
sustainability

Article

Ranking Potential Renewable Energy Systems to
Power On-Farm Fertilizer Production

Ali Mostafaeipour 1,2,3, Ali Sadeghi Sedeh 4, Shahariar Chowdhury 3,5

and Kuaanan Techato 3,5,*
1 Institute of Research and Development, Duy Tan University, Da Nang 550000, Vietnam;

alimostafaeipour@duytan.edu.vn
2 The Faculty of Civil Engineering, Duy Tan University, Da Nang 550000, Vietnam
3 Department of Sustainable Energy, Faculty of Environmental Management, Prince of Songkla University,

90110 Songkhla, Thailand; Engshahariar@live.com
4 Industrial Engineering Department, Yazd University, Yazd 89195741, Iran; alisadeghi7595@gmail.com
5 Environmental Assessment and Technology for Hazardous Waste Management Research Center, Faculty of

Environmental Management, Prince of Songkla University, 90110 Songkhla, Thailand
* Correspondence: Kuaanan.t@psu.ac.th; Tel.: +66-8-184-189-62

Received: 17 August 2020; Accepted: 18 September 2020; Published: 23 September 2020
����������
�������

Abstract: Farmers across the world have long used chemical fertilizers to achieve higher production
outputs. One of the basic inputs for the production of nitrogen fertilizer is fossil fuel, which is not
only finite but also has tangible impacts on the environment. This study aims to determine the
most suitable renewable energy resource (RER) for the production of fertilizer in Iranian farmlands.
The resources considered in this study were photovoltaic energy, biomass energy, wind energy,
and solar thermal energy. This assessment was carried out in terms of six general criteria derived
from a PESTEL (Political, Economic, Socio-cultural, Technological, Environmental and Legal) analysis,
and thus 20 sub-criteria were obtained with the help of experts. The criteria were weighted using the
Fuzzy AHP (Analytic Hierarchy Process) method. Because of the use of criteria with crisp, fuzzy,
and interval-type values, the ranking was performed using the extended TODIM (an acronym in
Portuguese of interactive and multi-criteria decision-making) method. A sensitivity analysis was
performed to determine the effects of the sub-criteria on the results. The results showed that the
technological criterion is the most important measure for this assessment, and that photovoltaic
energy and wind energy are the top two options for powering chemical fertilizer production in
Iranian farmlands.

Keywords: fertilizer production; clean energy; prioritizing; farmlands; sensitivity analysis

1. Introduction

Energy is one of the most important elements of sustainability and social welfare in many
countries in the world [1]. Given the finite nature of fossil fuels and their adverse effects on our
natural environment, including global warming and environmental pollution, it is now more important
than ever to promote renewable energy generation and consumption as a coherent policy, with the
purposes of improving energy security, climate protection and sustainable economic development [2,3].
According to the United States Energy Association, renewable energy is an energy that is constantly
being produced in nature. Renewable energy is sustainable in many countries around the world,
and it could help to combat climate change, environmental pollution, global warming, and many
other negative effects [4]. Many developed and developing countries have adopted specific policies to
promote the use of renewable energy resources such as wind, solar, thermal, biomass, geothermal,

Sustainability 2020, 12, 7850; doi:10.3390/su12197850 www.mdpi.com/journal/sustainability

http://www.mdpi.com/journal/sustainability
http://www.mdpi.com
https://orcid.org/0000-0003-1321-1176
http://dx.doi.org/10.3390/su12197850
http://www.mdpi.com/journal/sustainability
https://www.mdpi.com/2071-1050/12/19/7850?type=check_update&version=3


Sustainability 2020, 12, 7850 2 of 27

and hydropower, etc. [5]. There are many factors which promote and encourage the use of renewable
energies: the lack of greenhouse gas emissions from fossil fuels; the reduction of some types of
air pollution; and the creation of economic development and jobs in manufacturing, installation,
and more. With increasing technological development, renewable energies are having a high impact.
More scientists are finding creative and efficient methods of producing renewable energies to meet the
increasing demand for energy.

In 2012, Iran’s share of global renewable energy consumption was 0.7% [6]. Iran has excellent
renewable energy potential, which can contribute to the more sustainable and faster development of
this country. A good example of the use of renewable energy is in the production of ammonia, which is
a basic input in many industries, including the production of fertilizers, explosives, and plastics [7].
Sustainable ammonia production has been the subject of several studies, including a study by Alfian
and Purwanto [8], where they introduced a strategy for producing green urea using a multi-objective
optimization model with the objective of minimizing the production costs and environmental impacts.
Arora et al. [9] compared the economic and environmental potential of modern biomass-based
ammonia production methods in different countries. Bicer et al. [10] evaluated four different ammonia
production methods using the Life Cycle Assessment method. Du et al. [11] conducted a technical
simulation and evaluation regarding the production of chemical fertilizer in cornfields with solar
power. Morgan et al. [12] assessed the prospects of producing ammonia in remote areas and islands
with wind energy. Casallas et al. [13] conducted an experimental study on the electrochemical synthesis
of ammonia, and improved this process. They also presented an energy system that uses photovoltaic
technology and thermal collectors in combination with fuel cell components. Tallaksen et al. [14]
compared wind-powered ammonia production with the production of nitrogen fertilizers using fossil
fuels. Palys et al. [15] used a supply chain optimization problem to assess the benefits of ammonia
production with modular renewable energy sources.

With the rising number of economically and technologically feasible renewable energy resources,
choosing a resource from the range of options has become difficult. In fact, choosing a renewable
energy resource for a country is an important and strategic decision with a great number of criteria.
To find a safe, efficient and sustainable option for a region, it is often necessary to consider both
quantitative and qualitative parameters in the decision making process [16].

Fertilizer production systems have the potential to be green. In the literature, few studies have
been conducted on green fertilizer production [11,17]. In this study, a comparative evaluation of
renewable energy resources in the chemical fertilizer industry was conducted according to different
criteria for fertilizer production in agricultural fields in Iran.

This study uses a Multi Criteria Decision Making (MCDM) model based on crisp, interval and
fuzzy numbers to rank renewable energy resources for the production of fertilizer in Iranian farmlands.
The purpose of this study is to introduce a hybrid model consisting of PESTEL (Political, Economical,
Social, Technological, Environmental and Legal) analysis in order to determine the suitable criteria for
evaluation, the Fuzzy AHP (Analytic Hierarchy Process) method to weight the criteria, and extended
TODIM (an acronym in Portuguese of interactive and multi-criteria decision-making) to rank the
options, for the evaluation of different renewable methods of powering on-site fertilizer production
in farmlands. These resources include photovoltaic energy, biomass energy, wind energy, and solar
thermal energy. The on-site ammonia production leads to reduced emissions from the ammonia and
nitrogen synthesis, as well as decreased negative impacts from the transportation of materials from the
production centers to the farmlands.

The steps of this article are as follows:

1. The introduction of a hybrid model (PESTEL, Fuzzy AHP, and Extended TODIM) for ranking
renewable energy resources in Iran,

2. The determination of the suitable sub-criteria for the evaluation of renewable energy resources
for fertilizer production in Iran (though it could be used for any country).

3. The determination of the suitable renewable energy resources for powering farmlands in Iran.
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4. The proposition of a renewably-powered system for nitrogen fertilizer production in farmlands
for the first time in Iran.

This paper is structured as follows: in the next section, the method of fertilizer production
in farmlands is described in detail. Section 3 introduces the study area. Section 4 describes the
methodology and the proposed models. The results of the models are presented in Section 5, and lastly,
Section 6 presents the conclusions and some suggestions for future work.

2. Green Production Pathway

2.1. Chemical Fertilizer

Fertilizers can be considered as food for plants. They help farmers to feed the world’s growing
population. Plants need 17 types of nutrients to survive and grow. Fertilizers return the nutrients
to the soil after each harvest [18]. Currently, the fertilizer industry accounts for 77% of the global
nitrogen demand [19]. In recent years, this industry has seen consistent progress in productivity and
technological innovation [20]. The global demand for nitrogen fertilizers has risen from 111.4 million
tons in 2013 to 113.1 million tons in 2014 (1.5% growth). In 2018, this figure reached 119.4 million tons.
About 58% of this 6.3 million ton increase in demand between 2014 and 2018 is related to Asia, 22% is
related to America, 11% is related to Europe, 8% is related to Africa, and 1% is related to Oceania [21]
(Figure 1). Asia had the highest and Western Europe had the lowest share in the increase. Due to the
high consumption of fertilizer in Asia, this issue is very important in this region. Although the most
common way of producing urea and nitrogen chemical fertilizers is to use hydrocarbons, renewable
energy resources can also be used for this purpose, in which case the product is called green fertilizer.
These methods are expected to be widely used in the future [22].

