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A B S T R A C T

Electricity supply in Iran has been heavily dependent on fossil fuels. In light of the government’s emphasis on
reducing the consumption of conventional energy sources, combined with the worldwide attention to en-
vironmental issues, it is necessary for Iran to revise its current energy mix policy in power sector and move
towards a more diversified energy portfolio. This paper aims to contribute to energy management studies
through developing a new framework for assessing the mix of energy sources for producing electricity in Iran
from the perspective of sustainable development. Multiple qualitative and quantitative criteria with conflicting
nature need to be taken into consideration for evaluating competing energy options for electricity production in
Iran. In order to address this issue and also to consider the complex interdependence among criteria and al-
ternatives, this paper adopts a fuzzy analytic network process (FANP) method. Seven criteria and nineteen sub-
criteria are defined and structured in the form of benefits, opportunities, costs and risks (BOCR) to evaluate the
share of six energy resources. The results indicate that the best energy mix for the power sector in Iran is as
follows: renewable energies (31.6%), natural gas (25%), coal (12.3%), fuel oil (12.6%), nuclear (8.7%) and gas
oil (9.7%).

Introduction

During the last 60 years, the global population has grown by the
factor of 2.5, whereas the global primary energy consumption has in-
creased by a factor of 4.5 [9]. Also, the worldwide demand for energy is
expected to increase even more over the next 30 years [23]. A short
glance at the world’s energy architecture reveals that fossil fuels have
remained as the dominant sources of electricity generation. The ex-
tensive consumption of fossil fuels has had negative global con-
sequences such as climate change, depletion of fossil energy resources,
and environmental pollution. In this sense, electricity sector has been
the focal point in mitigating these issues mainly for two reasons [105]:
first, electricity sector, especially in developing countries, is often
highly carbon-intensive and is considered as a major source of green-
house gas emissions. Therefore, moving towards generating electricity
in lower carbon intensity units is a highly effective emission reduction
strategy. Second, electricity sector is a relatively easy target for miti-
gating environmental effects because it is a large and concentrated
sector.

In order to achieve long-term sustainable development and energy
security, it is imperative for all the countries to diversify their energy

portfolio and seek for exploiting a combination of various energy
sources for generating electricity [53]; [109]. In fact, each source of
energy has its own advantages and disadvantages and, as expressed by
Li [53, p. 2240], “the dominance of a single energy source and system,
no matter how ‘‘perfect’’ it might be at a time, would be unsustainable
in the long run.”

In this context, due to the large population and rapid economic
growth of developing countries, their patterns of energy production and
consumption might considerably affect the overall global energy con-
sumption and environmental concerns. As a rapidly-growing devel-
oping country, Iran’s energy demand is continuously increasing. The
consumption of primary energy in Iran has grown by almost 50% since
2004 and it is expected that in the coming decades this figure would
continue to grow at a rate of approximately 6% per year [22]. Ac-
cording to the latest Iran energy balance sheet in 2013, about 92% of
electricity has been generated in fossil fuel based power plants [36]. It
is estimated that by maintaining the current trend of electricity gen-
eration, the demand of power sector for fuel would be more than
doubled over a 30 years period [7]. In order to address twine challenges
of long-term energy security and environmental sustainability in the
next decades, it is of crucial importance for Iran to revise its energy
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policy and ensure its energy security by reducing the dependence on
fossil fuels. In this line, Iranian government is planning to gradually
decarbonize the country’s electricity generation mix and shift to a more
diverse portfolio of clean, reliable and renewable sources of energy
[58].

In view of the above discussion, the purpose of current research is to
propose a comprehensive decision-making framework for evaluating
alternative energy sources for supplying electricity in Iran and de-
termining the best energy mix according to different aspects of sus-
tainable development. A sustainable approach to energy planning re-
quires a solution that simultaneously addresses multiple and potentially
conflicting objectives such as economic viability, social acceptability
and environmental protection [48]. The necessity of incorporating
multiple inter-related goals and criteria from different perspectives in
energy planning of Iran makes multi-criteria decision making (MCDM)
approach as the preferred assessment method for this study. This ap-
proach is suitable for analyzing complex problems that involve high
degrees of uncertainty, conflicting goals and criteria, as well as multiple
actors with diverse interests. This study proposes a fuzzy group analytic
network process (ANP) framework to assess the potential benefits, op-
portunities, costs and risks associated with exploiting different sources
of energy for generating electricity in Iran.

The remainder of this paper is organized as follow: in Section
“Energy status of Iran”, energy status of Iran and the challenges in
energy supply are described. Section “Electricity generation in Iran”,
outlines the electricity production and consumption in Iran. Following
this, ANP and its fuzzy extension are briefly explained in Section
“Literature review”. In section “Methodology”, the steps of the pro-
posed BOCR–fuzzy ANP model are explained. Finally, conclusions and
avenues for future research are presented in Section “Proposed fuzzy
ANP model”.

Energy status of Iran

Iran is the second-largest economy in the Middle East and North
Africa, and also is ranked as the second most populous country in this
region [101]. Compared with other oil producers in Middle East, the
economy of Iran is more diversified; however, oil and gas still remain
the major source of government revenues [93]. Iran has the third lar-
gest crude oil (approximately 10% of the global crude oil reserves), and
second largest proved gas reserves in the world (17% of the world’s
reserves) [22,74]. With this huge hydrocarbon reserves, the current oil
and gas production levels of Iran are well below its maximum potential.
Therefore, Iran has a huge potential to increase its outputs massively
[67].

