWOT-ANP

96. Cutz et al., 2016 Assessing biomass technologies and sources.
Fuzzy Multi-Actor 
Multi-Criteria Decision-
Making (FMAMCDM)

continues on following page
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# of the 
Study Name of the Study Subject Used MCDM in the Study

97. Cebi et al., 2016 Selecting suitable locations for biomass power 
plants. Fuzzy logic

98. Billig & Thrän, 2016 Evaluation of appropriate biomethane 
technologies. AHP

99. Baltazar et al., 2016 Selecting suitable locations for biomass power 
plants. AHP

100. Yadav et al., 2015 Selecting appropriate biomass energy sources. AHP

101. Sakthivel et al., 2015 Selecting appropriate biodiesel blend. ANP-TOPSIS, ANP-VIKOR

102. Ren et al., 2015 Assessing bioethanol production pathways. AHP-VIKOR

103. Parajuli et al., 2015 Selecting feedstock for biorefineries. PROMETHEE-AHP

104. Nwokoagbara et al., 
2015 Selecting bioenergy feedstock for biodiesel. AHP, WSM, WPM, DCP, 

TOPSIS

105. Lewis et al., 2015 Selecting bioenergy feedstock. Fuzzy logic

106. Galvez et al., 2015 Designing reverse logistics network for a biogas 
plant. AHP

107. Franco et al., 2015 Selecting suitable locations for biogas plants. AHP

108. Delivand et al., 2015 Selecting the optimal location of bioenergy 
facilities in south Italy. AHP

109. Cobuloglu & 
Büyüktahtakin, 2015 Selecting sustainable biomass crop. AHP

110. Arce, 2015 Determining influences of parameter variability on 
biomass selection. GRA

111. Ahmad et al., 2015 Selecting microorganisms for the production of 
oils for biodiesel production. AHP-PROMETHEE

112. Ziolkowska, 2014 Optimizing biofuels production. Fuzzy logic-PROMETHEE

113. Yan & Tao, 2014 Evaluating the efficiency of a biomass power 
generation industry. DEA

114. von Doderer & 
Kleynhans, 2014 Assessing sustainable bioenergy system. AHP

115. Ubando et al., 2014 Evaluating the suitable cultivation 
system for sustainable production of algal biofuels. AHP

116. Silva et al., 2014 Selecting the location of a biogas plant in a 
Portuguese region. ELECTRE

117. Sakthivel et al., 2014 Selecting biodiesel blend selection. GRA-TOPSIS

118. Saelee et al., 2014 Selecting biomass type for boilers. TOPSIS

119. Recanatesi et al., 2014 Selecting the location of a biomass power plant. Fuzzy logic

120. Rao et al., 2014 Analyzing alternative biogas technologies. AHP

121. Pastare et al., 2014 Using sustainable macro-algae for biogas 
production. TOPSIS

122. Okello et al., 2014 Appraising bioenergy alternatives in Uganda. AHP

123. Madugu & Collu, 2014 Analyzing microalgae cultivation for biofuels. TOPSIS

124. Kigozi et al., 2014 Selecting of biogas digesters technology. SMART

continues on following page
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# of the 
Study Name of the Study Subject Used MCDM in the Study

125. Durairaj et al., 2014 Selection of biodiesel for a power generator. FAHP-GRA-TOPSIS

126. Cobuloglu & 
Büyüktahtakin, 2014

Determining criteria for decision-makers and 
farmers to select the crop type in biomass 
production.

Fuzzy AHP

127. Ziolkowska, 2013 Evaluating the sustainability of biofuels feedstock. PROMETHEE

128. Šiškova, 2013 Risk analyzing in a biogas plant. PROMETHEE

129. Scott et al., 2013 Supplier selection for biomass schemes. QFD–AHP

130. Sakthivel et al., 2013 Selection of best biodiesel blend for engines. FAHP-TOPSIS 
FAHP-VIKOR

131. Ren et al., 2013 Assessing biomass-based technologies for 
hydrogen production.

Fuzzy Multi-actor Multi-
criteria Decision Making 
(FMAMCDM)

132. Perpiña et al., 2013 Selecting the location of biomass plants.
Simple Additive Weighting 
(SAW), Ideal Point Method 
(IPM)

133. Myllyviita et al., 2013 Assessing sustainability wood-based bioenergy 
production in eastern Finland. AHP

134. Kurka, 2013 Evaluating the regional sustainability of bioenergy 
developments. AHP

135. de Carlo & Schiraldi, 
2013

Selecting the location of a biomass plant in 
Tuscany. ANP

136. Darshini et al., 2013 Capturing stakeholder views in biofuel and 
biomass utilization in Malaysia. SWOT-AHP

137. Balezentiene et al., 
2013 Selection of sustainable energy crop. Fuzzy MULTIMOORA

138. Zubaryeva et al., 2012 Assessment of local biomass availability for 
distributed biogas production. AHP

139. Zhou et al., 2012 Selecting the location of a biofuel refinery. Fuzzy TOPSIS

140. van Dael et al., 2012 Determine potential locations for biomass 
valorization in a specified region.

AHP, Multi-Attribute Value 
Theory (MAVT)

141. Sultana & Kumar, 2012 Ranking of biomass pellets. PROMETHEE

142. Myllyviita et al., 2012
Process of assessing environmental impacts of two 
alternative raw materials in the biomass supply 
chain.

Simple Multi-Attribute Rating 
Technique (SMART)

143. Turcksin et al., 2011 Assessing several biofuel options for Belgium. Multi-Actor Multi-Criteria 
Analysis (MAMCA)

144. Smyth et al., 2011 Assessing the potential of a grass biogas/
biomethane industry are identified and analyzed. Weighted Sum Model (WSM)

145. Rao & Baral, 2011 Selecting of feedstock for biogas production. TOPSIS

146. Halog, 2011 Analyzing biofuel systems in pursuit of sustainable 
large-scale production. AHP

147. Barin et al., 2011 Selecting hybrid energy systems fueled by biogas. Fuzzy logic

148. Volkova et al., 2010 Selection of the location of wood fuel-based 
cogeneration plants in Estonia. AHP

continues on following page
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According to the literature survey, AHP and Fuzzy AHP are the most applied 
methods in the biomass literature survey; 70 out of 150 studies that are presented in 
Table 3 applied AHP and Fuzzy AHP in decision making for biomass applications. 
These methods are followed by TOPSIS, Fuzzy TOPSIS, PROMETHEE I & II, 
VIKOR, Fuzzy VIKOR, ANP, Fuzzy ANP, DEA, SMART, GRA, WSM. The 
number of studies and frequency information on related methods is given in Table 4.

Summary of application areas based on literature survey is presented in Table 5. 
The most applied areas of MCDM methods in biomass are technical issues, location 
selection, technology selection, respectively. A brief explanation of application 
areas is given as follow:

Political or legal issues: Any studies that consider political or legal issues in biomass 
energy processes in related areas.

Technical issues: Any studies try to enhance the conversion or process efficiency 
of biomass conversion technologies.