Sustainability 2020, 12, x FOR PEER REVIEW 3 of 28 

Sustainability 2020, 12, x FOR PEER REVIEW  www.mdpi.com/journal/sustainability 
 

This paper is structured as follows: in the next section, the method of fertilizer production in 
farmlands is described in detail. Section 3 introduces the study area. Section 4 describes the 
methodology and the proposed models. The results of the models are presented in Section 5, and 
lastly, Section 6 presents the conclusions and some suggestions for future work. 

2. Green Production Pathway 

2.1. Chemical Fertilizer 

Fertilizers can be considered as food for plants. They help farmers to feed the world’s growing 
population. Plants need 17 types of nutrients to survive and grow. Fertilizers return the nutrients to 
the soil after each harvest [18]. Currently, the fertilizer industry accounts for 77% of the global 
nitrogen demand [19]. In recent years, this industry has seen consistent progress in productivity and 
technological innovation [20]. The global demand for nitrogen fertilizers has risen from 111.4 million 
tons in 2013 to 113.1 million tons in 2014 (1.5% growth). In 2018, this figure reached 119.4 million tons. 
About 58% of this 6.3 million ton increase in demand between 2014 and 2018 is related to Asia, 22% 
is related to America, 11% is related to Europe, 8% is related to Africa, and 1% is related to Oceania 
[21] (Figure 1). Asia had the highest and Western Europe had the lowest share in the increase. Due to 
the high consumption of fertilizer in Asia, this issue is very important in this region. Although the 
most common way of producing urea and nitrogen chemical fertilizers is to use hydrocarbons, 
renewable energy resources can also be used for this purpose, in which case the product is called 
green fertilizer. These methods are expected to be widely used in the future [22]. 

 
Figure 1. Regional and sub-regional share of the world increase/decrease in nitrogen fertilizer 
consumption, 2014–2018 [21]. 

Given the poor soil fertility in most of the cultivatable land in Iran, fertilizers are a necessity for 
the Iranian agricultural sector. The low rainfall in the country also adds to the importance of using 
fertilizers to increase the agricultural output. About 6 million tons of nitrogen fertilizers are produced 
annually in Iran, of which 1.7 million tons are for domestic use and the rest is for export. According 
to the Iranian Ministry of Agriculture, about 50% of the fertilizer used inside the country is produced 
by the private sector. It was predicted that, from 2015 to 2020, the fertilizer market in Iran would 
grow by more than 3.5%, because of the need to improve the yield of agricultural lands. [23]. Fertilizer 
consumption in Iran (in kilograms per hectare of agricultural land) has fluctuated from 2004 to 2016 

-1.5

3.3

29.1

24.5

4.1

17.6

4.8 5.4 2.5 1.3
9

-5

0

5

10

15

20

25

30

35

%

West Europe Central Europe
East Asia South Asia
West Asia Latin America & Caribbean
North America Sub-Saharan Africa
North Africa Oceania
East Europe & Central Asia

Figure 1. Regional and sub-regional share of the world increase/decrease in nitrogen fertilizer
consumption, 2014–2018 [21].

Given the poor soil fertility in most of the cultivatable land in Iran, fertilizers are a necessity for
the Iranian agricultural sector. The low rainfall in the country also adds to the importance of using
fertilizers to increase the agricultural output. About 6 million tons of nitrogen fertilizers are produced
annually in Iran, of which 1.7 million tons are for domestic use and the rest is for export. According to
the Iranian Ministry of Agriculture, about 50% of the fertilizer used inside the country is produced by
the private sector. It was predicted that, from 2015 to 2020, the fertilizer market in Iran would grow
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by more than 3.5%, because of the need to improve the yield of agricultural lands. [23]. Fertilizer
consumption in Iran (in kilograms per hectare of agricultural land) has fluctuated from 2004 to 2016
due to changes in fertilizer prices, droughts, the use of alternative fertilizers, and reduced numbers of
farmers (Figure 2).
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Figure 2. Iran’s fertilizer consumption in kg per hectare of arable land (2004–2016) [24].

The most important step in the process of producing nitrogen fertilizer is the synthesis of ammonia,
which accounts for 1% of the world’s total energy consumption [11].

2.2. Ammonia Synthesis

Ammonia is one of the most abundantly produced chemical substances in the world [25].
The production of ammonia is one of the world’s most important industries. Without ammonia-based
products and chemical fertilizers, the world’s population would be at least 2–3 billion lower than what
it is today. As shown in Figure 3, worldwide ammonia production amounted to 166 million tons in
2011, and over 196 million tons at the end of 2017; this means that the production of this material
grew by more than 18% in 7 years. It has been estimated that the ammonia produced annually is
worth more than 100 billion dollars. Some ammonia producers produce more than 3,000 Mt/day [26].
With the increasing consumption of ammonia in the world, the CO2 emissions associated with the
production and transport of ammonia have become quite significant [27]. It has been estimated that
global ammonia production has led to the emission of 289.8 Mt of CO2. The production of ammonia
accounts for about 1.5% of global CO2 emissions [25]. In addition to its extensive use in fertilizer
production, ammonia is also used as a fuel [28].
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The most commonly used ammonia synthesis method is the Haber–Bosch method [30]. Introduced
in the twentieth century, this process produces ammonia by combining air nitrogen with hydrogen.
Today, 90% of all of the ammonia produced in the world is still synthesized by this method.
The Haber–Bosch process accounts for 3–5% of the world’s annual natural gas consumption, which is
equal to 1–2% of the world’s total annual energy consumption [31].

In order to produce the nitrogen needed for ammonia (NH3), the nitrogen (N2) of the air
(air membrane system) can be separated through a cryogenic process. Pure nitrogen can be produced
by three main methods: cryogenic distillation, Pressure Swing Absorption (PSA) and membrane
separation. Among these methods, cryogenic distillation produces the purest product with the least
energy consumption [12]. The hydrogen needed for this process can be produced by the electrolysis of
water. The Haber–Bosch process combines hydrogen and nitrogen with an iron oxide catalyst under
very low pressure and a moderate temperature [18,32].

N2(g) + 3H2(g)→ 2NH3(g) (1)

In the ammonia converter, nitrogen and hydrogen are compressed in order to initiate a reaction
and produce ammonia. The ammonia produced in this reaction is a nitrogen fertilizer that, in many
cases, is directly injected into the soil. This ammonia can also be used to produce other nitrogen
fertilizers. For example, a reaction with CO2 turns this ammonia into a urea fertilizer [33]. Because of
its high nitrogen content (46%), low cost, and ease of use, urea is the world’s most widely used chemical
fertilizer. When injected into the soil, it undergoes a series of biological, chemical, and physical changes
which produce the essential nutrients for plants [34]. The carbon dioxide required to produce urea can
be obtained from the by-products of ammonia plants or the burning of fuel in power plants [8].

The reaction of urea synthesis from ammonia (NH3) and carbon dioxide (CO2) is shown below.

CO2 + 2NH3 � NH2COONH4 � NH2CONH2 + H2O (2)

2.3. Hydrogen

Hydrogen production is an important and critical process for the synthesis of ammonia [25].
Although hydrogen is considered a clean fuel, its production has a negative impact on the natural
environment [35]. The hydrogen required for the production of ammonia and urea is obtained through
the reformation of of methane steam. In this reaction, methane and steam turn into carbon monoxide
and hydrogen [8]. Every year, about 500 billion cubic meters of hydrogen is produced around the
world, which is used in different industries, such as fertilizer production, oil refining, petrochemicals,
fuel cells and the chemical industries [2]. Sustainability and environmental considerations require
that hydrogen be produced from clean, abundant, reliable and cost-effective sources. Recent studies
have shown that the promotion and acceleration of sustainable solutions for energy generation will
inevitably lead to the replacement of traditional energy generation systems. Hydrogen will be an
important component of this replacement [36] because about 96% of global hydrogen is produced
by burning fossil fuels (48% natural gas, 30% oil, 18% coal). In contrast, water electrolysis accounts
for only 4% of the world’s total hydrogen production [8]. Renewably-powered water electrolysis can
increase hydrogen production with no direct pollution [37].