The consumption of primary energy in Iran has grown by almost
50% since 2004 and is continuing to increase each year [102]. It is
estimated that the energy demand in Iran continue to grow for the
coming decades [22]. Iran has the highest primary energy consumption
in Middle East. With the energy intensity about 2.5 times the Middle
East’s average, Iran is considered as the most energy intensive country
in this region, and one of the world’s most energy inefficient countries
[67,100]. In 2013, about 244 million tons oil equivalent of primary
energy was consumed in Iran, of which more than 98% came from
natural gas and oil [22]. The highest energy consumption sectors in Iran
are residential and power plant, which together consumes half of total
country’s energy [59].

Iran's energy sector has been profoundly affected by the broad range
of international sanctions, which have led to a substantial decline in oil
and gas production over the past few years. In the energy sector, not
only sanctions slowed the progress of projects, but also it affected the
investment in upstream in oil and gas projects [21]. International
sanctions and inappropriate investment terms are among the important
barriers to developments in the energy sector of Iran.

Electricity generation in Iran

Along with its fast-growing population and economy, production
and consumption of electricity in Iran have rapidly grown recent years.
By producing 239.2 billion kWh, and consuming 195.3 billion kWh,
Iran is ranked 17th in the world in terms of electricity production, and
21st with regards to electricity consumption [19]. Studies on fore-
casting future electricity demand have shown that Iran’s electricity
consumption will continue to increase in the coming years [10,58].
Findings of recent studies suggest that Iran has the potential to add
about 15,000–20,000MW to its current electricity production capacity
[57,66].

According to the latest energy balance sheet in 2013, more than
92% of electricity is generated in thermal power plants (consisting of
steam turbine, combined cycle, gas turbine and diesel engine). The
majority of electricity generated in thermal power plants, is produced
by natural gas and oil (69% and 25% respectively). Only 8% of elec-
tricity is generated by renewable sources which are mainly produced
from hydropower. Non-hydro renewables (e.g. wind, geothermal or
solar) comprise less than 2% of produced electricity.

The extensive fossil fuels consumption in power plants has led to
major challenges. Among other issues, Iran is now facing increasingly
serious environmental problems. The CO2 emissions from power plants
have grown sixfold over the last three decades and currently, power
plants account for almost one-third of the total CO2 emissions [36,98].
These issues highlight the need to revisit the current carbon based
electricity generation in Iran and to use more sustainable and clean
sources of energy.

Although the contribution of nuclear and non-hydroelectric power
is marginal for the time being, they are parts of the Iran’s fourth de-
velopment program and 20-year development outlook for meeting fu-
ture electricity demand [67]. Iran aims to further develop its nuclear
capabilities to produce 7000MW of nuclear electricity over the next
20 years [102]. Also, by 2025, the Iranian government aims to increase
the proportion of non-hydro renewable energy sources in its electricity
generation mix to 10% [20].

Literature review

As a result of ever increasing demand for energy along with mul-
titude of social, environmental, economic, and technological challenges
that need to be considered for energy production and planning, decision
makers are forced to use more and more complicated methods for en-
ergy planning.

The formal scholarly efforts to energy planning and identifying ef-
ficient supply options started after the oil crisis in 1970s [54]. The early
studies on energy planning were mainly based on single objective de-
cision making that were primarily oriented towards identifying the best
energy supply options with maximum efficiency and minimum cost
[62,86]. Although such traditional single objective models may be
useful for studying a small system, they prove inefficient for studying
complex systems that typically involve multiple objectives, criteria, and
stakeholders [48].

From 1980s, scholars started turning their attention to the necessity
of incorporating environmental factors in energy planning frameworks
[69]. In order to address the trade-off between environmental and
economic factors in energy planning, a group of studies employed op-
timization models based on multi-objective linear programming to
evaluate and the decision alternatives [44,45,88]. For example, [63]
developed a multi-objective energy allocation model that addresses
different economic and environmental objectives and employed this
model in the case of Lebanon. Also, Oliveira and Antunes [72] devel-
oped a multiple objective model to evaluate sustainable energy strate-
gies based on economic, social and environmental considerations. More
recently, San Cristóbal [87] developed a goal programming model to
evaluate five different renewable energy plants for electric generation
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and their locations and determine the optimal mix.
The raising awareness about the importance of incorporating non-

economic considerations, such as environmental and social factors, in
energy planning gave rise to the growing use of multi criteria decision
making (MCDM) methods in this field [76].

In complex decision making problems, it is often impossible to de-
termine alternatives that maximizes all decision criteria and therefore,
decision makers need to make rational compromises among available
options [41]. MCDM techniques facilitate handling complex decision
making problems that involve conflicting goals, and multiple actors
with diverse opinions. Also, this approach allows for incorporating both
quantitative and qualitative factors in decision making model [55].

MCDM techniques have found application in various areas such as
management, engineering, science, and technology (for a review of
MCDM applications see [55]). Specifically, in the field of energy man-
agement, MCDM techniques have been used extensively to solve pro-
blems related to energy portfolio, sustainability assessment, renewable
energies, and climate change, among others 1. Mardani et al. [56]
identified 196 published papers from 1995 to 2015 related to the ap-
plication of MCDM techniques for energy management problems. The
main reason for the prevalence and popularity of MCDM techniques in
energy planning is that these techniques enables the decision makers to
take a holistic view and account for all the objectives and criteria
concurrently to make the appropriate decision [48]. In their recent
review of the application of multi-criteria techniques in sustainable
energy planning, Kumar et al. [56, p. 598] suggest that MCDM tech-
niques are the “most suitable methods of solving issues related to en-
ergy”.