Economic issues: Any studies aim to solve market difficulties, economic issues or 
increase the cost-effectiveness of biomass processes through financial models.

# of the 
Study Name of the Study Subject Used MCDM in the Study

149. Vindiš et al., 2010 Assessing energy crops for biogas production. AHP

150. Herrera-Seara et al., 
2010 Selecting biomass power plant location. AHP

Table 3. Continued

Table 4. The mostly applied MCDM methods in the biomass literature survey

Method # of studies %

AHP, Fuzzy AHP 70 46,6

TOPSIS, Fuzzy TOPSIS 27 18

PROMETHEE I, II 15 10

VIKOR, Fuzzy VIKOR 11 7,3

ANP, Fuzzy ANP 6 4

DEA 6 4

SMART 6 4

GRA 5 3,3

WSM 5 3,3
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Environmental issues: Any studies that focus on decreasing the environmental 
impact of biomass processes.

Social issues: Any studies that consider the positive and negative effects of biomass 
processes in terms of social issues.

Operational issues: Any studies that evaluate problems of biomass operations and 
organization on a day to-day basis or planning stage. These problems include 
the flow of materials and logistic processes.

Location: Any studies that try to decide on location alternatives to build biomass-
related facilities.

Technology selection: Any studies that consider the proper technology selection.
Capacity: Any studies that concentrate on capacity-related problems.

FUTURE RESEARCH DIRECTIONS

Literature studies are important in terms of shedding light on future studies. In this 
study, bioenergy studies and methods used in the last ten years are tabulated. As 
can be seen from the table, one of the MCDM methods or hybrid approaches was 
used in the studies. In future studies, different hybrid methods (such as Machine 
Learning or Stochastic Algorithms that can be used with MCDM methods in decision 
making) can be used to fill the gap in the literature in accordance with the study 
subject. In the studies examined, it was seen that the studies on the choice of place 
and technology were dominant. Biomass energy production takes place in a large 
supply chain that includes the production, collection, transportation and conversion 
of the biomass source to be used. There are many stakeholders interacting within 

Table 5. Summary of application areas based on biomass literature survey

Category of application # of studies %

Political or legal issues 26 17,3

Technical issues 66 44

Economic issues 44 29,3

Environmental issues 34 22,7

Social issues 8 5,3

Operational 44 29,3

Location selection 53 35,3

Technology selection 45 30

Capacity 16 10,7
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this supply chain. These stakeholders make decisions that need to be addressed from 
multiple perspectives. MCDMs make important contributions to these decisions.

CONCLUSION

Biomass is currently the most common source of renewable energy and its utilization 
is further increasing because of the negative impacts of fossil fuel consumption. 
This study presents a literature review based on the examination of articles related 
to biomass energy, which is one of the renewable energy types and using MCDM 
methods. A total of 150 papers are included in the study and reviewed papers 
published between 2010-2021. The literature survey reveals the mostly used MCDM 
methods and application areas, which helps decision-makers and researchers to keep 
up with trend in biomass.
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KEY TERMS AND DEFINITIONS

AHP: Developed by Thomas L. Saaty in 1970, it is an approach that uses a system 
based on mathematics and psychology in the complex decision-making process.

Bioenergy: It is one of the renewable energy types obtained from organic materials. 
It can be used in a wide range from transportation to electricity production.

Biomass: It is the material obtained from plants and animals used to generate 
electricity or heat.

Multi-Criteria Decision Making: It is a sub-discipline of operations research 
that can be used in a wide variety of sectors and used in decision-making processes 
by considering conflicting criteria in these sectors.

PROMETHEE: It is a method used to make decisions based on mathematics and 
sociology developed in the early 1980s. This method points to the alternative that fits 
the understanding and goals of the decision-makers rather than the right decision.

Renewable Energy: It is an energy type. Its primary resources are renewable 
resources such as sunlight, wind, rain, tides, waves, and geothermal heat.

SWOT Analysis: It is a strategic planning and management technique. It helps 
individuals or institutions to identify strengths, weaknesses, opportunities, and 
threats related to business competition or project planning.

TOPSIS: It is one of the techniques used to evaluate alternatives in decision-
making. First, weight is determined for each criterion. Next, the score of each criterion 
is then normalized. Finally, the geometric distance between each alternative and the 
ideal alternative is calculated.
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ABSTRACT

Renewable energy resources have become popular in energy policies as sustainable 
development in the energy field requires the transition to clean or renewable energy 
resources such as solar, wind, and hydro to mitigate global warming. Renewable 
resources play a more significant role in the energy future of Turkey. However, 
despite renewable energy resources being cleaner and causing fewer environmental 
problems, the renewable energy selection problem is a complex task due to the 
involvement of various conflicting factors and uncertainty. Therefore, multi-criteria 
decision-making methods are commonly used to handle this complexity successfully. 
In this chapter, the studies focused on renewable energy resource selection problem 
in Turkey with multi-criteria decision-making methods were reviewed. Findings 
suggest that the number of studies increased due to the growing importance of 
renewables. Also, AHP, TOPSIS, and ANP have risen to the top of the literature as 
the most extensively used approaches.
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INTRODUCTION

Environmental issues such as global warming was not a new problem, but it has 
never been as evident as it has been in recent years which we have had worldwide 
fires, floods, and pandemics. Energy is a significant input for economic growth, 
but it is also a significant issue for the environment because most energy resources 
are based on fossil fuels. Fossil fuels release a significant amount of carbon into 
the atmosphere, which is the primary cause of greenhouse gases that contribute to 
global warming. Sustainable growth in the energy area necessitates the shift to clean 
or renewable energy resources such as solar, wind, and hydro.

Renewable energy resources are not only significant from environmental 
perspective but also from economic perspective. Turkey is an energy-poor country 
in terms of fossil fuels thus relies significantly on imports which causes a deficit 
in the national budget (TCMB, 2021). Therefore, energy production, consumption, 
imports, dependency, and the current account deficit are all crucial economic elements 
in determining Turkey’s energy policy. The rise in oil prices in the 1970s coincided 
with an increase in Turkey’s energy dependency. Energy consumption in Turkey 
expanded quickly after 1980, as the population and industrialisation of the country 
accelerated. Energy began to be used more often with the increase of economic 
growth and the need for fossil fuels such as oil, natural gas, and coal has increased 
as a result (Efeoglu and Pehlivan, 2018). As a result, renewable energy sources 
become important in Turkey’s energy policies. The main objectives of Turkey’s 
current energy policy in terms of energy supply security are to increase the share of 
renewable clean energy sources in energy supply, increase energy efficiency, follow 
an environmentally friendly energy policy by reducing the use of fossil fuels, and 
increase the use of national natural resources by reducing energy dependency on 
foreign sources (MFA, 2015).