2.4. Water Electrolysis

In the water electrolysis process, water is the reactant, and its hydrogen and oxygen are separated
as a result of the application of a direct electric current [37] (Equation (3)):

H2O + Direct current electricity→ H2 +
1
2

O2 (3)
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Water electrolysis is performed in a device called an electrolyzer. Electrolyzer cells are divided
into bipolar plates, with one plate being an anode and the other a cathode. Hydrogen ions gather on the
cathode and produce hydrogen gas [38]. In general, electrolyzers do not require constant maintenance
because they have almost no moving parts. They are also silent and have a high degree of modularity,
which make them perfectly suitable for home, industrial and commercial use [35]. There are several
different systems for water electrolysis, which include Alkaline Water Electrolysis (AWE), Proton
Exchange Membranes (PEMs), Alkaline anion Exchange Membranes (AEMs), and Solid Oxide water
Electrolysis (SOE).

Chi and Yu [37] carried out the production of hydrogen through a low-temperature water
electrolysis technology called PEM electrolysis. This method is faster, more efficient, more
environmentally-friendly and better designed than other electrolysis methods. The efficiency of
the PEM electrolyzer is 57–64% LHV (Lower Heating Value) per kg of H2 [8]. Using the renewable
energies available on the site, it is possible to electrolyze water and produce hydrogen without having
to move the materials, which can be very efficient. In this study, the water used in the electrolysis was
assumed to be agricultural water [37].

2.5. General Scheme of On-Site Fertilizer Production in Farmlands

The proposed scheme of fertilizer production is illustrated in Figure 4. This scheme can work
with four renewable energy technologies: solar energy technology (photovoltaic), biomass technology,
wind energy technology, and solar thermal technology. The electricity generated by the renewable
resources is used to power the electrolyzer, air separation system, and ammonia synthesis system.
The hydrogen produced by the electrolyzer and the nitrogen produced by the air separator are fed
into the compressor and subsequently synthesized into ammonia through the Haber–Bosch process.
The ammonia produced is combined with carbon dioxide to produce urea fertilizer. The total energy
required for the synthesis of ammonia is 11.668 kWh/kg–NH3 [15], which is mostly needed for the
electrolysis of the water (Table 1).
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Table 1. Required energy for ammonia production.

Process Required Energy (kWh/kg NH3)

Electrolysis 8.47
Air separation 0.098

Synthesis 3.1

3. Study Area

Iran is located in the eastern part of the Middle East, and is bordered by the Caspian Sea to the
north, and the Persian Gulf and the Gulf of Oman to the south. It covers an area of 1,648,195 km2

with a wide variety of topologies, but with a mostly semi-arid climate [39]. Iran has massive oil and
natural gas reserves, which account for about 10% of the world’s total crude oil reserves and 13%
of OPEC (Organization of the Petroleum Exporting Countries) gas reserves [40]. In addition to fossil
fuel reserves, this country has excellent potential to harvest renewable energies. It is estimated that,
by 2050, the population of Iran will reach 92.2 million, and electricity consumption in this country will
exceed 504.5 TWh. Therefore, given the finite nature of oil and natural gas reserves, the country should
inevitably invest in different energy sources. Under the COP21 treaty (COP stands for Conference
of Parties, an annual meeting of all nations that make up the United Nations Framework on Climate
Change), Iran is committed to producing 7500 MW of renewable energy by 2030. Because of the
massive subsidies that the Iranian government pays to energy consumers, energy consumption in this
country is highly inefficient. However, the government has recently shown more interest in promoting
renewable energy in different sectors, and in stimulating a shift from fossil fuels to new energies [41].
The existence of excellent renewable energy potentials in Iran provides a good foundation for the
expansion of activities related to these energies for this country. In Iran, renewable energies are mostly
produced in two ways: concentrated power plants and small distributed systems [42].

4. Materials and Methods

4.1. Model Description

Multi-criteria decision-making methods (MCDMs) are widely used in the field of renewable
energy management, and specifically in energy policy analysis, technology selection, project
evaluation, and environmental impact analysis [43]. Troldborg et al. [44], Al garni et al. [45],
and Streimikiene et al. [46] showed that MCDM models could be used to evaluate, compare and
rank different renewable energy sources based on a comprehensive set of technical, environmental,
economical, and social criteria. Research has shown that methods like the Analytic Hierarchy Process
(AHP), which capture both quantitative and qualitative data, are particularly useful for the analysis of
energy policies [47]. Since the problem of choosing the best renewable energy resource for a particular
application involves a high degree of uncertainty, combining MCDMs with fuzzy theory [48], which is
very efficient in dealing with uncertainties in decision-making problems [49], can provide a very
effective approach for the selection and assessment of renewable energy sources. In this study, a hybrid
model consisting of fuzzy AHP (to determine the weights of the criteria) and the extended TODIM
(to rank the renewable energy sources) was used to determine the best renewable energy resources for
the production of fertilizer in Iranian farmlands. The framework of this study is shown in Figure 5.
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This study enlisted the help of twenty three energy experts, consisting of two experts in the field
of the environment, three experts in the field of renewable energies and one expert in meteorology,
from the academic, research and industrial sectors, for two purposes:

1. The choice of the suitable sub-criteria for the selection of renewable energy resources for on-site
fertilizer production in Iranian farmlands. For this purpose, the experts received a questionnaire
including a summary of the study and the methods used. They were then asked to select
appropriate sub-criteria from the sub-criteria obtained from the literature, and the parameters that
they consider important. They also evaluated options that did not have available data or could
not be measured when the sub-criteria were identified. It should be noted that if the sub-criteria
selected by the experts were interdependent, they were removed, because, in the AHP method,
there can be no interrelation between the decision criteria (sub-criteria).
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2. Making pairwise comparisons between criteria to determine their weights by using linguistic
variables. To this end, the experts received a questionnaire for pairwise comparisons and,
after completing it, the paired comparisons matrix was then obtained.

4.2. Analyzed Options

This study considered four renewable energy-based options for the production of fertilizer in
Iranian farmlands. All of these options are based on electrolysis. The electricity generated by these
options can be commercialized, and has the lowest possible emission levels. It is assumed that part of
the agricultural land is occupied to deploy the RER equipment. These options are described below.

4.2.1. Solar Energy

Solar energy is a type of renewable energy that is obtained through the absorption of solar
radiation into photovoltaic cells [50]. Solar energy is the most abundant energy available to humans [51].
The amount of solar radiation received on the ground’s surface depends on the season, humidity,
altitude, time of day, and local weather. Solar energy can be transformed into two more useful
types of energy: electricity and heat [16]. In the first case, photovoltaic cells absorb the sunlight and
turn it into electricity. Photovoltaic panels can be used for both industrial-scale and domestic-scale
energy production [44]. Given the availability of solar energy in all of the sites of agricultural
activity, it is a major solution candidate for sustainable energy generation for fertilizer production [11].
On average, Iran has about 300 sunny days per year, and an average solar radiation of 2200 kWh/m2.
Thus, harvesting even 1% of the country’s total solar energy potential at 10% efficiency would provide
about 9 million megawatts of electricity per day. It has been estimated that the real amount of annual
sunlight hours in Iran is more than 2800 [40]. The photovoltaic power generation capacity of Iran by
the end of 2018 was 285.35 MW [42].

4.2.2. Biomass Energy

Biomass is a type of renewable energy that is extracted from organic matter. The main sources of
biomass energy are wood, food, woody or herbaceous plants, agricultural and forestry residues, animal
wastes, the organic fraction of urban and industrial waste, and fumes from landfills [1]. In recent
decades, the rapid growth of the population and urbanization have provided easier access to biomass,
especially in urban waste [45]. It has been estimated that about 10% of the world’s energy needs can be
met with biomass [51]. This energy source can be used directly to generate electricity or heat, or it
can be converted into other energy carriers, such as biofuels and biogas [44]. Iran also has a high
potential for the generation of biomass energy. It has about 133 million square meters of forests and
produces large amounts of urban waste, animal waste, lignocellulosic material (the main input for
bioethanol production and gasification), and algae (the most important raw material for biodiesel
production) [52]. By the end of 2018, the biomass power generation capacity in Iran was 10.5 MW [42].
In this study, the electricity needed was generated by burning waste products. Various sources, such as
animal manure and the agricultural residue from crops, can be used to generate electricity in the fields.
Agricultural residues from crops are better at generating electricity [50].