Pohekar and Ramachandran [76] reviewed more than 90 papers
that employed MCDM methods for sustainable energy planning. They
found that Analytical Hierarchy Process (AHP) has been the most
commonly used method in the reviewed papers. The main reason for
popularity of AHP is its flexibility and simple computational process
[48,106]. However, AHP can only model the problems with a hier-
archical structure, and cannot incorporate the interdependence among
the criteria in the model. To address these shortcommings, few studies
have employed a general form of AHP called Analytical Network Pro-
cess (ANP) in their energy planning analysis. ANP is a powerful tech-
nique for modeling complex decision making problems with variety of
interactions and dependencies among the decision criteria and alter-
natives. Although, due to the complexities in the computations of ANP
analysis, its application is not as common as AHP, but its usage is
growing in the energy planning literature. For example, Ulutaş [104]
and Atmaca and Basar [8] presented ANP models for evaluation of the
alternative energy sources for Turkey from different perspectives. In
another study in Turkey, Köne and Büke [46] developed an ANP model
to determine the best energy mix for electricity generation. [24] em-
ployed an ANP and BOCR approach for evaluating and selecting alter-
native fuels for residential heating. [73] incorporated the analytic
network process (ANP) to compare the alternative energy resources for
the manufacturing industry in Turkey. They concluded that fossil fuels
are the best source of energy for studied industry. Kabak and Dağde-
viren [38] employed a hybrid MCDM approach based on BOCR and
ANP to compare and evaluate five renewable energy sources based on
19 criteria. Büyüközkan and Güleryüz [13] developed a hybrid MCDM
approach based on DEMATEL and ANP to evaluate and rank the re-
newable energies in Turkey based on different perspectives.

Despite the broad usage of the conventional MCDM techniques, they
have an important limitation in that they cannot effectively address the
problems that involve imprecision, vagueness, and incomplete data
[40,55]. If such uncertainties are not appropriately addressed in the

analysis, the final results may not be reliable [32]. To cope with the
subjective and uncertain human judgments, a growing body of studies
suggested the use of a fuzzy extension of MCDM methods. In compar-
ison with conventional approaches, fuzzy-logic based MCDM methods
are better able to capture the decision makers’ knowledge and tackle
the uncertainty and inaccuracy associated with their judgment
[43,50,55,107].

In recent years, scholars have increasingly focused on the use of
fuzzy based models in energy planning (for an overview see Suganthi
et al. [96] and Mardani et al. [56]). However, energy planning models
based on fuzzy ANP have gained scant attention. To the best of our
knowledge, only two papers have adopted fuzzy ANP in this area. [75]
proposed a fuzzy ANP model based on Buckley’s method for assessing
five green energy alternatives with respect to technological, environ-
mental and economical perspectives. In a more recent study, Büyü-
közkan and Güleryüz [14] proposed a hybrid MCDM model based on
linguistic interval fuzzy preferences to select the most appropriate re-
newable energy resources in Turkey. They adopted DEMATEL-ANP
approach to calculate the priorities of evaluation criteria and used
TOPSIS to rank the alternative energy sources. They concluded that
geothermal sources are the best renewable energy source for Turkey.

Methodology

The aim of this paper is to provide a novel and systematic model for
evaluating energy sources for generating electricity from sustainable
perspective and identifying the most appropriate mix of energies. As
highlighted by Prasad et al. [77, p. 696] in their comprehensive review
of the energy planning techniques, a reliable and an accurate energy
model “must adequately map the real world system, provide a reliable
formula that translates inputs (energy policies) into outputs (impacts),
handle uncertainties in the energy planning term, and respond to the
needs of the model users”. Consistent with this suggestion, we argue
that several underlying factors make the evaluation of energy mix
challenging and, therefore, an effective model needs to take them into
account. First, there are multiple qualitative and quantitative factors
affecting the decision making that need to be considered in the model.
Second, these factors are potentially conflicting and intertwined and
cannot be treated as independent. Due to these interdependencies, the
factors that individually less significant, may become more important
when assessed collectively [4]. Third, multiple decision makers are
involved in the process of energy planning and their diverse opinion
needs to be taken into account in the model. Forth, the process of de-
cision making often involves subjective judgments and comes with a
degree of uncertainty. To address the above issues, we propose the use
of a group fuzzy analytic network process (FANP) approach. FANP is a
powerful MCDM technique for analyzing the models with multiple and
potentially conflicting decision making attributes [81]. The proposed
approach can incorporate the preferences of multiple decision makers
and facilitate development of a consensus among them. Also, in-
corporating fuzzy theory with ANP enabled us to account for the un-
certainty and inaccuracy associated with the decision maker's judg-
ment. In the following section, the ANP method, and its fuzzy extension
are briefly described.

Analytic network process (ANP)

ANP was proposed by [82] as a generalization of the analytic
hierarchy process (AHP) [80], which is one of the most widely im-
plemented MCDM methods. In the AHP, problem is formulated as a
hierarchy with several levels. The basic assumption in the AHP is that
decision elements in the hierarchy are independent. However, in the
real world problems criteria and alternatives can be interrelated, and
hierarchical structure cannot fully explain these problems. In such
circumstance, the ANP approach can be utilized to deal with inter-
dependent criteria. The aim of the ANP technique is to obtain the

1 For recent reviews of application of MCDM techniques in energy management pro-
blems and a discussion of pros and cons of each method see Kumar et al. [48] and
Mardani et al. [56].
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synthesized impact of all the decision making factors in conjunction
with one another [83].

