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ABSTRACT
Fossil fuels as the primary energy source create career opportuni-
ties, provide industries with vital raw material and energy resour-
ces, have harmful emissions to the environment and are also
related to finite natural resources. They rely on them as the main
source of energy supply is unsustainable. Sustainability assess-
ment tools may be useful in developing a more sustainable scen-
ario. However, the resiliency of nature is not taken into account
in this linear assessment. The detrimental effect of these fuels on
the environment during their life cycle would suggest transition-
ing from cradle-to-grave to the cradle-to-cradle lifecycle view-
point. This study implements the Circular Economic (CE) in fossil
fuel development to minimize the unsustainable effects and
ensure the environment’s resiliency. In this context, three different
fossil fuels are assessed based on the CE model’s proposed life-
cycle phases to find out the most sustainable fossil fuel option. A
case study is carried out in an industrial location with high-level
decision-makers. CE criteria are evaluated based on the E-SWARA
method to ensure the assessment’s reliability at this critical step.
Next, a novel MCDM method, MARCOS, is applied to this study.
Based on the results, gas is the most sustainable energy gener-
ation plant in the intended region.
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1. Introduction

Fossil fuels are coal, crude oil and natural gas supply 80% of the US (EIA, 2019) and
global (Foster & Elzinga, 2015) energy demands. Also, global energy generation
releases more than 65% of CO2 emissions. Thus, these imperative energy industries
are developed based on unsustainable settings concerning fossil fuels’ finite resources.
This inherent unsustainability in this strategic supply chain of global energy is an
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important issue. Every reduction in the emissions and improvement in the energy
efficiency and recycling processes in every step of the material lifecycle will result in a
cleaner and more sustainable environment in the inevitable energy supply. Besides,
they compromise nature’s resiliency by emitting many pollutants into the air, water
and soil. They increase our carbon footprint and cause many Green House Gas
(GHG) emissions, resulting in various global environmental crises such as climate
change, global warming and ocean acidification.

Every human being deserves to have a safe and comfortable living. People across
the globe are working hard to improve their standard of living. Consequently, in a
larger perspective, every country, regardless of development status, is trying to
develop and satisfy more human needs and expectations. Thus, development is crucial
for nations and inevitable to be facilitated; however, this fast-paced development is
not sustainable. Economic growth cannot be steady in the process of take-make-use-
dispose, and the resources and waste absorption capacity are limited (Bonviu, 2014).

Every industry and economic activity needs various resources such as materials
and energy in order to produce value via their processes. As a result of these activ-
ities, air, water and soil pollutants are produced, including these industries’ byprod-
ucts. Meanwhile, further development of enterprises, economies and societies will
magnify the situation’s complexity by converting every linear trend exponentially. In
other words, industries consume finite resources for raw materials on the one hand.
On the other, when they develop, they need more of such resources, which acceler-
ates the depletion process for raw materials and other finite resources. Thus, develop-
ment (enlarging the industry) in the shrinking system of resource consumption is
unstable and will result in an unsustainability head collision (Korhonen et al., 2018).

Hence, it is required to consider the finite resources and the next generation’s abil-
ity to fulfil their needs from nature (sustainability) and the environment’s ability to
react and treat the turbulences imposed by the emissions and pollutions (Resiliency)
simultaneously. Consequently, a broader viewpoint needs to be followed at the stra-
tegic level, which would use a more comprehensive Life Cycle Assessment (LCA)
approach, covering cradle-to-cradle. After the strategic level, the next crucial phase
that would impact LCA’s outcome is the design phase. During this phase, potential
environmental impacts can be factored in, and a solution is found if the results are
not satisfactory. It is shown that 80% of the product’s environmental impacts are
determined at the design phase (COM, 2020).