Although renewable energy resources are cleaner and create fewer environmental 
problems than fossil fuels, choosing a renewable energy source is a difficult task as it 
involves multiple criteria and alternatives in addition to confliction and uncertainty. 
Multi-Criteria Decision Making (MCDM) methodologies are successfully used to 
handle decision problems. MCDM allows choosing the best option from various 
options by weighing them against several criteria. Renewable energy selection is 
likewise an MCDM process that needs consideration of various criteria, including 
technical, economic, environmental, technical, and socio-political factors. MCDM 
techniques are viewed as effective methods for assessing all elements of decision-
making situations and obtaining a satisfying answer for decision-makers (Sengul et 
al., 2015). This chapter thoroughly examines the studies that apply classic MCDM 
approaches to handle Turkey’s renewable energy selection problem. The studies 
were categorized based on document type, year, journal, MCDM techniques, and 
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energy resources. The number of publications is also looked at to see how energy 
decision-making issues have changed over time.

The remainder of this study is structured as follows: The current state of renewable 
energy in the world and Turkey is briefly given in section 2. In Section 3, novel 
MCDM approaches were discussed in general. Section 4 provides a comprehensive 
review of the literature on novel MCDM studies conducted in Turkey about renewable 
energy decision-making. In Section 5, the acquired results and future study proposals 
were discussed.

CURRENT STATE OF RENEWABLE ENERGY RESOURCES

Renewable resources are known as local, clean, and limitless energy supplies. 
Biomass, hydropower, geothermal, solar, wind, and marine energies are all examples 
of renewable energy sources. Hydropower, solar, and wind are the most commonly 
used renewable resources globally. They accounted for 12% of the global energy 
supply in 2020, and it is projected to be 26% by 2030. The ratio of renewable energy 
in electricity production is 17%, and it is expected to be 46% by 2030 (IEA, 2021). 
Figure 1 shows the global renewable energy outlook for 2050.

Figure 1. Renewable electricity share development
Source: IRENA (2020)

 EBSCOhost - printed on 2/8/2023 9:14 PM via . All use subject to https://www.ebsco.com/terms-of-use



218

The Review of Multi-Criteria Decision Making in the Renewable Energy Industry of Turkey

As the world is in an energy transformation trend towards renewables, Turkey 
has also followed this trend. Turkey is an energy poor country as it has low reserves 
in fossil fuels such as oil, coal, and natural gas. While the potential for renewable 
energy resources is high in Turkey due to the geographical and climate advantages, 
electricity generation is still heavily dependent on imported resources. The share 
of imported resources in electricity generation has reached to 43.6 percent in 2020 
(Figure 2). Therefore, Turkey’s national energy strategy focuses on minimizing the 
country’s reliance on imported resources until 2023, while also maximizing the use 
of local resources by lowering the share of fossil fuels in the country’s energy mix.

The national energy strategy led to an increase in the investment of renewable 
resources in 2020. Turkey’s total installed power climbed by 4.623 MW in 2020, 
bringing the installed power to 95.890 MW by the end of the year. Most of the 
installed power added in 2020 came from renewable resources with 4493 MW 
(TEIAS, 2021). Renewable energy accounted for 51% of primary energy consumption 
in 2020, and the most used renewable resources are hydropower, solar and wind in 
Turkey as seen in the Figures 3.

Turkey’s hydroelectric installed power grew to 30,983 MW in 2020, as seen in 
Figure 4 (TEIAS, 2021). Turkey currently has 685 hydroelectric power stations and 
most of the hydroelectric energy in Turkey is supplied from the Atatürk, Karakaya, 
Keban and Altınkaya Dams (Energy Atlas, 2021).

Figure 2. The share of local and imported resources in electricity generation of 
Turkey (2002-2020)
Source: TEIAS (2021)
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Turkey’s average annual sunshine duration is 2640 hours, which is equivalent to 
a total of 7.2 hours per day. The region that receives the most sunshine in Turkey 
is the Southeastern Anatolia Region, followed by the Mediterranean Region. The 

Figure 3. The share of installed capacity ratio by primary energy sources in 2020
Source: TEIAS (2021)

Figure 4. Hydro power capacity between 2004 and 2020
Source: TEIAS (2021)
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capacity for solar power in Turkey has grown dramatically between 2014 and 2020 
and reached to 6,668 megawatts as seen in Figure 5 (ETKB, 2021a).

The potential of wind power is high in the country’s coastal regions. Aegean 
Region accounts for around 38 percent (2868 MW) of Turkey’s installed wind 
energy capacity. Aegean Region is followed by Marmara Region, which has 34 
percent (2603 MW) installed electricity, and Mediterranean Region, which has 13 
percent (996 MW) installed power. The most wind power stations are placed in 
the provinces of Izmir, Balikesir, Manisa, and Canakkale (TUREB, 2019). Wind 
power capacity increased from 19 MW in 2004 to 8832 MW in 2020, as presented 
in Figure 6 (ETKB, 2021b).

Turkey ranks first in Europe and fourth worldwide in geothermal, coming after US, 
Indonesia, and Philippines. 90% of our geothermal resources are at low and medium 
temperatures. The lower end of temperatures makes most of the use of geothermal 
for direct application such as heating therefore a small portion (approximately 10%) 
has been used for electricity generation. Turkey’s geothermal potential is projected 
to be 2000 MW, which would provide 31500 MWh of electricity (ETKB, 2021c). 
Installed geothermal energy capacity had a significant increase in recent years. It 
increased from 81.9 MW in 2006 to 1613.2 MW in 2020 (TEIAS, 2021).

Biomass has been a steady resource for heating. With the technological 
developments and the expansion of use, it has begun to be used in biofuels and 

Figure 5. Solar power capacity between 2014 and 2020
Source: ETKB (2021a)
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electricity generation. It was projected that Turkey’s biomass waste potential is 8.6 
million tons of oil equivalent (MTEP), with a biogas production capacity of 1.5-2 
MTEP (ETKB, 2021d). The capacity of biomass in electricity generation has increased 
in the last decades. In 2006, the installed biomass energy generation capacity in 
Turkey was 41.3 MW. It increased to 1502.8 MW by 2020 (TEIAS, 2021).

THE REVIEW OF MCDM METHODS IN TURKEY 
FOR RENEWABLE ENERGY SELECTION

Extensive attempts have been made in the last decades to increase renewable energy, 
diversify power generating techniques, do multi-dimensional assessments and develop 
approaches in decision making of renewable energy. MCDM approaches have been 
commonly used in the renewable energy literature to choose the most appropriate 
renewable energy resource among multiple options. It consists of various decision-
making techniques which make it possible to compare several alternatives based on 
several conflicting criteria. Because they comprise a range of criteria and sub-criteria 
that should be evaluated, MCDM approaches are effective for providing an efficient 
solution to renewable energy selection decision problem. Therefore, the aim of this 
study is to conduct a literature review to identify which MCDM approaches are used 
to handle renewable energy selection problem in Turkey. The focus of this study 
is on the whole country. For this reason, the studies assessing renewable energy 
resources for a specific region were eliminated.

Figure 6. Wind power capacity between 2004 and 2020
Source: ETKB (2021b)
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The following databases were reviewed for common MCDM techniques in title, 
summary, and keywords: Web of Science, Google Scholar and TR-Dizin to find 
papers that supplied the most useful information about renewable energy in Turkey. 
Then, these studies were narrowed down to papers that focused on MCDM techniques 
used in Turkey for renewable energy selection decision problem as shown in Table 1.