4.2.3. Wind Energy

Wind energy generation is the conversion of wind into a useful form of energy using turbines.
After more than two decades of the commercial and industrial use of wind energy and the maturity of
wind energy technologies, the wind energy industry is still steadily growing [51]. Wind power plants
can provide many economic benefits in both developed and developing countries [16]. By the end of
2018, the world’s total wind power generation capacity was 600 GW, with the largest share belonging to
China (200 GW) and the United States (100 GW) [53]. In many parts of Iran, the geographic conditions
and low air pressure provide good potentials for the harvesting of wind energy [41]. In a wind energy
potential assessment project, the recoverable wind power potential of Iran was estimated to be about
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100 GW [42]. While many developed countries with different renewable potentials have achieved
a rapid increase in the use of this renewable energy [54], Iran’s wind energy capacity stagnated at
282.16 MW in 2018 [52].

4.2.4. Solar Thermal Energy

Solar thermal energy generation, or concentrated solar power (CSP) generation, involves using
mirrors or reflectors to concentrate solar radiation onto a heat transfer medium, and then using the
energy absorbed by this medium to generate electricity [45]. The solar collectors of solar thermal
energy generation systems consist of two components: reflectors (mirrors), which reflect and focus
the sunlight, and receivers, which absorb the focused sunlight. In most of these systems, the heat
transfer fluid is pumped through the receiver to absorb the heat, which is then used to produce steam.
In the turbine, this steam is turned into mechanical energy, which drives the generator to produce
electricity [50]. CSP plants can generate electricity at both day and night [1]. Despite Iran’s excellent
solar energy potential, the country has failed to exploit this potential, and still supplies less than 1%
of its total power demand from solar sources [41]. The net solar thermal potential of Iran, with the
assumption of 35% efficiency for the generation system, has been estimated at 91,000 TW [55]. In 2011,
the solar thermal energy generation capacity in Iran was 17 MW [41].

Despite the abundance of renewable energy resources in Iran, the exploitation of these resources
requires further attention being given to the political, economic, social, technical, environmental and
legal issues concerning this area.

4.3. Criteria

The abundant renewable energy resources available in Iran cannot be exploited without attention
being given to the related political, economical, social, technical, environmental and legal issues.
The use of appropriate analysis criteria and sub-criteria in the assessment of renewable energy sources
is essential for informed decision-making in this area [49]. Finding suitable criteria and sub-criteria is
the first step in the comparison of the available options. In this study, these criteria were determined
by PESTEL analysis, as described below.

PESTEL Analysis

The method used in this study to determine the suitable criteria and sub-criteria is PESTEL
analysis (Political, Economic, Socio-cultural, Technological, Environmental and Legal). The literature
contains several definitions for this analysis, such as PEST [56] and STEPE [57]. Originally introduced
by Aguilar in the form of ETPS (Economic, Technical, Political, and Social), this analysis was gradually
modified into a model for the analysis of the effect of external and environmental factors or changes on
an organization. Initially, PESTEL analysis was mostly used in corporate strategic management, but it
gradually found application in other disciplines as well [58].

In this study, after reviewing the literature related to the evaluation of renewable resources,
and the comments of the consulted experts based on the factors of the PESTEL analysis, a number of
sub-criteria that are relevant to the subject of interest were identified in Table 2.

Table 2. Expert inputs and the review of the studies using MCDM to evaluate the renewable
energy resources.

Main D.C NO. Sub-Criteria References

Political

1 Political acceptance [45,47,50]
2 Compatibility with the national energy policy [16,45,50]
3 Political benefit Expert inputs
4 National energy security [1]
5 Sanction Expert inputs
6 Policy applicability [22]
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Table 2. Cont.

Main D.C NO. Sub-Criteria References

Economic

1 Capital Cost [1,16,45–47,49,52,59,60]
2 Operation and maintenance (OM) Cost [1,16,45–47,49,52,59,60]
3 Payback time [16,47,49,50]
4 R & D Cost [1,45]
5 Electricity cost [1,49,51,61,62]
6 Costs of grid connection [46]
7 Technology Cost [16]
8 Energy Cost [45,63]
9 Market maturity [45,64]

10 Operational life [45,47]
11 Availability of funds [50]
12 National economic development [45]
13 Market potential [22,49,60]
14 Security of supply [46]

Social

1 Job creation [1,16,44–46,49,51,59]
2 Social benefit [1,16,47,49]
3 Local welfare Expert inputs
4 Accident fatalities [46]
5 Social acceptance [1,16,22,44,45,47,49–51,61,62,64]
6 Maintain leading position as energy supplier [45]
7 Investors’ awareness and information Expert inputs
8 Human health [10,32,45,46]

Technology

1 Safety of energy system [45,47]
2 Safety in covering peak demand [45,46]
3 Stability [59]
4 Efficiency [1,16,22,45,49–51,61,64]
5 Reliability [1,16,22,44,45,47,49,50,59,60,62]
6 Resource availability [1,16,45,49]
7 Risk [50]
8 Technical maturity [1,16,22,44,45,47,49–51,61,64]
9 Feasibility [50,63]

10 Capacity [16,47,50,51,61,62]
11 Load factor [46]
12 Deployment time [1,45,63]
13 Durability of technology [62]
14 Expert human resource [1,45]
15 Future installed capacity [61]
16 Ease of decentralization [45]
17 Ease of running on farmland Expert inputs
18 Electricity generation [44,61]

Environmental

1 Land requirement [1,16,44,45,49–51,65]
2 Emission reduction [1,44–47,50,51,60,65]
3 Impact on environment [16,45,47,49,50,59]
4 Need for waste disposal [45,47]
5 Disturbance ofecological balance [45]
6 Climate change [10,62]
7 Pollution emission [16,61,62]
8 Impact on amenity [44]
9 Global warming [22,30]

10 Human toxicity [10,22,30]
11 Ecosystem quality [10]

Legal
1 Legal regulation of activities [62]
2 Governmental support [61]
3 Legal incentives [16]
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After the PESTEL analysis, 23 sub-criteria were determined by the experts, and three sub-criteria
were omitted due to their interdependence with the opinion of the experts. Finally, 20 sub-criteria for
the ranking of renewable resources for on-site fertilizer production in farmlands in Iran were identified.
Quantitative data were gathered from various sources, including country databases and literature,
and qualitative data were obtained from expert opinions in Table 3.

Table 3. The selected decision sub-criteria, with their data references.

Main Criteria NO. Sub-Criteria Unit Type Data Reference

Political
1 Political acceptance Qualitative (1–5) Positive Experts inputs
2 Political benefit Qualitative (1–5) Positive Experts inputs
3 Sanction Qualitative (1–5) Negative Ministry of Energy of Iran [42]

Economic
1 Capital Cost USD/kW Negative [1,41,45,49,66–68]
2 Operation and maintenance (OM) Cost USD/kW/y Negative [1,49,51,67]

Social
1 Local welfare Qualitative (1–5) Positive Experts inputs
2 Social acceptance Qualitative (1–5) Positive Experts inputs
3 Investors’ awareness and information Qualitative (1–5) Positive Experts inputs

Technological

1 Safety of energy system Qualitative (1–5) Positive Experts inputs
2 Efficiency % Positive [22,45,51,67]
3 Reliability Qualitative (1–5) Positive [44,47,63], Experts inputs
4 Technical maturity Qualitative (1–5) Positive [45,49], Experts inputs
5 Feasibility Qualitative (1–5) Positive [50,63], Experts inputs
6 Capacity % Positive [68]
7 Resource availability kWh/m2/y Positive [45,49]
8 Ease of running on farmland Qualitative (1–5) Positive Experts inputs

Environmental
1 Emission reduction g Co2eq/kWh Negative [44,45]
2 Human toxicity g 1,4-DBeq/ kWh Negative [68]

Legal 1 Legal regulation of activities Qualitative (1–5) Negative Experts inputs
2 Legal incentives Qualitative (1–5) Positive Experts inputs

C1. Political Criteria

The sub-criteria identified for this criterion are as follows:

C1.1. Political Acceptance: This sub-criterion represents the level of satisfaction of policymakers and
authorities with renewable energy technologies, and how accepted are these technologies among these
groups. This acceptance can affect the length of the projects and the support they receive, including
logistic support, from the political domain. In the evaluation based on this sub-criterion, an option is
considered suitable if the related technology is consistent with national policies.
C1.2. Political Benefit: This sub-criterion evaluates the political benefits of a resource, such as its
contribution to national energy security and political uses, etc.
C1.3. Sanction: This sub-criterion considers the impact of sanctions on renewable energy sources.
With the imposition of sanctions, some foreign companies may choose to avoid doing business with
domestic entities, which may make it more difficult to access the equipment and facilities needed to
build and maintain renewable power plants. Therefore, those options whose components are being
produced domestically are preferable.