Based on the current literature and sustainability trends, this broader view of LCA,
to consider and prepare for returning the resources to the environment at the end of
the service life, upgrades the Linear Economic to a new approach called Circular
Economy (CE). Apart from the variety of academic studies that have been carried out
regarding CE, policymakers are also entering this field, which means major changes
in strategic decisions. For instance, Europe (COM, 2020) and China (Lieder &
Rashid, 2016) have developed their policies, instructions and promotions to boost CE
implementation in their territories. Other countries such as Australia, Canada, India,
Malaysia, South Korea, Thailand and the US have enacted legislations to support CE
and the closed-loop concept (Ghosh, 2020). CE is regarded as a mean of economic
development as the European Commission estimated that annually 600 billion
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EUROs could be gained per annum, solely from the manufacturing sector in Europe
(COM, 2014, 2015) while on the global scale, this can reach an annual gain of up to
1000 billion USD (EMAF, 2013; Finland’s Independence Celebration Fund (FICF,
Sitra) and Mckinsey, Finland, 2014).

As sustainability is a high-level issue that targets the needs and expectations of
coming generations to ensure, at least, a steady development line in the future, it is
required to set and pursue inter-generational goals as well. Concerning the depend-
ency of the global energy demand on non-renewable resources, quick and complete
replacement of the resources would be an impossible option (Foster & Elzinga, 2015)
and may cause unsustainable circumstances. Thus, developing the non-renewable
resources with the least environmental footprint and gradual transition toward renew-
able energies may be the most sustainable route in line with the inter-generational
goals. This strategic vision needs to have a broader and long-term decision to be
implemented in the future (Korhonen et al., 2018).

The energy production industry and fossil fuel, in particular, are targeted in this
study concerning the importance of their development and their inherent unsustain-
ability, which makes it a highly important and sensitive industry to be under investi-
gation. Besides, in the past, fossil fuels have been considered in the traditional linear
development context of take-make-use-dispose which cannot be sustained as dis-
cussed before. As such, this study aims to develop a CE model for fossil fuels to
address recycling the resources back to the environment as much as possible, both in
terms of materials and energy produced. Furthermore, the environment’s capacity to
be subjected to turbulence is limited. This is more so in an industrial location, in
which a great share of the environmental capacity might be already consumed. Thus,
we performed the case study for a real industrial region, in which we developed our
model to evaluate different types of non-renewable resources, that is, fossil fuels. This
model was used for decision-making at a strategic level; during this study, a group of
senior managers and policymakers contributed. The Multiple Criteria Decision
Making (MCDM) methodology that was used for this study is the recently developed
Measurement of Alternatives and Ranking according to COmpromise Solution
(MARCOS) method (Stevi�c et al., 2020).

2. Literature review

Regardless of CE, researchers always hold sustainability of energy projects, particu-
larly fossil fuels, in high regard. For instance, among the previous studies carried out
addressing sustainability assessment of the fossil fuels, a research group focused on
measuring the sustainability profile for a petroleum refinery project in a static deci-
sion environment (Hasheminasab et al., 2018a) and dynamic circumstances, the latter
of which allowed the decision making framework to be modified based on the par-
ticular project conditions (Hasheminasab et al., 2020). This chain of studies on the
sustainability of petroleum refinery projects performed research on scenario analysis
(Gholipour et al., 2018) and fast-track decision making (Hasheminasab et al., 2018b)
in the assessment process. A variety of other studies in the petrochemical (Heravi
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et al., 2015, 2017) and upstream oil field projects (Poveda & Lipsett, 2014a, 2014b),
have been published, which cover the sustainability assessment of fossil fuel projects.

There is no consensus in the literature review on how CE attends to sustainability’s
three pillars (Kirchherr et al., 2018). Some of the previous studies regard CE as focusing
mostly on economic and ecological goals (Geissdoerfer et al., 2017; Sauv�e et al., 2016),
while others view CE’s role broader, covering the complete lifecycle with economic as
well as social, and environmental concerns considered in a balanced way (Kirchherr
et al., 2017; Murray et al., 2017). Another study has adjusted the CE concept to cover
all sustainability pillars and concluded that CE is related to the triple pillars’ simultaneity
and subscription of economic and environmental pillars of sustainability (Su�arez-Eiroa
et al., 2019). The present study will follow this broader view of the CE concept.