In order to address the shortcomings of hierarchal models, the ANP
extends the AHP by replacing a hierarchy with a network. This allows
for addressing more complex problems that involve interaction and
feedback within and between clusters [61]. For example, not only the
importance of the criteria may influence the weight of the alternatives,
but also the importance of the alternatives determines the weight of the
criteria [82]. Similar to the AHP, the weights of elements in ANP model
are obtained based on decision makers’ judgments by conducting
pairwise comparisons between each pair of criteria.

Fig. 1 depicts the difference between the structure of a network and
a hierarchy model. Fig. 1(a) depicts an example of a hierarchical
structure in which the interactions and feedback relations among
clusters are ignored. Also, Fig. 1(b) shows a network model with four
interdependent clusters.

Fuzzy ANP

In the conventional ANP, the decision makers’ judgments are re-
presented by discrete numerical values of 1–9. Although this discrete
scale is simple and easy to use, this approach had been criticized on the
ground that it is not able to effectively cope with uncertainties and
imprecisions inherent in experts' judgments [55]. In this research, we
propose the use of a fuzzy based ANP to overcome these shortcomings
and address the uncertainty and imprecision in the prioritization pro-
cess. Utilizing fuzzy based modeling in energy planning studies has
gained momentum in the past decade (for a review see Strantzali and
Aravossis [94] and Suganthi et al. [96]). However, although conven-
tional ANP has been adopted extensively in extant energy policy stu-
dies, relatively little research attention has been given to Fuzzy ANP in
this domains (examples include [51,52] and Shafiee [90]).

The fuzzy set was first proposed by Zadeh [108] as a mathematical
theory for modeling uncertainty in decision makings. Because of its
resemblance to the way of human reasoning, fuzzy set theory is suitable
for handling the inaccuracy and uncertainty associated with complex
problems with multiple parameters. In this approach, instead of using
exact numbers to describe the evaluations, decision makers are asked to
express their opinion using natural language terms. These linguistic
variables are then quantified and translated into numerical inputs using
the fuzzy set theory.

In the fuzzy ANP (FANP), weights of elements in the model are
obtained using linguistic variables represented by fuzzy numbers. In

order to use Fuzzy ANP, one needs to adopt methods proposed for Fuzzy
AHP and then extend them to networks. Different fuzzy AHP methods
have been proposed in the literature (for a review see Kahraman et al.
[43]). In this paper, Chang's extent analysis method is utilized to
evaluate the pairwise comparisons and obtain the importance weights.
For the complete details of this methodology, please refer to Chang
[15,16].

Proposed fuzzy ANP model

Assessing the electricity generation mix represents a typical MCDM
problem that involves multiple conflicting qualitative and quantitative
criteria. In this study, a hybrid model based on BOCR (Benefits,
Opportunities, Costs, and Risks) and FANP is reconstructed to select the
best energy portfolio for electricity generation in Iran. For further de-
tails on the major steps of implementing fuzzy ANP, including technical
information on the algorithms employed, refer to Tuzkaya and Onut
[103]. The proposed model in this study is composed of eleven different
steps as follows.

Step 1: Forming a group of experts and defining the problem

The proposed methodology requires expert judgments to calculate
the importance of criteria and identify the share of alternative energy
sources. For this research, we formed an expert panel consisting of ten
highly informed experts in the field of energy management and plan-
ning. The “core experts” team comprised of six individuals who, at the
time, were engaged in the energy planning and policy makings in Iran.
This core expert team collaborated closely with the authors for identi-
fying the criteria, validating the proposed model and evaluating and
prioritizing the criteria and alternatives. Four of these experts were
academicians whose main research area is energy and have been closely
involved in national energy planning projects and research. One of the
experts was chief manager of Iran organization for Management of
Electric Power Generation and Transmission (Tavanir) with more than
15 years of managerial experience in energy sector. The sixth expert
was the network planning manager of Tavanir with significant execu-
tive experience in this organization. In addition to this core expert
team, we employed four “supporting experts” to assist us with certain
parts of this research. These supporting experts were academicians in
fields of Electrical engineering, Mechanical Engineering, and Political
Science. Unlike the core export team who completed almost all the
pairwise comparisons, these supporting experts were only asked to do

Fig. 1. ANP and AHP structure: (a) AHP; (b) ANP [89].
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the pairwise comparisons for the sections relevant to their expertise.
In order to identify the criteria and construct in the model, we

conducted a series of face-to-face interviews with the experts.
Interviews with experts were performed individually and they did not
know each other’s judgments. In addition, we organized a round of
focus group meeting with the members of core expert team. Also we
distributed a comprehensive pairwise comparison questionnaire among
them to extract their judgments.

Step 2: Model construction and problem structuring

In this stage, based on reviewing the extant literature, as well as
interviews with the experts, the main selection criteria and sub-criteria
for evaluating the energy portfolio were identified. These criteria are
later used in the developed fuzzy ANP model in order to assess energy
resource alternatives.

The fuzzy ANP model proposed in this study is composed of two key
parts. The first part includes a network of relationships among different
elements of the model. In turn, this network is comprised of four sub-
networks (BOCR), each representing the type of interconnections
among its own elements and clusters. The second part of the proposed
model consists of a control hierarchy which is used to determine the
priorities of BOCR [82].