C.2. Economic Criteria

Economic considerations play a crucial role in the assessment of renewable energy resources,
especially considering that the cost of energy is the main cause of the survival of renewable technologies
in the market [46]. In this dimension, four sub-criteria were considered:

C2.1. Capital Cost: This cost is the most typically considered economic factor in renewable energy
assessments. In this study, the capital cost considered for the on-site production of chemical fertilizer
(NH3) in farmlands was the cost of building a plant (including the purchase of technical equipment
and technologies), road construction costs, installation costs, land-related costs, building-related costs,
and the costs of engineering services.
C2.2. Operation and Maintenance (OM) cost: This cost consists of two components: (a) operating costs,
which include wages and the cost of the goods and services needed for the operation; (b) maintenance
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costs, which refer to the costs incurred to maintain and repair the system, with the goal of increasing
its lifespan and avoiding obstacles to the project’s success.

C3. Social Criteria

The cub-criteria considered for the social dimension are as follows:

C3.1. Local welfare: This represents the contribution of the energy system to the improvement of local
welfare, which can manifest as improved quality of life and increased local incomes.
C3.2. Social acceptance: This sub-criterion represents the public acceptance of the energy system in
the society.
C3.3. Investors’ awareness and knowledge: The more informed the investors are about renewable energy
technology and its possible uses in agriculture, the more desirable that option will be.

C4. Technical Criteria

The sub-criteria of this criterion are as follows:

C4.1. Safety of the Energy System: This reflects the safety of workers and the rate of fatal accidents
in the process of building, launching and operating a particular renewable energy system. In this
sub-criterion, the rate of non-fatal accidents is expressed qualitatively [45].
C4.2. Efficiency: This refers to the useful energy obtained from the resources. This variable is usually
expressed by the efficiency coefficient, which is the ratio of output energy to input energy.
C4.3. Reliability: This is determined by the frequency of the interruptions in the operation of the
renewable energy resource, and reflects its stability and predictability.
C4.4. Technical Maturity: This sub-criterion refers to the advancement of the renewable energy
technology, and whether it can be practically used at regional, national, and international levels.
C4.5. Feasibility: This indicates the ease of the implementation of the renewable energy system.
This sub-criterion can be estimated based on the number of times the option has been successful in
the tests.
C4.6. Capacity: This is the amount of electrical energy that the renewable energy resource will produce
over a given period of time, divided by the maximum amount of energy that a renewable plant
can produce.
C4.7. Resource Availability: This sub-criterion represents the availability of the renewable energy.
Naturally, an option with higher availability is more desirable (e.g., the availability of good sunlight,
good wind speed, large amounts of organic waste, etc.).
C4.8. Ease of Implementation in farmlands: The ease of the construction and operation of the system is
of essential importance for the launching of a renewably-powered fertilizer production system in a
farmstead. Therefore, the easier it is to build and operate a renewable system, the better that option
will be.

C5. Environmental Criteria

This criterion has the following sub-criteria:

C5.1. Emission Reduction: Energy generation facilities usually contribute to pollution not only directly
but also indirectly through the carbon footprint of the related construction, transportation, operation,
maintenance and demolition activities. Therefore, the options with lower total emissions are more
desirable. This sub-criterion is measured in terms of the equivalent emissions of CO2 as the metric of
its contribution to global warming, air pollution, and acid rain [16].
C5.2. Human Toxicity: This sub-criterion concerns the release of toxic substances into the human
environment. However, it does not cover the health risks of workplaces. The factors of human toxicity
potential are determined by USELCA (The Uniform System for Evaluation of Substances). It is typical
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to use 1, 4-dichlorobenzene equivalents per kg of emissions as the metric of the human toxicity of
substances [17].

C6. Legal Criteria

The sub-criteria of this group are as follows:

C6.1. Legal Regulation of Activities: This sub-criterion considers the legal provisions and government
support concerning renewable energy activities. The lower the legal barriers to using the renewable
energy resource, the better the option.
C6.2. Legal Incentives: This sub-criterion refers to the impact of energy policies and legal incentives
regarding the use of renewable energies for the production of fertilizer on the decisions of farmers
and investors.

4.4. Fuzzy AHP

The combinations of modified AHP methods and other multi-criteria methods have extensive
use in energy studies [69]. The AHP method is widely used for MCDM in various fields including
energy [43].

Due to the availability and uncertainty of information and the vagueness of human recognition,
it is relatively difficult to provide exact numerical values for the criteria. The combination of MCDM
methods and fuzzy set theory has been applied in many systems, such as energy systems [69].

The fuzzy AHP method presented by Chang [70] has the following steps [69]:
Step 1: The matrix of pairwise comparison is defined as follows:

Z̃ = (Zi j)n ∗ n


(1, 1, 1) (p12, q12, r12) (p1n, q1n, r1n)

(p21, q21, r21) (1, 1, 1) (p2n, q2n, r2n)

(pn1, qn1, rn1) (pn2, qn2, rn2) (1, 1, 1)

 (4)

where we have: zi j = (pi j, qi j, ri j).
X = {x1, x2, x3, . . . , xn} is considered to be the object set, and T = {t1, t2, t3, . . . , tm} is the goal set.
M1

gi
, M2

gi
, . . . , Mm

gi
, i = 1, 2, . . . , n where all M j

gi
( j = 1, 2, . . . , m)are triangular fuzzy numbers.

Step 2: The value of the fuzzy value is defined according to the i-th object, as follows:

Si =
m∑

j=1

M j
gi
∗

 n∑
i=1

m∑
j=1

M j
gi


−1

(5)

where
m∑

j=1
M j

gi
is obtained by:

m∑
j=1

M j
gi
=

 m∑
j=1

p j,
m∑

j=1

q j,
m∑

j=1

r j

 (6)

To calculate

 n∑
i=1

m∑
j=1

M j
gi

−1

, the

 n∑
i=1

m∑
j=1

M j
gi

 is calculated first.

n∑
i=1

m∑
j=1

M j
gi
=

 n∑
i=1

pi,
n∑

i=1

qi,
n∑

i=1

ri

 (7)
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The inverse of Equation (7) is expressed by:

 n∑
i=1

m∑
j=1

M j
gi


−1

=


1

n∑
i=1

ri

,
1

n∑
i=1

qi

,
1

n∑
i=1

pi

 (8)

Step 3: With the fuzzy synthetic extent, the degree of probability M2(p2, q2, r2) ≥M1(p1, q1, r1) is
defined as:

V(M2 ≥M1) = hgt(M1 ∩M2) = µM2(d)

=


1 i f q2 ≥ q1

0 i f p2 ≥ r2
p1−r2

(q2−r2)−(q1−p1)
otherwise

(9)

where d is the ordinate of the highest intersection point between µM1 and µM2 .
Step 4: The probability degree for a convex fuzzy point (e.g., Mi(i = 1, 2, . . . , k)) is greater than

the k concave fuzzy point which is as defined as follows:

V(M ≥M1, M2, . . . , Mk)

= V[(M ≥M1), (M ≥M2), . . . , and(M ≥Mk)]

= min V(M ≥Mi), i = 1, 2, 3, . . . , k.
(10)

If we assume the following for k , i and k = 1, 2, . . . , n:

d′(Ai) = min V(Si ≥ Sk) (11)

then the weight vector is derived the following equation:

W = (d′(A1), d′(A1), . . . , d′(An))
T (12)

where Ai(i = 1, 2, . . . , n) are n elements.
Step 5: The normalized weight vectors can be obtained after normalization expressed by:

W = (d(A1), d(A1), . . . , d(An))
T (13)

where W is a non-fuzzy number. The present research used the fuzzy AHP method to calculate the
weight of all of the sub-criteria.