Currently, CE is widely used in the literature to follow this broader view. As the
CE is the culmination of the cradle-to-cradle approach, it substitutes the linear econ-
omy approach (cradle-to-grave) (Braungart et al., 2007; McDonough & Braungart,
2002, 2003). CE covers the final step of returning to the environment in order to
reuse, remanufacture and recycle. Regardless of CE, this circular concept and supply
chain issues have been covered in some studies (Govindan et al., 2015; Stindt &
Sahamie, 2014; Wells & Seitz, 2005). The environment’s capacity to absorb the turbu-
lence caused by different pollutants has been addressed in current CE studies. They
have tried to measure social-ecological systems’ resiliency (Cr�epin et al., 2012;
Ferreira et al., 2018; Folke, 2006). In CE literature, one would also come across stud-
ies that have been carried out on zero-emissions to minimize the turbulence caused
by pollutants (Liu et al., 2012; Pauli, 2010).

Regular and green energy production cases have been studied in various previous
studies to assess sustainability and develop CE models. For instance, a structure for
Chinese CE was created, and the government’s policies and strategies for energy con-
servation were discussed and assessed in a previous study (Li et al., 2010). In this
regard, another study focused mainly on the best practices in energy and environ-
mental efficiency among OECD countries and developed a weighting based on a CE
model (Mavi & Mavi, 2019). In particular, green energy and wind were targeted to
assess with more investigation on the material and recycling procedure in the CE
context (Hao et al., 2020). Also, CE was applied to renewable energies and their
means of storage to create more reliable energy sources, and different case studies
were included in another study (Olabi, 2019).

SWARA (Stepwise Weight Assessment Ratio Analysis) is a well-known and fre-
quently used MCDM methodologies used in various studies (Kaya & Erginel, 2020;
Hashemkhani Zolfani & Saparauskas, 2013). Since the methodology is mainly devel-
oped to evaluate the criteria sets in MCDM problems, some other studies are carried
out by combining the SWARA with another methodology to cover both criteria
weighting and alternative selection parts of the problem (Bitarafan et al., 2014;
Ghorshi Nezhad et al., 2015; Singh & Modgil, 2020). Due to the criteria’s pivotal role
in developing the assessment framework, SWARA serves as the foundation of the
weighted framework for evaluating various problems. Still, it is extended in another
study to ensure the reliability of experts’ opinions to be applied to other studies
(Hashemkhani Zolfani et al., 2018). In the current study, due to its policy-level
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evaluation, which would yield sensitive results, the criteria weighting is carried out by
E-SWARA methodology.

MARCOS methodology has been recently developed to select a sustainable supply
chain (Stevi�c et al., 2020). Despite the novelty of this methodology, it is applied to
different fields of science such as risk analysis in road traffic (Stankovi�c et al., 2020),
human resource evaluation in a transport company (Stevi�c & Brkovi�c, 2020), supplier
selection in the iron industry (Chakraborty et al., 2020) and a steelmaking company
(Badi & Pamucar, 2020), and the best investment software selection (Pu�ska et al.,
2020). Among MARCOS’s various applications, the current study seeks to apply the
methodology at a strategic level for selecting the most sustainable alternative for
energy generation using fossil fuels based on the CE life cycle model.

3. Methodology

3.1. CE Model for fossil fuels

CE is known to be a more resilient and sustainable alternative for the linear approach
based on the existing literature. In reality, both of these approaches coincide. Without
exception, the energy industry processes and fossil fuels are a combination of linear
and circular processes throughout the entire material life cycle phases (Figure 1).
Meanwhile, the goal should be to minimize the linear and maximize the circular
processes in this industry.