Table 1. The details of MCDM studies about renewable energy selection in Turkey

Authors Date Technique Results 
(Resources)

Kahraman & Kaya 2010 Fuzzy AHP Wind

Kahraman et al. 2010 Fuzzy Axiomatic Design Wind

Kaya & Kahraman 2011 Fuzzy TOPSIS Biomass

Boran et al. 2012 Intuitionistic fuzzy TOPSIS Hydro

Demirtas 2013 AHP Biomass

Ertay et al. 2013 MACBETH, fuzzy AHP Wind

Yakici Ayan & Pabuccu 2013 AHP Hydro

Buyukozkan & Guleryuz 2014 Fuzzy AHP, fuzzy TOPSIS Wind

Kabak & Dagdeviren 2014 BOCR (Benefits, Opportunities, Costs 
and Risks) and ANP Hydro

Kuleli Pak et al. 2015 ANP, TOPSIS Hydro

Sengül et al. 2015 Fuzzy TOPSIS Geothermal and 
wind

Buyukozkan & Guleryuz 2016 DEMATEL-ANP Solar/Wind

Celikbilek & Tuysuz 2016 Grey DEMATEL-ANP-VIKOR Solar

Balin & Baracli 2017 Fuzzy AHP, interval type-2 TOPSIS Wind

Buyukozkan & Guleryuz 2017 Fuzzy DEMATEL, ANP, TOPSIS Geothermal

Colak & Kaya 2017 Interval type-2 fuzzy AHP, 
Hesitant fuzzy TOPSIS Wind

Damgaci et al. 2017 Fuzzy TOPSIS Biomass

Ozcan et al. 2017 ANP, TOPSIS Wind

Ozkale et al. 2017 SWOT, PROMETHEE Hydro

Tuysuz 2017 Grey relational analysis (GRA), Monte 
Carlo Hydro

Baysal & Cetin 2018 Fuzzy AHP, Mixed-Integer Linear 
Programming (MILP) Solar

Boran 2018 Intuitionistic fuzzy VIKOR Wind

Buyukozkan et al. 2018a Hesitant fuzzy linguistic term sets, 
SAW, TOPSIS Hydro

 EBSCOhost - printed on 2/8/2023 9:14 PM via . All use subject to https://www.ebsco.com/terms-of-use



223

The Review of Multi-Criteria Decision Making in the Renewable Energy Industry of Turkey

The review is conducted based on publication date, techniques, and results 
(resources). Journal papers, focusing mostly on the fields of operations research 
and management science were reviewed. The period of this study has been limited 
to the years between 2010 and 2021 to identify trends, tendencies, and gaps in the 
last decade. There is also a classification of the studies depending on their MCDM 
techniques and results.

Initially, the studies were reviewed according to their publication dates. As 
demonstrated in Figure 7, the number of studies is increasing by year. Because of 
finite fossil energy resources and their effects on environment, the importance of 
renewable energy use has grown by time. As a result, in recent years, there has been 
a general trend towards using MCDM approaches to make decisions for renewable 
energy selection.

Authors Date Technique Results 
(Resources)

Dogan & Uludag 2018 AHP, Fuzzy Grey Relational Analysis Solar

Karaca & Ulutas 2018 WASPAS Hydro

Toklu & Taskin 2018 Fuzzy AHP, Fuzzy TOPSIS Wind

Tolga & Turgut 2018 Fuzzy TODIM Solar

Buyukozkan et al. 2018b HFL-AHP, HFL-COPRAS Solar

Aksoy 2019 AHP, Mixed-Integer Linear 
Programming (MILP) Wind/Solar

Karakas & Yildiran 2019 Fuzzy AHP Wind/Solar

Alkan & Albayrak 2020 Fuzzy COPRAS, fuzzy 
MULTIMOORA Hydro

Derse & Yontar 2020 SWARA, TOPSIS Hydro

Deveci et al. 2020 Intuitionistic fuzzy CODAS Wind

Eroglu & Sahin 2020 Extended neutrosophic VIKOR Solar

Karaaslan & Aydin 2020 AHP, COPRAS, MULTIMOORA Hydro

Karasan & Kahraman 2020 Interval-valued neutrosophic 
ELECTRE I Wind

Kayahan Karakul 2020 Fuzzy AHP Solar

Karatop et al. 2021 Fuzzy AHP, EDAS and Fuzzy FMEA Hydro

Yürek et al. 2021 Pythagorean fuzzy AHP-TOPSIS
Hybrids: 
Hydro-solar 
Wind-solar

Ezbakhe & Pérez-Foguet 2021 ELECTRE III Wind

Ecer et al. 2021 Interval Rough Number (IRN) 
extension of CODAS Hydro

Tabe 1. Continued
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It was found that the most used techniques are AHP and TOPSIS as presented in 
Table 2 and Figure 8. This is due to AHP’s straightforward structure and the analyst’s 
ability to discuss outcomes until consistency is obtained and a near-unanimous 
judgment is reached (Abu-Taha, 2011). TOPSIS has been widely used as it has a 
simple and easy algorithm (Bottani & Rizzi, 2006) its procedure for calculation is 
consistent regardless of the number of alternatives (Shih et al., 2007).

In terms of energy resources, MCDM techniques have been used in a variety of 
contexts throughout the literature. Some studies study only one of the renewable 
energy sources, but others evaluate many energy sources to pick amongst them or 
establish the best mix of sources. Studies selected hydro, solar and wind energy have 
risen throughout time, as can be shown in Table 1. Geothermal and biomass, on 
the other hand, appear to have received less attention over time. The percentages of 
energy resources selected for Turkey as the most optimal energy resource by studies 
are shown in Figure 9. Wind is selected as the most optimal option by 34 percent of 
studies, hydro 27 percent, solar 25 percent, biomass 6 percent, geothermal 4 percent, 
and hybrid options 4 percent.

Figure 7. The number of renewable energy selection studies in Turkey between 
2010 and 2021
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Table 2. The distribution of MCDM techniques used for renewable energy selection

MCDM Techniques Year No. (#) MCDM Techniques Year No. (#)

ELECTRE 1966 2 VIKOR 1998 3

MAUT 1967 - MOORA 2006 -

SMART 1971 - ARAS 2010 -

DEMATEL 1972 3 MULTIMOORA 2010 2

ORESTE 1979 - PSI 2010 -

AHP 1980 17 MACBETH 2012 1

EVAMIX 1982 - MOOSRA 2012 -

PROMETHEE 1982 1 WASPAS 2014 1

GRA 1989 2 EDAS 2015 1

Axiomatic Design 1990 1 MABAC 2015 -

TODIM 1991 1 CODAS 2016 2

TOPSIS 1992 14 MAIRCA 2017 -

ROV 1993 - PIPRECIA 2017 -

COPRAS 1994 3 PIV 2018 -

OCRA 1994 - COCOSO 2019 -

ANP 1996 6 MARCOS 2020 -

Figure 8. The percentage of MCDM techniques used for renewable energy selection
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FUTURE RESEARCH DIRECTIONS

While this study thoroughly examined the publications mentioned, it also includes 
a number of limitations. For example, only papers written in English and Turkish 
were evaluated in the study. Also, only studies published in journals were reviewed. 
Book chapters, conference proceedings, thesis, notes, reports, and other items were 
eliminated. These can be included in future studies. In addition, the studies assessing 
renewable energy resources for a specific region were eliminated. Region specific 
reviews can be conducted in the future. Furthermore, the publications were found 
using the Web of Science, Google Scholar and TR-Dizin databases. Other databases 
can be used in future studies.