Step 3: Decomposing the energy resources portfolio problem into a BOCR
network

After a thorough review of the relevant studies, and also inter-
viewing with the experts, the criteria and sub-criteria shown in Table 1
are selected as the most important factors for energy resource mix
problem in Iran. These factors can be categorized into four main aspects
of economic, technical, environmental and sociopolitical.

This network consists of four sub-networks of benefits, opportu-
nities, costs and risks (BOCR). For example, there are two criteria
clusters under the benefits sub-network that contain sub-criteria asso-
ciated with the attainment of benefits of the main goal. Each sub-net-
work includes a cluster with six energy resource types, namely natural
gas, fuel oil, gas oil, coal, nuclear, renewable energies in it. The selec-
tion of these different energy resources is based on either their present
usage or potential availability in the country. These energy resources
are selected according to either their potential availability or their
present usage in the country.

The first part of our ANP model consists of the four main sub-net-
works of benefits, opportunities, costs and risks (BOCR). These sub-
networks that represent the relationships between the criteria, the sub-
criteria, and the alternative clusters are presented in Fig. 2. There are
three types of connections between clusters in a sub-network, namely
one way, two way and loop. One-way arrow is used to show the one-
sided dependence between two clusters, and two-way dependence be-
tween the clusters is illustrated by two-sided arrow. Inner dependencies
inside clusters are represented by loop connections.

Step 4: Determining the control hierarchy and strategic criteria

Interviews with the experts revealed that benefits, opportunities
costs, and risks carry different weights in assessing the energy portfolio.
Therefore, in this stage in order to calculate the priorities of the BOCR,
a control hierarchy is formed. A control hierarchy is a hierarchal model
of essential strategic criteria that need to be considered to investigate
the problem, and assess the BOCR aspects. The strategic criteria can be
considered as the secondary objectives (or sub-goals) in the decision
making problem.

The control hierarchy utilized in this study is depicted in Fig. 3. The
overall objective is placed in the top level and the strategic criteria are
located in the second level of the control hierarchy. This study seeks the
best way to achieve sustainable development in Iran through

determining the best energy portfolio for electricity generation. The
three dimensions of sustainable development (namely, environmental,
social and economic sustainability) are considered as strategic criteria.
Finally, four merits (BOCR) are located in the third level.

Step 5: Determining the weights of strategic criteria

ANP uses pairwise comparisons to measures the relative importance
of elements and their effects on each other. In this step, the importance
of BOCR is assessed by the experts using the linguistic scale presented in
Table 2.

The pairwise comparison matrix of strategic criteria with their
calculated relative weights is presented in Table 3.

Step 6: Determine the weights of BOCR based on strategic criteria

In order to evaluate the importance of BOCR merits, the strategic
criteria are compared based on the goal of “determining the best elec-
tricity generation mix for Iran”. Following the procedure recommended
by Saaty [83], a five-point scale (very high, 0.42; high, 0.26; medium,
0.16; low, 0.10; very low, 0.06) is used to rate the merits.

For calculating the importance weight of each merit, the weight of
that merit under each strategic criterion needs to be multiplied by the
weight of the corresponding strategic criterion (calculated in Step 5).
Finally, the overall weights of the four merits are obtained by adding up
the calculated weights for BOCR and normalizing the weights.
According to these results (presented in Table 4), weights of BOCR are
0.37, 0.27, 0.31, and 0.05 respectively.

Step 7: Constructing the pairwise comparison matrix of BOCR clusters

In this step, we calculate the local weights of each cluster and its
elements (sub-criteria) assuming that factors are independent of each
other. Each member of the expert team responded to a series of pairwise
comparison questions. In each question, they were asked to compare
two elements at a time with respect to their contribution to the element
on their upper level [61]. Experts completed the pairwise comparison
matrices using the linguistic scale described in step 5.2

Afterward, for each of the pairwise comparisons, the judgments of
individuals (represented by triangular fuzzy numbers) are aggregated to
the group level using a fuzzy geometric mean group aggregation pro-
cedure proposed by Buckley [12]. After aggregating these pairwise
comparisons and calculating the final weights of elements, these
weights are arranged in an unweighted supermatrix.

Throughout this study, wherever statistics and quantitative in-
formation of energy resources for desired criteria were available, in-
stead of employing pairwise comparisons, exact values have been used
in the analysis. For this purpose, these values have been normalized
using linear normalization method.3 Summary of alternative energy
sources statistics can be found in Table 5.

The environmental loads for renewable-based power plants are
small because the operation of such plants does not produce any direct
emissions. The environmental loads for renewable energy sources are
mainly related to the construction of power plant and production of
equipment and material [46].

Statistics on the amount of gaseous pollutant emissions produced in

2 In this study, all the pairwise comparison matrices are constructed in Microsoft Excel
workspace designed for solving fuzzy ANP matrices.

3 Under the general assumption that fuel oil and gas oil share similar characteristics,
wherever the data of one of them was not available, the value of the other used is the
calculation. Similarly, For the case of renewable energies, the average value of available
renewable alternatives (hydropower, solar, wind, geothermal and biomass) is utilized.
Also the difference between domestic and export fuel price is considered as opportunity
cost. Since currently coal, nuclear energy and renewable energies are not available for
export, for these energy sources the value of opportunity cost is equal to zero.
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fossil fuel power stations is summarized in Table 6. In this research, we
only take into account the direct emissions due to generating electricity
in the fossil fuel power plants. Therefore, despite the indirect emissions,
the amount of greenhouse gasses and other pollutant gasses related to
nuclear and renewable energies are assumed to be zero in the analysis.