4.5. MCDM Method

Due to the use of MCDM techniques to solve energy decision-making problems in countries such
as Iran, Spain, Greece, China, and India, and because of the importance of energy for sustainable
development, countries are willing to use analytical methods to determine energy policies. Therefore,
conventional and fuzzy MCDM methods are used to address energy-based decision-making problems
in different regions of the world [50].

The MCDM method used in this article is the Extended TODIM method described below.

4.5.1. Extended TODIM

In 2013, Fan et al. [71] presented the extended TODIM method for multi-attribute decision-making
problems. In this method, the numbers and the values of the criteria can be used in three formats (crisp
numbers, fuzzy numbers, and interval numbers).

The steps of the extended TODIM method are as follows [71]:
Step 1: Transformation of three formats of criteria values.
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The three formats of the values of the criteria (crisp numbers, interval numbers, and fuzzy
numbers) are transformed into the random variables format with the cumulative distribution function.
The process of the transformation of each format is described below:

• The crisp number: if xij is a crisp number xij = x’, its cumulative distribution function is:

Fi j(x) =
{

0, x < x′i j,
1, x ≥ x′i j,

i ∈M, j ∈ NK. (14)

• Interval number: if xij is an interval number and xij = xi j = [xij
l, xij

u] is an arbitrary value in the
interval [xij

l, xij
u], its cumulative distribution function is:

Fi j(x) =



0, x < xl
i j,

x− xl
i j

xu
ij − xl

i j

, xl
i j ≤ x < xu

ij

1, x ≥ xu
ij,

i ∈M, j ∈ NI (15)

• Fuzzy number: if xij is a triangular fuzzy number, xi j = x̃i j = (pi j, qi j, ri j) is then considered to be
a unique random variable, and its cumulative distribution function is:

Fi j(x) =



0, x < pi j
(X−pi j)

2

(qi j−pi j)(ri j−pi j)
, pi j ≤ x < qi j

−x2+2ri jx−pi jri j+pi jqi j−qi jri j

(ri j−qi j)(ri j−pi j)
, qi j ≤ x < ri j

1, x ≥ ri j,

(16)

Step 2: Calculating gains and losses.
In order to calculate the gain and loss related to each of the options, the calculation

formulae for inferior and superior values are presented for the comparison of the two cumulative
distribution functions.

If xkj and xij are the values of the options Ai and Ak concerning criterion Cj, respectively,
(i, k ∈M, j ∈ N), and Fij (x) and Fkj are the cumulative distribution functions xij and xij, respectively,
and the superior and inferior values of Fij (x) relative to Fkj are expressed by:

D(Fi j(x), Fkj(x)) =
∫

Ω j
ik

[Fkj(x) − Fi j(x)]dx, i, k ∈M, j ∈ Nb (17)

T(Fi j(x), Fkj(x)) =
∫
θ

j
ik

[Fi j(x) − Fkj(x)]dx, i, k ∈M, j ∈ Nb (18)

where Ω j
ik =

{
x
∣∣∣∣Fi j(x) < Fkj(x), x ∈ [a j∗

ik, b j∗

ik]
}
, θ j

ik =
{
x
∣∣∣∣Fi j(x) > Fkj(x), x ∈ [a j∗

ik, b j∗

ik]
}

and a j∗

ik = min
{
ai j, akj

}
and b j∗

ik = max
{
bi j, bkj

}
.

- For crisp numbers, we have: ai j = bi j = x′i j, akj = bkj = x′kj

- For interval numbers, we have: ai j = xl
i j, bi j = xu

ij, akj = xl
k j , bkj = xu

kj

- For fuzzy numbers, we have: ai j = pi j, bi j = ri j, akj = pkj , bkj = rkj

In the same way, for the cost criterion, the superior and inferior values Fij (x) relative to Fkj are
expressed by:

D(Fi j(x), Fkj(x)) =
∫
θ

j
ik

[Fi j(x) − Fkj(x)]dx, i, k ∈M, j ∈ Nc (19)
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D(Fi j(x), Fkj(x)) =
∫
θ

j
ik

[Fi j(x) − Fkj(x)]dx, i, k ∈M, j ∈ Nc (20)

The gain of option Ai to option Ak, considering the criterion Cj, indicated by Gj
ik, is expressed by:

G j
ik = D(Fi j(x), Fkj(x)), i, k ∈M, j ∈ N. (21)

In the same way, the loss of Ai relative to option Ak, shown with Lj
ik, is expressed by:

L j
ik = −T(Fi j(x), Fkj(x)), i, k ∈M, j ∈ N. And we have G j

ik ≥ 0 and L j
ik ≤ 0. (22)

Step 3: Normalizing the profit and loss matrix.
Since gains or losses associated with different criteria are generally incommensurate, they must

be normalized so as to transform them into comparable values. This is obtained by normalizing the
element G j

ik and L j
ik.

Y j
ik =

G j
ik −Gmin

j

Gmax
j −Gmin

j

, i, k ∈M, j ∈ N, (23)

Z j
ik =

L j
ik − Lmin

j

Lmax
j − Lmin

j

, i, k ∈M, j ∈ N. (24)

Step 4: Calculating the degree of loss and profit dominance.
For continuous values, the gain and loss of each option Ai over option Ak, Gj

ik and Lj
ik may

exist simultaneously; therefore, the dominance degree for the gain and loss should first be calculated

respectively, and then aggregated. The dominance degree for gain, Φ j(+)

ik is given by:

Φ j(+)

ik =

√√√√√√√√√ w jY
j
ik

wr
n∑

j=1
(w j/wr)

, i, k ∈M, j ∈ N. (25)

The dominance degree for loss, Φ j(−)
ik , is given by:

Φ j(−)
ik = −

1
θ

√√√√
−Z j

ikwr

w j

n∑
j=1

(w j/wr), i, k ∈M, j ∈ N (26)

where wr = max {wj|j ∈ N}, and θ is the attenuation factor of the loss. θ represents the degree of the loss
aversion of the decision-making, and 0 < θ.

Obviously, 0 ≤ (+) < 1 and Φ(−)
ik ≤ 0.

Step 5: Calculating the dominance degree.

The dominance degree of Φ j(+)

ik and Φ j(−)
ik are aggregated as following:

Φ j
ik = Φ j(+)

ik + Φ j(−)
ik , i, k ∈M, j ∈ N. (27)

Thus, the dominance degree matrix with respect to the criterion Cj and Φj can be constructed
as follows:

Φ j
ik = [Φ j

ik]m×m
=

A1

A2
...

Am


Φ j

11 Φ j
12 · · · Φ j

1m
Φ j

21 Φ j
22 · · · Φ j

2m
...

... · · ·
...

Φ j
m1 Φ j

m2 · · · Φ j
mm

, j ∈ N (28)
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where Φ j
ii = 0,∀i ∈M, j ∈ N

Step 6: Calculating the Dominance Degree Matrix.
In the following, based on the matrix Φj, the overall dominance degree matrix ∆ is developed:

∆ = [δik]m×m =

A1

A2
...

Am


δ11 δ12 · · · δ1m
δ21 δ22 · · · δ2m

...
... · · ·

...
δm1 δm2 · · · δmm

, (29)

where δik is the overall dominance degree of the option Ai over option Ak.

δik =
n∑

j=1

Φ j
ik, i, k ∈M (30)

Step 7: Final ranking of options.
Based on the matrix ∆, the overall value of option Ai, ξ (Ai) can be calculated as follows:

ξ(A i) =

m∑
k=1

δik −min
i∈M

{
m∑

k=1
δik

}
max
i∈M

{
m∑

k=1
δik

}
−min

i∈M

{
m∑

k=1
δik

} , i ∈M. (31)

Obviously, 0 ≤ ξ(Ai) ≤ 1 and the greatest ξ(Ai) is the best option Ai. Therefore, by descending
order of final value for the alternatives, all alternatives can be ranked, and the desirable alternative can
be selected.