CONCLUSION

In order to mitigate the negative environmental and economic effects of fossil fuel 
consumption in Turkey, appropriate use of renewable energy sources is critical. This 
study provides a thorough and systematic evaluation of papers that have used MCDM 
techniques to address concerns of renewable energy selection in Turkey. Thirty-six 
studies published between 2010 and 2021 using a systematic selection procedure 
were examined. In this study, extensive evaluations of the most widely discussed 

Figure 9. The percentage of selected renewable energy resources for Turkey
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renewable energy solutions, as well as the most favoured MCDM approaches for 
evaluating them, are offered.

The extensive review led to the following findings. MCDM techniques have been 
commonly used in the literature to select the best option from various renewable 
resources, categorized in this paper as solar, wind, hydro, geothermal and biomass. 
The number of studies applying MCDM techniques for renewable energy selection 
has risen over time. AHP and TOPSIS have emerged as the most extensively used 
techniques in the literature. Furthermore, fuzzy sets have been widely used in the 
literature. The results also presented that the number of papers favouring hydro, 
wind and solar has risen over time. A few studies in the literature find geothermal 
and biomass the most optimal renewable resource for Turkey.
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KEY TERMS AND DEFINITIONS

Biomass: Biomass power is generated from burning material derived from living 
beings like plants and animals such as plants, wood, and garbage.

Energy Dependency: It refers to humanity’s reliance on either primary or 
secondary energy for energy consumption. It shows the degree of reliance a country 
has on imports to satisfy its energy demands.

Geothermal Power: Geothermal power is generated from the heat hot water 
pools found at various temperatures and depths under the ground.

Global Warming: It is the increase in the air and water temperatures which 
causing change in the climate. It is caused by carbon emissions mainly produced 
from fossil fuel consumption.

Hydropower: Hydropower is the oldest renewable energy resource which 
generates electricity by harnessing the natural flow of flowing water.

Multi-Criteria Decision-Making (MCDM) Methods: These methods are used 
when numerous criteria (or objectives) must be examined simultaneously to rank 
or choose between the alternatives being assessed.

Renewable Energy: Renewable energy resources are used to produce electricity 
as an alternative to fossil fuels. They cause much less environmental problems 
compared to fossil fuels.

Solar Power: Solar power is the conversion of sunlight into thermal or electrical 
energy. Solar power is the most environmentally friendly and widely used renewable 
energy source currently accessible.

Wind Power: The kinetic energy generated by moving air is utilized to generate 
electricity in the wind. Wind turbines convert this into electrical energy.

 EBSCOhost - printed on 2/8/2023 9:14 PM via . All use subject to https://www.ebsco.com/terms-of-use



234

Copyright © 2022, IGI Global. Copying or distributing in print or electronic forms without written permission of IGI Global is prohibited.

Chapter  10

DOI: 10.4018/978-1-6684-2472-8.ch010

ABSTRACT

Because of the effects of nuclear and fossil-based energy on the environment, 
economics, and security in the world, the need for alternative energy sources has 
grown steadily and dramatically during the last years. An increasing attraction 
in renewable power sources, due to rising energy expenses and country-level tax 
inducement, is driving the research to advance a sequence of improving unified 
resolutions and novel energy generation equipment. The novel wind turbine installation 
and the novel wind farm building are critical procedures for long time energy 
generation. In this chapter, a comprehensive analysis, which combines ARAS and 
ENTROPY methods, is structured to choose appropriate turbines when improving 
a wind power plant. The various wind turbine brands were evaluated on different 
classes (financial, customer satisfaction, environmental, and technical). Data on 
wind turbines is acquired from 2 MW wind turbine manufacturers.

The Selection of a Most 
Feasible Wind Turbine 

Alternative Under Multi-
Criteria Framework

Ezgi Demir
Sumer Robotics Engineering and Consultancy Ltd., UK

Figen Balo
Fırat University, Turkey

 EBSCOhost - printed on 2/8/2023 9:14 PM via . All use subject to https://www.ebsco.com/terms-of-use



Copyright © 2022, IGI Global. Copying or distributing in print or electronic forms without written permission of IGI Global is prohibited. 235
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INTRODUCTION

By diverse kinds of energy resources (for example, coal, wood), power has been 
obtained over the centuries. Meanwhile, there is growing worry over environmental/
global generation of waste. This has prompted on a long-term energy supply, which 
entails more efficient energy usage, reduced pollution, and implicitly, lower energy 
consumption. These factors have led to a greater focus on short-term stored energy 
supplies, the most developed of which being wind energy. The pressure differential 
generated through the sun’s uneven heating of the land and sea creates wind energy. 
With fast growth during the last years, wind energy technology has emerged as the 
most potential option to existing energy systems (Lee, Chen & Kang, 2009). One 
of the solutions for completing the Kyoto Protocol and combating global warming 
has been wind energy (Gamboa, Munda, 2007). Many nations have invested in wind 
energy which today satisfies 4 percent of global electricity demand and is increasing 
in value every day. To produce electric, a wind energy station incurs 3 chief kinds 
of expenses: financing, capital, and running expenses. The finance expenses are 
the expenses of obtaining the essential money for running and constructing a wind 
energy station; the capital expenses are the expenses of installing and connecting 
the wind energy station to the grid; and the running expenses are the expenses of 
maintaining and operating the wind energy station. The onshore designs have a 
high capital expense, ranging from 75 percent to 90 percent of total expense, with 
wind turbines accounting for 64 percent of entire expense for a generally 5MW 
onshore design. Because of better manufacturing processes, automation, and mass 
production, the capital expense of making wind turbines has continuously decreased 
over the last twenty years.

The most essential components of these systems are wind turbines, which transform 
wind motion energy into electrical energy. As a result, for long-term operation, 
greater accuracy and attention must be paid to wind turbine selection. Nonetheless, 
the proper wind turbine selection is extremely critical because the expenses of the 
wind turbines make up the plurality of the entire expense for a wind energy station 
design. Furthermore, the appropriateness of wind turbines for a certain site may 
have an important impact on their capacity factor.