Step 8: Forming the weighted supermatrix

ANP uses supermatrix as a unifying framework to deal with the
interdependence and feedback among the network of components [80].
First, an unweighted supermatrix is developed by entering the local

priority matrices calculated in Step 7 in the related columns of a matrix.
Second, for each cluster in each sub-network, a cluster priority matrix is
calculated using pairwise comparisons. This matrix determines the
impact of each cluster on other clusters in a particular sub-network.
Finally, the blocks of the unweighted supermatrix are multiplied by the
weights of cluster priority matrix to form a weighted supermatrix.

As an example, the matrix of priorities (or inner dependence matrix)
for benefits sub-network is given in Table 7. Each column of this matrix
represents the priority vector related to one of the clusters in benefits
sub-network. As can be seen in Fig. 2, the political cluster is influenced
by the alternatives and economical cluster and by itself. Therefore, we

Fig. 2. The sub-networks for BOCR.

Fig. 3. Control hierarchy.
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can calculate the priority vector for political cluster through fuzzy
pairwise comparison, and obtain the relative impact of each of these
three clusters on the political cluster. According to this priority vector
(given in the second column of Table 7), the relative strength of in-
fluences of economic, political, and alternative clusters on political
clusters are 0.23, 0.23 and 0.54 respectively. Repeating this calculation
process for economical and alternatives clusters yields the matrix of
priorities for benefits sub-network (Table 7).

Finally, we can obtain the weighted supermatrix by multiplying the
matrix of priorities of benefits sub-network with local weights of the
criteria and sub-criteria within this sub-network (determined in Step 7).
The weighted supermatrix for benefits sub-network is presented in
Fig. 4. This procedure is repeated for the sub-networks of costs, op-
portunities, and risks to calculate the weighted super matrices of these
sub-networks.

Step 9: Forming the limit supermatrix

In this step the overall weights of elements in the network is ob-
tained by calculating the limit supermatrix. Limit supermatrix, which
captures all the direct and indirect interactions among elements, can be
calculated by raising the weighted supermatrix to a sufficiently large
power. Raising the weighted supermatrix generates a steady state ma-
trix in which the values in each row of the matrix is converged to the
same number for each column of the matrix [30]. Limit supermatrix of
benefits sub-network can be seen in Fig. 5. Repeating this procedure for
all sub-networks yields the results shown in Table 8.

Step 10: Calculating overall priorities of alternatives

In the final step of the proposed framework, overall weights of al-
ternative energy sources are identified. In order to do so, in this, step
the local weights of alternatives for each of the BOCR subnetworks

(calculated in Step 9) are synthesized with the corresponding normal-
ized weights of b, o, c and r (calculated in Step 6). In the problems that
involve complex network structure, the weights of the alternatives need
to be synthesized through applying different aggregation formulas [84].
Five different aggregation methods have been proposed for combining
the weights of each alternative under BOCR sub-networks [83]:

1- Additive

= + + +P bB oO c C r R(1/ ) (1/ )i i i i Normalized i Normalized (1)

2- Probabilistic additive

= + + +P bB oO c C r R(1/ ) (1/ )i i i i i (2)

3- Subtractive

= + − −P bB oO cC rRi i i i i (3)

4- Multiplicative priority powers

= + +P B O C R[(1/ ) ] [(1/ ) ]i i
b

i
o

i Normalized
c

i Normalized (4)

5- Multiplicative

=P B O C R/i i i i i (5)

Table 9 presents the ultimate ranking of the alternatives derived by
each of these five combining methods. Although by employing different
synthesizing methods the weights of alternatives slightly change, in-
terestingly, their rankings remain unchanged. Ultimately, the final
share of alternative energy sources is calculated based on the average
weights obtained by these five methods (last column of Table 9). The
final share of alternative sources in the recommended energy mix for
generating electricity in Iran is shown in Fig. 6. According to the
findings, renewable energy sources, with the share of 31.6% have the
highest priority in the energy mix of Iran, and coal, with the share of
12.3%, received the lowest priority.

Step 11: Validity analysis

In the absence of historical data, validating a not-yet-developed
system is always a challenging task [29]. In this study, we have taken
two approaches to ensure the validity of the model and results. The first
validity check was through measuring the consistency of experts’
judgments. Saaty [83] proposed a method for verifying the consistency
of pairwise comparison matrices by calculating a consistency ratio (CR)
index. In this study, we adopted a revised consistency test proposed by
Kwong and Bai [49] for calculating CR index for fuzzy-based pairwise
matrices. The consistency was checked for all the pairwise judgments
and only the ones that fulfilled consistency requirement (i.e. the ones
with CR below 0.1) were used for the analysis. For inconsistent judg-
ment, the experts were asked to retake the pairwise comparison until
the acceptable consistency was reached.

Moreover, following the recommendation of Prasad et al. [77] and
[78], we adopted face validity to test the credibility of the model. An
overall of 12 experts in energy planning and management (different

Table 2
The linguistic scale for relative dominance and their corresponding triangular
fuzzy numbers [40].

Linguistic scalea Triangular fuzzy
scale

Triangular fuzzy reciprocal
scale

Just equal (1,1,1) (1,1,1)
Equal dominance (0.5,1,1.5) (0.67,1,2)
Weak Dominance (1,1.5,2) (0.5,0.67,1)
Strong dominance (1.5,2,2.5) (0.4,0.5,0.67)
Very strong dominance (2,2.5,3) (0.33,0.67,0.5)
Absolute dominance (2.5,3,3.5) (0.28,0.33,0.67)

a For pairwise verbal comparisons, the dominance of element i over element j
may be interpreted as importance, preference or influence.