The variables that can be expressed in linguistic terms are called linguistic variables [69].
The linguistic variables used for the fuzzy AHP and Extended TODIM processes are illustrated
in Table 4.

Table 4. Linguistic variables used for the fuzzy AHP and Extended TODIM process [69].

Linguistic Nariable
Fuzzy Number for F-AHP Fuzzy Number for

Extended TODIMi to j Response Inverse of Fuzzy Number (j to i)

Very Low (VL) (1, 1, 1) (1, 1, 1) (0, 0, 0.25)
Low (L) (1, 1, 3) (1/3, 1, 1) (0, 0.25, 0. 5)

Medium (M) (1, 3, 5) (1/5, 1/3, 1) (0.25, 0.5, 0.75)
High (H) (3, 5, 7) (1/7, 1/5, 1/3) (0.5, 0.75, 1)

Very High (VH) (5, 7, 9) (1/9, 1/7, 1/5) (0.75, 1, 1)

As shown in Figure 6, the hierarchy diagram of this study consists of four levels (objective, criteria,
sub-criteria, and options) with six criteria, 20 sub-criteria, and four options.
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5. Results

5.1. Weight Determination

The six respondents from the universities and industry were asked to fill in the questionnaire
of the pairwise comparison matrix among six criteria (the pairwise matrix is attached as Table A1).
The respondents were asked to express their relative judgment of one element versus another by
Linguistic variables.

The weights of the criteria, which were calculated by the Fuzzy AHP method, are listed in Table 5.
According to the experts’ opinions, the technological criterion was found to be the most important
criterion for the ranking of the renewable energy resources for ammonia production in Iranian
farmlands (48.88%), followed by the economical (12.87%), social (11%), legal (10.03%), environmental
(9.7%), and political (7.52%) criteria, in descending order. In addition, as seen in Figure 7, the most
important sub-criterion is resource availability, followed by efficiency, human toxicity, reliability, local
welfare, feasibility, legal regulation of activities, capital cost, capacity, OM cost, the safety of energy
system, sanction, legal incentives, political benefit, political acceptance, investors’ awareness, technical
maturity, social acceptance, the ease of running it on farmland, and emission reduction.

Table 5. Criteria weights.

Criteria Weigh

Political 0.0752
Economical 0.1287

Social 0.1100
Technological 0.4888

Environmental 0.0970
Legal 0.1003
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5.2. Results of the Extended TODIM

In this study, we examined the most appropriate technology for the generation of electricity for
agricultural farms. The prioritization system of this study includes both qualitative and quantitative
sub-criteria. The estimates for this study are not simple and inherently associated with uncertainties.
The qualitative sub-criteria data was obtained by gathering experts’ opinions. The quantitative
sub-criteria data was obtained from literature and reports. A number of studies have made estimates
of renewable resources by technology (shown in Table 3), which are used in Table 6.

After collecting the initial data for the sub-criteria, the MCDM described in Section 4.5.1 was used
to process the data.

In this study, the values of the sub-criteria were in three different formats: namely crisp, fuzzy,
and interval numbers. Therefore, the extended TODIM method, which can work with all of these
numbers, was used for the analysis. This analysis was performed with the help of MATLAB R2016b.
After calculating the profit and loss matrix and normalizing it using Equations (24) and (25), the degree
dominance Matrix (∆) was obtained using Equation (30), as shown in Table 7. Using the degree
dominance matrix and Equation (31), the overall value of each option Ai, ξ(Ai) was calculated.
The results of the model are presented in Table 8. As can be seen, photovoltaic energy was found to
be the best option. This means that solar PV (photovoltaic) is the optimal RER for the production of
fertilizer in Iranian farmlands among the four investigated resources, followed by wind power, solar
thermal power and biomass power.
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Table 6. Comparison matrix for the Renewable Energy Resource (RER) options under each sub-criterion.

Sub-Criteria
Options

Solar (PV) Biomass Wind Solar Thermal

Political acceptance H L L L
Political benefit H M H M

Sanction L M L M
Capital Cost (USD/kW) 750–2000 1609–6400 839–1400 981–4300

Operation and maintenance (OM)
Cost (USD/kW/y) 10–42 23–99.4 15–60.86 25–95

Local welfare VH L VH L
Social acceptance VH H VH M

Investors’ awareness and information H M H M
Safety of energy system H L H H

Efficiency (%) 12–20 15.4–25 35 21
Reliability VH H L L

Technical maturity H M VH L
Feasibility H M H M

Capacity (%) 18 75 30 38
Availability (kWh/m2/y) 2130 200 570 2200

Ease of running on farmland H L L M
Emission reduction (g Co2eq/kWh) 40–70 100 40–60 15–20
Human toxicity (g 1,4-DBeq/kWh) 21.67 38.2 6.33 4.67

Legal regulation of activities L M L L
Legal incentives H M M H

Table 7. The dominance degree matrix (∆).

Options Solar (PV) Biomass Wind Solar Thermal

Solar (PV) 0 −6.233 −19.229 −14.637
Biomass −81.575 0 −65.428 −32.310

Wind −32.493 −12.519 0 −17.238
Solar thermal −63.228 −21.768 −50.650 0

Table 8. The ranking of the RER options.

Option Value of Options [ξ(Ai)] Rank

Solar (PV) 1 1
Biomass 0 4

Wind 0.8409 2
Solar thermal 0.3137 3

5.3. Sensitivity Analysis

Since the results obtained from the proposed model depend on the weight assigned to the criteria,
a sensitivity analysis was performed to observe the changes in the results when the criteria are weighted
differently. This analysis was performed in six scenarios. In each of these six scenarios, the ranking
process was repeated with the weight of one of the criteria changed to zero. The results of this sensitivity
analysis are presented in Figure 8.

Scenario 1: Changing the weight of the political criterion.
Scenario 2: Changing the weight of the economic criterion.
Scenario 3: Changing the weight of social criterion.
Scenario 4: Changing the weight of the technical criterion.
Scenario 5: Changing the weight of the environmental criterion.
Scenario 6: Changing the weight of the legal criterion.



Sustainability 2020, 12, 7850 22 of 27
Sustainability 2020, 12, x FOR PEER REVIEW 23 of 28 

Sustainability 2020, 12, x FOR PEER REVIEW  www.mdpi.com/journal/sustainability 
 

Figure 8. Sensitivity analysis results. 

5.4. Comparative Analysis 

For the purpose of the comparative analysis, two methods—Simple Additive Weighting (SAW) 
and TOPSIS—were used to highlight the importance of risk preference in the choosing of the right 
option. The SAW method is one of the simplest and most commonly used methods for solving 
MCDM problems. In this method, the option is selected where the sum of its normalized weight 
values obtained for each option by multiplying the importance weight assigned for each sub-criterion 
to the option on each sub-criteria is greater than the other options [49,72]. The principle of the TOPSIS 
method is based on the notion that the selected option should have the shortest distance from the 
ideal positive solution and the maximum distance to the ideal negative solution. These two 
approaches have been used in various studies to select the best renewable energy resource, including 
Wu [49], Mostafaeipour [72], and Lee [51]. A full description of these two methods can be found in 
Streimikiene [46] and Mostafaeipour [72]. 

The results of these methods are presented in Table 9. The results of the comparative analysis 
showed that the compared methods produce the same results as the main method of the study. 

Table 9. The results of the different MCDM methods. 

Option Solar (PV) Biomass Wind Solar Thermal 
Extended TODIM 1 4 2 3 

SAW 1 4 2 3 
TOPSIS 1 4 2 3 

6. Conclusions 

It is widely accepted that small-scale renewably-powered ammonia production is more 
sustainable than the production of ammonia by the use of fossil fuels. This paper analyzed, for the 
first time, the choice of renewable energy resources for on-site ammonia and fertilizer production in 
farmlands in Iran. The four resources considered for this application were photovoltaic, biomass, 
wind, and solar thermal, which can be prioritized by the use of MCDM methods. With the help of six 
experts, 20 sub-criteria in six criteria were identified based on the PESTEL analysis, and then their 
weights were determined by the Fuzzy AHP method. For many real-world decision problems where 
the presence of ambiguity or uncertainty makes it impossible to use only crisp numbers, one has to 
find a method with the ability to receive fuzzy, crisp, and interval-type inputs simultaneously and 

1 1

2

1 1 1

4 4 4 4

3

4

2 2

1

2 2 2

3 3 3 3

4

3

SCENARIO 1 SCENARIO 2 SCENARIO 3 SCENARIO 4 SCENARIO 5 SCENARIO 6

R
an

k

solar biomass wind thermal

Figure 8. Sensitivity analysis results.