The selection and evaluation of sustainable energy options is a multi criteria 
decision-making issue as poly criteria, several may still be in oppose, must be 
simultaneously considered. Multi criteria decision-making methodologies, like 
“VlšeKriterijumska Optimizacija I Kompromisno Resenje (VIKOR)”, “preference 
ranking organization methodology” for enrichment of evaluations, “analytic network 
process”, “analytical hierarchy process”, “technique for order preference by similarity 
to the ideal solution”, “multi-attribute utility theory”, “the elimination and choice 
translating reality English”, and “multi-objective decision making” have been 
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utilized in the assessment of sustainable energy designs (San Cristóbal, 2011). The 
previous implementations of multi criteria decision-making on sustainable energy 
include sustainable energy planning projects, hydro-site selection projects, wind 
energy station plans, geothermal designs and solar energy farm designs and the like 
(San Cristóbal, 2011). Wang et al. conducted a thorough evaluation of multi criteria 
decision-making as a tool for making sustainable energy decisions (Wang, Jing, Zhang 
and Zhao, 2009). Methodologies in diverse steps of multi criteria decision-making for 
renewable energy were researched, containing criteria weighting, criteria selection, 
final aggregation, and evaluation. For wind energy station location selection, Janke 
used Geographical Information Systems and Multi Criteria Decision Analysis (JR. 
Janke, 2010). Utilizing local meteorological circumstances and a fuzzy multi criteria 
approach, Al-Yahyai and Charabi assessed the appropriateness of a location for a 
wind turbine (S. Al-Yahyai, Y. Charabi., 2015). Minguez et al. used “Technique for 
Order of Preference by Similarity to Ideal Solution” to investigate the most optimal 
support structure choices for a 5.5MW wind turbine. They looked at engineering, 
financial, and ecological factors to assess the system’s efficacy (Lozano-Minguez, 
Kolios, Brennan, 2011), (Sanchez-Lozano, García-Cascales, Lamata, 2014). The 
complete evaluation modelling, which combines “interpretive structural modeling” 
and “fuzzy analytical network process”, was created by Lee et al. They were able to 
choose appropriate turbines for a wind farm using this approach (Lee, Hung, Kang, 
Pearn, 2012). Haaren et al. developed fourteen criteria to locate ideal places, including 
land use, historical and memorial monuments, slope, and so on. They utilized a 
weighted approach utilizing Geographical Information Systems to identify suitable 
wind farm locations in the United Kingdom (Van Haaren, Fthenakis, 2011). For wind 
farm appropriateness researches, Haralambopoulos et al. employed a Geographical 
Information Systems multi criteria decision-making methodology (Tegou, Polatidis 
& Haralambopoulos, 2010).

During the last years, the significance of studies on wind turbine choice has 
grown. There are several criteria in the wind turbine choice problem, all of which 
are in distinct magnitudes and units. All the same, there is a scarcity of literature 
on applying “multi criteria decision making” methodologies to solve the problem 
of wind turbine choice (Shirgholami, Zangeneh and Bortolini, 2016). One of the 
generally utilized methodologies in these researches is the “analytical hierarchy 
process” methodology (Atanassov, 1999), (Smarandache, 2002), (Bagocius, 
Zavadskas and Turskis, 2014). By utilizing binary comparisons, it’s simple to utilize 
and solves the hierarchy problem. Except this, the “analytical hierarchy process’s” 
scales can be implemented to conceptual and the judgments’ consistency can be 
checked Shirgholami, Zangeneh, Bortolini, 2016). Nonetheless, there are several 
drawbacks for analytical hierarchy process which include biased judgements and 
complexity. In spite of its drawbacks, it has been opted through lots of decision-
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makers and utilized lone or interconnected with the other “multi criteria decision 
making” methodologies. For example, Bagocius and co-workers utilized a multi-
aim function to build a technique for selecting the optimal wind turbine depend 
on personal preference. The parameters utilized were the investment cost, power 
ratio, net energy production, maximum capacity. The “analytical hierarchy process” 
methodology was used to determine these criteria. Utilizing the weighted aggregated 
sum product assessment approach, the most optimal option was chosen. Shirgholami 
and co-workers (Shirgholami, Zangeneh and Bortolini, 2016) chosen a wind turbine 
to be used in an Iranian wind farm plan. They demonstrated how the criteria were 
developed and reported the relevant literature in great detail. The primary criteria 
utilized were the supplier performance, environmental impact, cost, and energy, 
but sub-criteria were also determined. The weighting was made utilizing the 
“analytical hierarchy process” methodology, and the sub- primary criteria were 
computed severally as global and local constituents. After it has combined them 
all, the primary criterion weightiness was obtained and ranked. Another paper that 
utilized the “analytical hierarchy process” methodology was the study through Balo 
et al. for the choice a 1.50 MW wind turbine (Sagbansua, Balo, 2017). As criteria, 
the maximum capacity, rotor diameter, hub height, total cost, energy output, state 
support, electromagnetic impact, noise, integration capability, and satisfaction level 
of the system were utilized. In several researches, “analytical hierarchy process” 
has been compared to the other acknowledged “multi criteria decision making” 
methodologies. For example, Kolios and co-workers employed several decision 
making techniques to choose the wind turbine back structure (Kolios, Mytilinou, 
Minguez and Salonitis, 2016). The “elimination and choice translating reality English” 
approaches, preferred “ranking technique” for enrichment evaluation, the “weighted 
sum” method, the “analytical hierarchy process”, the “weighted product” method, and 
the technique for order of preference by similarity to ideal solution were compared 
in their research. The optimal conclusions were obtained by the use of stochastic 
algorithms created through “Monte Carlo simulation”. Khan and Rehman utilized 
the weighted sum methodology to identify the optimal wind turbine in contrast to the 
“options weighted entire” methodology (Rehman and Khan, 2017). The power ratio, 
wind speed ratio, rotor diameter, center height, and wind cutting speed were utilized 
as criteria. C++ software was used to find a solution. The wind turbines’ selection 
as a decision-making problem necessitates several judgments on socio-economic, 
technical, and ecological problems (Cavallaro and Ciraolo, 2005). Because of the 
subjectivity, ambiguity and vagueness of human judgement, multi criteria decision 
making methodologies have been used to energy systems and coupled with fuzzy 
set theory (Cavallaro and Ciraolo,2005), (Wang, Jing, Zhang and Zhao, 2009), 
(Suganthi, Inıyan and Samuel, 2005). The novel approach to imprecise assessment 
and decision environments technique, which is based on fuzzy connections and 
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has low dependency on preference weight input, is one of the approaches based on 
fuzzy relationships (Cavallaro and Ciraolo, 2005). Ciraolo and Cavallaro evaluated 
wind power stations using the fuzzy-new F- novel approach to imprecise assessment 
and decision environments method to imprecise evaluation and decision settings 
(Cavallaro and Ciraolo, 2005). An option was obtained with 4 diverse designs. As 
criteria, the maintenance and operation costs, investment costs, fuel saving, energy 
generation capacities, CO2 absorption, technological development, realization time, 
noise, aesthetics, social acceptability, and ecosystem effect were utilized. In order 
to confirm the modifications in the sequence, a sensitivity analysis was undertaken 
to assess the robustness of the data obtained. Lee et al. employed the “analytical 
network” technique in another research that incorporated fuzzy logic (Lee, Hung, 
Kang and Pearn, 2012). The assessment of wind turbines was based on fuzzy logic 
and structural modelling interpretation. Khan used autonomous decision-making 
techniques and fuzzy logic for a range of wind turbines in a case study encompassing 
500 - 750 kW turbines (Khan, 2015). As criteria, the power ratio, wind speed ratio, 
wind cutting speed, and rotor diameter were utilized. In their paper, the unified and-
or aggregation operator was introduced and used in consequence the respecification. 
The 2 elements with important effects on this choice were the output percentage 
and central height. All the same, the modifications in the operator- correlated 
characteristic value had an impact on the conclusion. Thus, Khan and Rehman 
researched fuzzy logic sourched wind turbine choice through utilizing a more efficient 
fuzzy operator (Rehman and Khan, 2016). The research was based through fuzzy 
arithmetic mean operator and made through fuzzy numbers. As criteria, the center 
height, rotor diameter, power ratio, wind speed ratio, and wind cutting speed were 
utilized. Among twenty diverse wind turbines, the most performance wind turbine 
was chosen. To surpass the these researches’ limitation induced through proper fuzzy 
operator choice, Khan and Rehman (Rehman and Khan, 2019) researched a 2-stage 
multi criteria decision making methodology fuzzy goal programing based for wind 
turbine choice. As criteria for the power production, the rated power, rotor diameter, 
hub height, wind speed rated, and cut-in wind speed were utilized.