Table 3
Strategic criteria pairwise comparison matrix.

Goal Economic Social Environmental Priorities

Economic (1,1,1) (1,1.5,2) (0.5,0.67,1) 0.34
Social (0.5,0.67,1) (1,1,1) (0.4,0.5,0.67) 0.10
Environmental (1,1.5,2) (1.5,2,2.5) (1,1,1) 0.56

Table 4
Priorities of merits.

Economic sustainability
(0.34)

Social sustainability
(0.10)

Environmental sustainability
(0.56)

Average Weight
(normalized average)

Benefits 0.14 0.04 0.24 0.14 0.37
Opportunities 0.14 0.02 0.15 0.10 0.27
Costs 0.09 0.03 0.24 0.12 0.31
Risks 0.02 0.01 0.03 0.02 0.05
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from the ones that were engaged in the model building and analysis)
accepted to assist us with evaluating the results. A summary of the
proposed model and results, along with a set of questions about the
reasonableness of the output were presented to these experts. Overall,
experts agreed that the model is sufficiently exhaustive and is an ac-
curate representation of the real problem and they were reasonably
satisfied about the robustness of outputs.

Conclusion and policy implications

This paper proposes a new framework for assessing the mix of en-
ergy sources for generating electricity in Iran from the perspective of

sustainable development. A group fuzzy ANP model is used to assess
and compare six different competing energy options against various
economic, technical, social and environmental criteria. In order to ad-
dress the uncertainties and imprecisions inherent in this complex de-
cision making problem, fuzzy linguistic assessment variables are uti-
lized in the pairwise comparison process.

Compared to the traditional approaches for assessing electricity
generation mix, the proposed framework has several advantages:
First, this framework provides a more comprehensive picture of influ-
encing factors in energy mix assessment by simultaneously accounting
for multiple evaluation criteria from different perspectives. This study
brings together a broad range of factors that have been scattered across
many studies, along with some factors that are idiosyncratic for the
context of Iran. Second, this framework enables to taking the complex
interrelationships among criteria into account. Third, adopting fuzzy
logic in evaluations by employing linguistic variables enables handling
uncertainties in the process of decision-making. Fourth, the proposed
framework allows for incorporating the judgments of multiple decision
makers and to systematically integrate them to come up with an as-
sessment that represents the group’s preferences.

Table 5
Alternative energy sources statistics.

Loss of expected life due to
electricity productiona (YoLL/
TWh)

Normal Efficiency (%)b Normal Construction period
(years)c

Normal Total cost
($/MWh)d

Normal Opportunity cost
(Rial/lit)e

Normal

Fuel oil 165.5 0.281 26.5 0.122 2 0.119 128 0.214 97 0.292
Gas oil 165.5 0.281 28 0.129 2 0.119 150 0.252 178 0.536
Natural gas 46.1 0.078 50 0.231 1.5 0.089 38 0.064 57 0.172
Coal 165.5 0.281 42 0.194 4 0.238 82 0.138 0 0
Nuclear 11.9 0.020 30 0.138 5 0.298 91 0.153 0 0
Renewable

energies
34.42 0.058 40 0.185 2.3 0.137 107 0.179 0 0

a Adapted from Strupczewski [95] – loss of life expectancy in Years of Life Lost (YOLL) per terawatt hours (TWh).
b,c Adapted from The [99].
d Adapted from OECD/IEA. [70,71].
e Calculated according to the procedure recommended by [64] based on the exporting value of the energy source.

Table 6
Gaseous pollutants emissions due to generating electricity in fossil fuel power plants.

Greenhouse gasses Other pollutant gasses Total
(g/Gj)

Normalized

CO2

(g/Gj)
Normalized SO2

(g/Gj)
NOx

(g/Gj)
CO
(g/Gj)

Fuel oil 77,400 0.256 1350 195 15.7 1560.7 0.489
Gas oil 74,100 0.245 228 129 15.7 372.7 0.116
Natural gas 56,100 0.185 0.68 93.3 14.5 108.48 0.034
Coal 94,600 0.313 765 292 89.1 1146.1 0.359

Source: Adapted from European Environment Agency [25], European Environment Agency [26].

Table 7
Cluster priorities for benefits sub-network.

Economical Political Alternatives

Economical 0.32 0.23 0.32
Political 0 0.23 0.68
Alternatives 0.68 0.54 0

Fig. 4. Weighted supermatrix of benefits sub-network.
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Results indicate that renewable energies, with the average share of
33.5%, have the largest share in the proposed energy portfolio of
Iranian power plants. The share of other energy resources is determined
as follows (in descending order): natural gas (25%), coal (12.3%), fuel
oil (12.6%), nuclear (8.7%) and gas oil (9.7%).

Our results reveal a gap between goals of sustainable energy plan-
ning and current electricity generation mix in Iran. Currently, produc-
tion of electricity in Iran is heavily dependent on fossil fuels, with re-
newables having only marginal contribution in the installed capacity. It
is estimated that by maintaining the current trend, in 20 years, only 5%
of electricity demand will be supplied by renewable energies [11]. In
sharp contrast to the present situation, renewable energies account for
about a third of the proposed energy mix in our model. It is interesting
to note that our findings are in line with the global momentum for
renewable electricity generation. The raising awareness about dwind-
ling fossil fuel supplies and their adverse environmental effects has
made renewable energies as key solution for sustainable energy plan-
ning. Renewable energies are growing faster than any other source of
energy and are expected to make a great contribution in the word’s
future energy [37]. From the end of 2004, the capacity for renewable
energies in the world has continuously grown by 10–60% per year [79].
According to [60], renewable power constituted about half of the
worldwide added net power capacity in 2014.