The results of the sensitivity analysis show that, in five of the six scenarios, photovoltaic energy
(PV) and wind energy ranked first and second, respectively, and in the other scenario, they have the
opposite ranking. Furthermore, in five of the six scenarios, solar thermal and biomass energy were
ranked third and fourth, and in the other scenario, they have the opposite ranking.

5.4. Comparative Analysis

For the purpose of the comparative analysis, two methods—Simple Additive Weighting (SAW)
and TOPSIS—were used to highlight the importance of risk preference in the choosing of the right
option. The SAW method is one of the simplest and most commonly used methods for solving
MCDM problems. In this method, the option is selected where the sum of its normalized weight
values obtained for each option by multiplying the importance weight assigned for each sub-criterion
to the option on each sub-criteria is greater than the other options [49,72]. The principle of the
TOPSIS method is based on the notion that the selected option should have the shortest distance
from the ideal positive solution and the maximum distance to the ideal negative solution. These two
approaches have been used in various studies to select the best renewable energy resource, including
Wu [49], Mostafaeipour [72], and Lee [51]. A full description of these two methods can be found in
Streimikiene [46] and Mostafaeipour [72].

The results of these methods are presented in Table 9. The results of the comparative analysis
showed that the compared methods produce the same results as the main method of the study.

Table 9. The results of the different MCDM methods.

Option Solar (PV) Biomass Wind Solar Thermal

Extended TODIM 1 4 2 3
SAW 1 4 2 3

TOPSIS 1 4 2 3

6. Conclusions

It is widely accepted that small-scale renewably-powered ammonia production is more sustainable
than the production of ammonia by the use of fossil fuels. This paper analyzed, for the first time,
the choice of renewable energy resources for on-site ammonia and fertilizer production in farmlands in
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Iran. The four resources considered for this application were photovoltaic, biomass, wind, and solar
thermal, which can be prioritized by the use of MCDM methods. With the help of six experts,
20 sub-criteria in six criteria were identified based on the PESTEL analysis, and then their weights were
determined by the Fuzzy AHP method. For many real-world decision problems where the presence of
ambiguity or uncertainty makes it impossible to use only crisp numbers, one has to find a method with
the ability to receive fuzzy, crisp, and interval-type inputs simultaneously and produce a valid output.
Therefore, this study used the extended TODIM method for the ranking of the options in terms of the
criteria. A sensitivity analysis was also performed to determine the impact of the criteria weights on
the ranking of the outcomes. A comparative analysis was also carried out to evaluate the results of the
followed approach compared to the other decision-making methods. The results of this study can be
summarized as follows:

• It was found that the most important criteria for choosing the suitable renewable resources
for on-site fertilizer production in Iranian farmlands are the technological (0.4888), economical
(0.1287), and social (0.11) criteria, in that order.

• The results of the rankings showed that the ideal option for the production of ammonia and
fertilizers in Iranian farmlands is photovoltaic energy. This result can be attributed to the excellent
solar energy potential of Iran, which has 300 sunny days a year on average, and average solar
radiation of 2200 kWh/m2. Harvesting even 1% of the country’s total solar energy potential at 10%
efficiency would provide about 9 million megawatts of electricity per day. Furthermore, it has
been estimated that the real amount of annual sunlight hours in Iran is more than 2800 h. Solar
energy is suitable for most parts of Iran, especially the central part.

• Wind energy, solar thermal energy, and biomass energy were ranked second to fourth, respectively.
• Wind energy is available in the north (the Manjil region), the northeast (the Binalood region),

and the southeast (the Zabol region) of Iran. Therefore, we suggest the use wind energy for
small-scale renewably-powered ammonia production only for these regions, which have very
low risk.

• The sensitivity analysis showed that, in all of the criteria weighting scenarios, photovoltaic energy
and wind energy were the top two priorities.

• The results of the comparative analysis showed that the compared methods produced the same
results as the main method of the study.

• Investors, farmers and the government can use the results of this research to assess the risk factors
and reliability of the resources.

Our suggestions for future works are as follows:

• Using the method of this paper to evaluate renewable energy resources in other regions.
• Using the method to rank and prioritize other options.
• Comparing the results of other methods with the results of this study.
• Using other criteria for the ranking and prioritization.
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Appendix A

Table A1. Pairwise matrix (the linguistic evaluations for the sub-criteria) to understand the importance of each sub-criterion for the evaluation of different renewable
methods of powering on-site fertilizer production in farmlands.

S.C. C1.1 C1.2 C1.3 C2.1 C2.2 C3.1 C3.2 C3.3 C4.1 C4.2 C4.3 C4.4 C4.5 C4.6 C4.7 C4.8 C5.1 C5.2 C6.1 C6.2

C1.1 1 VL−1 L−1 H−1 L−1 M−1 M−1 VL L−1 VH−1 H−1 M−1 VL−1 M−1 H−1 L−1 H−1 VL−1 M−1 VL
C1.2 VL 1 L L−1 VL−1 VL−1 M−1 VL M−1 L−1 VL−1 VL VL−1 L−1 H−1 M−1 L−1 L−1 VL M−1

C1.3 L L−1 1 L−1 H−1 L−1 VL−1 H VL L−1 H−1 L−1 VL−1 H−1 VH−1 H L−1 L−1 L−1 VL−1

C2.1 H L L 1 VL−1 L H VL VL−1 H−1 L−1 H L−1 L H−1 L H−1 L−1 L H
C2.2 L VL H VL 1 VL−1 M−1 L−1 L H−1 VH−1 H L−1 M−1 H−1 L H−1 M−1 H H
C3.1 M VL L L−1 VL 1 L−1 VL L L−1 L−1 L H−1 H−1 VH−1 L VH−1 L−1 L−1 M−1

C3.2 M M VL H−1 M L 1 L L H−1 H−1 L−1 H−1 L−1 H−1 L−1 L−1 VL−1 H−1 H−1

C3.3 VL−1 VL−1 H−1 VL−1 L VL−1 L−1 1 VL L−1 VL−1 VL−1 L−1 VL H−1 L H−1 L−1 H−1 L
C4.1 L M VL−1 VL L−1 L−1 L−1 VL−1 1 L−1 M−1 L VL−1 L−1 H−1 H H−1 L−1 L−1 M−1

C4.2 VH L L H H L H L L 1 VL H L−1 L−1 H−1 VH VL−1 M−1 VL−1 H
C4.3 H VL H L VH L H VL M VL−1 1 H M−1 H−1 VH−1 H L−1 L−1 M−1 L
C4.4 M VL−1 L H−1 H−1 L−1 L VL L−1 H−1 H−1 1 H−1 H−1 VH−1 VL H−1 H−1 L−1 L
C4.5 VL VL VL L L H H L VL L M H 1 H M−1 L M−1 VL VL−1 VL
C4.6 M L H L−1 M H L VL−1 L L H H H−1 1 H−1 L VL−1 M−1 VL−1 M−1

C4.7 H H VH H H VH H H H H VH VH M H 1 VH M−1 VL L H
C4.8 L M H−1 L−1 L−1 L−1 L L−1 H−1 VH−1 H−1 VL−1 L−1 L−1 VH−1 1 VH−1 H−1 H−1 VL−1

C5.1 H L L H H VH L H H VL L H M VL M VH 1 L M−1 L
C5.2 VL L L L M L VL L L M L H VL−1 M VL−1 H L−1 1 VL L
C6.1 M VL−1 L L−1 H−1 L H H L VL M L VL VL L−1 H M VL−1 1 L
C6.2 VL−1 M VL H−1 H−1 M H L−1 M H−1 L−1 L−1 VL−1 M H−1 VL L−1 L−1 L−1 1

Inverse of VL: VL-1. Inverse of L: L-1. Inverse of M: M-1. Inverse of H: H-1. Inverse of VH: VH-1.
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