In Central and Southeast Europe, Afgan et al. implemented “adoption, substitution, 
progress, innovation, deterioration model” to compute the precedence classification 
among a variety of gas transportation system alternatives (Afgan, Carvalho, Pilavachi 
and Martins, 2008). For a few integrated power and heat systems, Pilavachi and co-
workers suggested a multi criteria decisions methodology with an agglomeration 
function depend on the weight factors’ statistical evaluation to compute maintainability 
surds (Pilavachi, Roumpeas, Minett and Afgan, 2006). In Spain, Cristóbal implemented 
the “Analytic Hierarchy Process“to determine the attribute notional significance 
weights and utilized the “VlšeKriterijumska Optimizacija I Kompromisno Resenje 
(VIKOR)” methodology to choose the best sustainable energy design (San Cristóbal, 
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2011). Lee ranked and assessed the building energy efficiency from the multiple-
objective throughput perspective through implementing fuzzy integral and fuzzy 
measure, the multiple-attribute decision making method (Lee, 2010). In Turkey, Onut 
and co-authors accepted the “Analytical Network Processs” to assess the most proper 
energy sources for the fabricating technology (Önüt, Tuzkaya and Saadet, 2008). 
Karaaslan and Aydın have been listed renewable energy sources by COPRAS and 
MULTIMOORA. Ilgın and Alkan studied the factors that prevent the widespread use 
of renewable energy sources in Turkey were examined by DEMATEL method. Lee 
and co-workers introduced a “Multi Criteria Decision Analysis” methodology, with 
the combination of “Analytic Hierarchy Process“ and the “benefits, opportunities, 
costs and risks” model, to aid choose a proper wind energy plant design (Lee, Chen 
and Kang, 2009). Patlitzianas and co-workers existed an interconnected “Multi-
Criteria Decision Making” method, depend on sequenced significance mean, to 
incorporate qualifying decisions on numerous threats and opportunities elements 
for evaluating the renewable energy manufacturer environment in European Union 
membership states (Patlitzianas, Ntotas, Doukas and Psarras, 2007). Nobre and co-
workers utilized a multi-criteria geo-spatial analysis method, depend on “geographic 
information systems” technic, to determine the most proper site for positionning 
a wave power plant (Nobre, Pacheco, Jorge, Lopes, Gato and 2009). Kolios and 
co-workers ensured a systematical method depend on the “Technique For Order 
Of Preference By Similarity To Ideal Solution” for evaluation and classification of 
diverse existing off-shore wind turbine back formations (Kolios, Collu, Chahardehi 
and Brennan, 2010). Lee and co-workers improved a notional modelling for produce 
policy in the photovoltaic cell energy technology, and “the benefits, opportunities, 
costs and risks”, “interpretive structural model”, and “fuzzy analytical network 
process” approach are combined to analyze proper strategical elements (Chen, Kang 
and Lee,2010). Chen and co-workers devised a “fuzzy analytic hierarchy process” 
methodology related to the “the benefits, opportunities, costs and risks” approach 
to assess wind - solar farm designs (Lee, Chen and Kang, 2011).

The sustainable energy assessment issue is happening more caution nowadays; 
all the same, the utilizes of “Multi-Criteria Decision Making” methods with the 
imprecise consideration and fuzzy data to work on the complicated problem are 
quite restricted. Because the wind farm’s construction is a complex work and the 
most proper wind turbine selection is necessary for the wind farm’s next operation, 
a systematical “Multi-Criteria Decision Making” modelling for assessing diverse 
wind turbine frameworks is essential for fulfillment the most appropriate decision. 
In the writers’ comprehension, this article is the first one that investigates the 
criteria relationships in the decision-making process through integrating ENTROPY 
and ARAS to assess diverse wind turbine frameworks. Depend on the assessment 
conclusions, the company can choose the most proper wind turbine framework to 
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be structured in its novel wind energy station.Ateş and Topal studied the place of 
establishment of a solar power plant with Entropy Based Topsis, Aras and Moosra 
Methods: example of Kop region (Ateş and Topal, 2021). Arsu evaluated of financial 
performance by the Entropy-Based Aras Method: An application on businesses 
in Bist Electricity, Gas and Steam Industry (Arsu, 2021). In this research, multi 
criteria decision- making is utilized to select the most feasible 2 MW wind turbine 
for a wind farm planning. A comparison of six different wind turbine trademarks is 
carried out. Each wind turbine trademark is evaluated depend on a common set of 
criteria. Within these base prime criteria, many important sub criteria are presented; 
likewise, sub-alternatives are signified for each wind turbine trademark. The wind 
turbine with the best performance is chosen from amongst a number of prominent 
2 MW wind turbine trademarks. The necessary information was received from the 
manufacturer of the wind turbine. In this study 16 criteria have been handled by a 
consultant company in a real time. This data is handled from real data in the company. 
These are qualitative criteria and they have been gathered from in the real time 
study. The Entropy method has been provided weighting of results obtained from 
real-time data. On the other hand, Aras method has been provided sorting by using 
real-time data. Entropy based Aras method has been used, since real-time data has 
been used and this has been providing analysis without the need for decision maker.

ENTROPY AND ARAS IN WIND TURBINE SELECTION

Entropy Method

Step 1: Applying a positive transform to data containing negative values
In this method, Z-score standardization is applied to the criteria data Xij values. 

It is expressed by the following mathematical expression.

Zij = 
X Xij j

j

�

�
	 (1)

Here X j  and 𝜎j respectively, j. are the mean and standard deviations of the 
criterion. Then the data is made positive by making coordinate transformation:

Z’ij=Zij + A, A > |min Zij |	 (2)

In the decision matrix, Z’ij values are now written instead of Xij criterion values.
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For Z’ij values, it shows the correspondence of i = 1,2,3,…..,m alternative values 
to j = 1,2,3,…., n criterion values.