In order to achieve long-term sustainable development in Iran, it is
of crucial importance to revisit the country’s energy policy and transit
to a more sustainable electricity production. Also, there is an urgent
need for Iranian power industry to diversify its energy mix through non-

fossil fuels and systematically raise the proportion of renewables in its
energy portfolio. It is acknowledged that greenhouse gasses, particu-
larly carbon dioxide (CO2) emissions, resulting from high carbon in-
tensity electricity generation units is a major source of environmental
pollution which, in turn, has significant economic consequences
[105,79]. Iran has increasingly recognized the importance of non-fossil
energy resources for its longer term energy plans. Particularly, the
government aims to increase the share of indigenous energy sources
and enhance the proportion of renewable energies in its energy port-
folio [11]. This ambitious decarburization agenda would require a
strong policy commitment that supports utilizing emerging low-carbon
technologies and transforming the electricity supply infrastructure.

If renewable energies are to be used to a large extent and be ade-
quately integrated into the power supply system during the next
decade, detailed feasibility studies for harnessing renewable energies
needs to be carried out. Several previous studies have shown that Iran
has a substantial potential for utilizing various renewable sources of
energy such as wind, hydro power, solar, and geothermal
[7,11,31,85,92]. Renewable energies can play a significant role in
overcoming the energy shortages in the country while reducing the
dependence on conventional energy sources. Besides providing elec-
tricity, there is evidence that deploying renewable energies can have an
important contribution in national economic growth and improve the
standards of living standards specially in remote areas [6,65]. With an
enormous potential to provide cost-effective energy, renewable elec-
tricity technologies can enhance the security of energy supply in a long-
term perspective, and reduce greenhouse gas emissions and other air

Fig. 5. Limit supermatrix of benefit sub-network.

Table 8
Weights of merits, criteria, sub-criteria and alternatives under each sub-criteria.

Merits Criteria Sub-Criteria Local weight Global weight (A1) (A2) (A3) (A4) (A5) (A6)

Benefits (0.37) Economic (0.323) Efficiency 0.191 0.044 0.12 0.13 0.23 0.19 0.14 0.18
Added Value 0.247 0.027 0.12 0.15 0.17 0.18 0.13 0.24
Heat Recovery 0.122 0.011 0.09 0.12 0.17 0.1 0.26 0.26
Reliability 0.193 0.037 0.2 0.18 0.16 0.14 0.2 0.12
Return on investment 0.247 0.025 0.21 0.17 0.23 0.17 0.08 0.14

Political (0.677) Independence 0.395 0.081 0.21 0.16 0.28 0.14 0.05 0.17
International acceptability 0.352 0.075 0.18 0.15 0.18 0.18 0.14 0.18
Compatibility with the national energy policy 0.253 0.072 0.21 0.16 0.28 0.14 0.05 0.17

Opportunities (0.27) Source of energy (0.696) Domestic access 0.664 0.084 0.23 0.18 0.23 0.1 0.06 0.19
Renewability efficiency 0.336 0.039 0 0 0 0.09 0.25 0.66

Technology (0.304) National technical knowledge 0.68 0.128 0.21 0.21 0.22 0.12 0.09 0.15
Access to technical equipment 0.32 0.019 0.21 0.2 0.22 0.15 0.08 0.14

Cost (0.31) Cost (1) Total cost 0.545 0.145 0.21 0.25 0.06 0.14 0.15 0.18
Opportunity cost 0.227 0.093 0.29 0.54 0.17 0 0 0
Duration of preparation phase 0.227 0.072 0.12 0.12 0.09 0.24 0.3 0.14

Risk (0.05) Sociopolitical (0.548) Risk of sanction 0.5 0.012 0 0 0 0 0.8 0.2
Social risk 0.5 0.015 0.28 0.28 0.08 0.28 0.02 0.06

Environmental (0.452) Greenhouse gas emissions 0.5 0.008 0.49 0.12 0.03 0.36 0 0
Other gaseous pollutants 0.5 0.014 0.26 0.25 0.19 0.31 0 0
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pollutants.
The appropriate energy mix is idiosyncratic to each country and,

therefore, the results of this study are not directly applicable to other
countries. However, the proposed model in this study can be used as a
guideline for assessing electricity generation mix in other countries.
However, it should be noted that the assessment criteria in this model
are country-specific and need to be modified for each country according
to their specific needs, policies, and perspectives. Also, the choose of
alternative sources of energies may need to be revised based on the
options available to each country. It is also important to mention that
the process of assessing energy sources for identifying an appropriate
energy mix is a dynamic process. Not only the importance of different
criteria and alternative energy sources may vary from one country to
another, but even in each country, the priorities may change over time.

A number of avenues exist for enhancing this research. First, due to
the technical limitations regarding the number of alternatives in the
ANP procedure, in this study different types of renewable energies are
categorized as one alternative. Given the importance of these sources of
energy in the suitable electricity generation mix of Iran, it may prove
fruitful to extend the current framework by distinguishing between
various renewable energy types and determining the share of each
source in the energy portfolio. This would be complementary to the
current study and may lead to interesting and applicable results.
Finally, future studies can improve the model proposed in this study by
integrating ANP with other MCDM techniques such as TOPSIS, in order
to enable assessing higher number of alternatives in the model.
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