Step 2. Conversion of criteria into benefit or cost analysis

Rij = 
X
X
ij

ijmax
(benefit criteria), (i =1,2,3,..,m number of alternatives)	 (3)

Rij = 
min X
X

ij

ij

(cost criteria). (j=1,2,3,….,n number of alternatives)	 (4)

Step 3. Normalizing the decision matrix

Pij = 
R

R
ij

i

m
ij�� 1

, ∀j	 (5)

i = alternatives	

j = criteria,	

Pij = normalized values,	

Rij = Converted values by benefit or cost status.	

Step 4. Calculation of Entropy Values

Ej= -k. 
i

m
ij ijP In P

�� 1
. ( ) , ∀j	 (6)

k (entropy) 0≤ Ej ≤ 1 is the entropy value that provides the expression

k = 
1

In m� �
; m, the number of alternatives	 (7)

Pij = stands for normalized values
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Step 5. Calculation of degrees of difference

The Djvalue, which represents the degree of difference of the information for 
each criterion, is calculated as follows.

Dj = 1- Ej , j=1,2,…,n index of criteria	 (8)

Step 6. Calculation of weights
The significance weights (Wj) of the kits are calculated as follows by normalizing 

the degree of difference (Dj)

Wj = 
D

D
j

j

n
j�� 1

, j=1,2,…,n index of criteria	 (9)

ARAS Method

Step 1: Creating the Decision Matrix

X = 
x x x

x x x

j n

m mj mn

01 0 0

1

� �
� � �
� �

�

�

�
�
�

�

�

�
�
�

i = 0,1,….,m j= 0,1, …., n	 (10)

Step 2: Generating the Normalized Decision Matrix

x
x

x
ij

ij

i

m
ij

�
�� 0

	 (11)

xij* = 
1
xij

	 (12)

x
x

x
ij

ij

i

m
ij

�
��
*

*
0

	 (13)
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X
x x x

x x x

j n

m mj mn

�
�

�

�
�
�

�

�

�
�
�

01 0 0

1

� �
� � �
� �

i = 0,1,….,m j= 0,1, …., n	 (14)

Step 3: Generating a Weighted Normalized Decision Matrix

j

n

jw
�
�

1

= 1	 (15)

X Xij ij
 = . Wj	 (16)

X
x x x

x x x
ij

j n

m mj mn

�
� �

� � �

� �

� � �

� � �
�

�

�

�
�
�

�

�

�
�
�

01 0 0

1

i = 0,1,….,m j= 0,1, …., n	 (17)

Step 4: Calculation of Optimality Function Value

Si = 
j

n

ijX
�
�

1

 , i= 0,1,2,….,m	 (18)

Ki = 
S
S
i

0

, i=0,1,….,m	 (19)

In this study, it has been aimed to apply a multi-criteria decision-making 
methodology for wind turbine selection. For this purpose, criteria affecting wind 
turbine selection have been determined. There are 16 criteria that affect the wind 
turbine selection. The Entropy method, which allows to determine the weights of the 
criteria, has been chosen from the multi-criteria decision-making methods. Then, 
the data of 6 wind turbine corresponding to the criteria have been taken and sorted. 
Sorting has been done with the ARAS method, which is one of the ranking methods.

In the first stage, the initial decision matrix was created with the entropy method. 
The initial decision matrix has been shown in Table 1.
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Since the unit values are different in the decision matrices in Table 1. Some of 
the criteria are maximum and some are minimum. So we need to do cost and benefit 
analysis. The converted cost and benefit tables have been shown in Table 2.

The matrix should be normalized. Therefore, the variables have been normalized 
as the second step of the Entropy method. The normalized decision matrix has been 
shown in Table 3.

In the third step, entropy values have been found according to each criterion. 
Then, the weighted entropy values and the weights of the criteria have been found 
in Table 4.

After the weights of the criteria have been found, the problem of choosing the 
best wind turbine has started. Values found in criterion weighting have been used 
in the selection problem of wind turbine. The initial decision matrix of the ARAS 
method has been discussed as in Table 5.

Table 4. Criteria of Entropy Weights

VALUES OF ENTROPY 1-ENTROPY VALUE Wj

K1 0.317 0.683 K1 0.063

K2 0.312 0.688 K2 0.063

K3 0.312 0.688 K3 0.063

K4 0.313 0.687 K4 0.063

K5 0.315 0.685 K5 0.063

K6 0.311 0.689 K6 0.063

K7 0.312 0.688 K7 0.063

K8 0.313 0.687 K8 0.063

K9 0.311 0.689 K9 0.063

K10 0.312 0.688 K10 0.063

K11 0.313 0.687 K11 0.063

K12 0.356 0.644 K12 0.059

K13 0.356 0.644 K13 0.059

K14 0.356 0.644 K14 0.059

K15 0.312 0.688 K15 0.063

K16 0.313 0.687 K16 0.063

TOPLAM 10.865
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The criteria have been divided into two as benefit-oriented and cost-oriented. 
It is expected that the benefit-oriented criteria will be maximum. And also cost-
oriented criteria have been expected to be minimal. Therefore, the transformed 
decision matrix has been given in Table 6.

According to the next step of the ARAS method, the transformed decision 
matrix should also be normalized due to the unit difference. For this reason, the 
normalization process has been performed in Table 7.

In the next step, the normalized matrix has been weighted. The weighted matrix 
has been given in Table 8.

In the last step of the ARAS method, the optimum values have been obtained 
and ranked. These values have been shown in Table 9.

CONCLUSION

Climate change and global warming have raised human awareness of the need of 
environmental preservation and moved the focus of technological improvement 
to low-carbon sustainable power. Commercial wind power plants are presently 
operational in over eighty nations, and there are several advantages to building wind 
power plants in both developing and developed countries. These advantages contain 
stable energy prices, increased energy security, financial improvement to create 
jobs and to attract investment, less dependence on imported fuels, CO2 emissions 
reductions, and air quality improved.

This article purposes to obtain the most fesible 2MW wind turbine brand depend 
on diverse criteria present in the literature. In this study Entropy-based ARAS method 
has been used for the selection of wind turbine. For this purpose, the criteria in 
the selection of wind turbines have been weighted by the Entropy method. In this 
context, it has been seen that the least important criterion weights have been found 
to be “Service support”, “Reliability” and “Spare part”. The other criteria have the 
same result and the most important ones. Then, in order to find the best wind turbine, 
sorting has been done with the ARAS method. The most suitable alternative order can 
be listed as T5, T4, T1, T2, T3 and T6. The study is quite comprehensive within the 
scope of criterion weighting of the wind turbine. Therefore, it is important. Objective 
data have been used in the study. The Entropy-based Aras method has been applied 
to the wind turbine selection system for the first time. For further studies, it has 
been planning to benefit from fuzzy decision making methods by inviting leading 
names in the sector as decision makers.
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