Considering energy as the product of interest in this study, its life cycle’s final step
is energy consumption, which can be controlled and improved using more strict stand-
ards and more efficient engines. Using energy efficiency to reduce wasted energy can
be a returning option for the product circular approach. Suppose fossil fuel is consid-
ered the product of interest, at the final step of the material’s life cycle. In that case,
different returning options can be proposed for the fossil fuel residuals as follows:

Figure 1. Circular Economy (CE) model for fossil fuel material lifecycle.
Source: The Authors.
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3.1.1. Carbon capture and storage (CCS)
This option is to capture the carbon emissions and safely store them, for example, at
the bottom of the oceans, to be used in the future when the technology reaches the
ability to use carbon emissions effectively. As a result, carbon is not spread to the
environment, and energy can be produced more sustainably. However, this is an
expensive option due to its dependency on advanced technologies, drilling and stor-
ing and maintaining the inventory.

3.1.2. Improve natural resiliency
The trees’ breathing process consumes the CO2 and releases oxygen to improve resili-
ency and reduce environmental turbulences. As a result, making policies on extensive
use of vegetation in various development projects will improve the resiliency and be a
long-term solution for recycling carbon emissions.

3.1.3. Improve energy efficiency
Fossil fuels are consumed to produce energy, which is to be used in various energy-
consuming applications. Improving the energy efficiency in these applications can
assist in reducing the energy demand and consumption rate.

3.1.4. Reduce emissions
Another CE strategy is reducing emissions in different ways, from using advanced
technologies to producing fossil fuel products with the least potential for pollution.
For instance, desulfurization is one of the refinery phases that will improve quality
for final products.

Circular processes are derived from returning the used materials to the natural
environment to use them again in other product lifecycles. Fossil fuels have a long
lifecycle, and they are non-renewable sources of energy. However, the industry has
lots of diverse phases from extraction to refinement and consumption, which are
multidisciplinary and sometimes involve complex engineering work. This material
lifecycle contains multiple projects, portfolios, programs and products regarding their
lifecycle. The circular potential is undeniably high in this process. The returning pro-
cess can be done for every work package, including manufacturing, supplying, con-
struction, operation, and so on. Thus the goal is to build up a solution chain for this
complex material lifecycle (see Figure 2).

There is a variety of returning options from ‘reuse’ to ‘remanufacturing’, ‘recycling’
and finally ‘safe disposal’. Every choice requires a different amount of energy, time
and cost. For instance, one of the frequently-used energy-efficient processes in the
refinement of petroleum is preheating. In this process, the highly heated products
need to be cooled, and the raw materials need to be heated. So, in the process of pre-
heating, the products’ released heat is used to warm up the raw materials, which can
be interpreted as energy reuse.

Moreover, using the cooling towers to reuse the water in different processes is
another example of reuse. However, water treatment plants that recycle wastewater
are an example of ‘recycling’ which needs more energy, cost and time to make the
water reusable compared to various treatment levels for different reuse options. If
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the treated water needs to be used as potable water or released to the river or used
for agricultural purposes, the cost and energy requirement are steeply diverse.

3.2. Extended SWARA

As the criteria weighting exceeds all other decision-making processes in importance,
the SWARA is developed to evaluate the criteria weighting based on evaluating the
criteria ranking and weighing process (Karabasevic et al., 2016; Ker�sulien_e et al.,
2010; Stanujkic et al., 2015). However, the extended SWARA is an improved MCDM
methodology that is primarily developed to enhance the original methodology’s qual-
ity and accuracy in the criteria weighting process by evaluating the reliability of the
experts’ opinions regarding criteria weightings. Using the same procedure that was
used in previous studies (Hashemkhani Zolfani et al., 2018) this methodology is
applied to the current study with the following steps:

Step1: Criteria sorting
Based on the basic SWARA methodology, experts are asked to rank the criteria in

the first step. Thus, tjk represents the ranking assigned to the jth criteria based on the
kth experts’ judgment (where k e 1, 2, . . . , rf g). The normalized criteria value is
calculated in the following manner t j

� �
:

t j ¼
P

k tjk
r

, 8j e 1, 2, . . . , nf g

At the final step in the ranking process in this step, the variance and the coeffi-
cient of variance are calculated as follows:

r2 ¼
P

k tjk � t j
� �2
r � 1

Figure 2. The lifecycle chain in the fossil fuel industry and the position of inter-generational goals
in the meantime.
Source: The Authors.
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bj ¼
r
t j

Next, the level of experts’ agreement is calculated as a representation of the reli-
ability of the responses as follows (where the degree of freedom is 6 in this study
(v ¼ n� 1)):

W ¼ 12S

r2 n3 � nð Þ � r
P

k Tk

Where:

� S measures the deviation of the criteria S ¼
X
j

X
k

tjk �
P

j

P
k tjk

n

 !2
0
@

1
A:

� Tk is the reiterated ranks which is zero in this study since there is no iteration
in the criteria weighting process.

The level of satisfaction with experts’ responses is examined based on the X2 value
as follows (if X2 > Xtbl

2, the weighting results are reliable):

X2 ¼ W � r � ðn� 1Þ

Step2: Difference criteria weighting
Criteria are sorted in descending order, and experts have to evaluate the significant

differences. Next, the importance coefficient is calculated by adding number one to
the ratings (sj) as follows:

k1 ¼ 1

kj ¼ sj þ 1, 8j e 2, . . . , Jf g

Step3: Recalculate weighting
Criteria weighting in this step is evaluated based on a recursive methodology as

follows:

q1 ¼ 1

qj ¼
kj�1

kj
, 8j e 2, . . . , Jf g

Step4: Criteria weights
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Finally, the criteria weights are calculated from the following:

wj ¼
qjP
j qj

3.3. Marcos Methodology

As discussed in the literature review, MARCOS is a novel methodology with a variety
of applications. The methodology was developed based on both the ideal and anti-
ideal solutions. Afterward, the utility of the alternatives is measured. Different utility
functions are then calculated based on the alternative utilities’ value to find the alter-
native weightings and their ranking finally. The methodology is applied to this study
based on the following steps: (Stevi�c et al., 2020).

3.3.1. Step 1: Extended initial decision matrix
It is assumed that the decision is made in ‘m’ alternatives and ‘n’ criteria. The
extended matrix is a combination of the primary matrix and ideal as well as anti-ideal
solutions as follows:

Where xij refers to the decision value related to the assessment of the ith alternative
against the jth criteria. The ideal and anti-ideal solutions are denoted as AI, AAI,
respectively. The ideal solution is the minimum value among different alternatives
concerning beneficial criteria (criteria in which an increase in value is desirable). If
this is a cost criterion (a criterion in which a decrease in value is desirable), the ideal
solution would be the maximum value. For the anti-ideal solution, the process is
exactly the opposite. Maximum for beneficial and minimum value for the
cost criteria.

3.3.2. Step 2: Normalization
The normalized matrix is calculated by the ideal solution as follows:

nij ¼ xij
xai

for the beneficial and nij ¼ xai
xij

for the cost criteria.

Normalization is practiced for the extended matrix and AAI, and AI is in the nor-
malization process.

3.3.3. Step 3: Weighted matrix
V ¼ vij½ �m�n

is the weighted matrix, which is calculated concerning the criteria

weights as follow:

Criteria
(Cn)… (C1)

Alternatives AAI xaa1 . . . xaan
x11 � � � x1n
..
.

xij ..
.

xm1 � � � xmn
xai1 . . . xain

2
666664

3
777775

(A1)
…
(Am)
AI
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vij ¼ nij � wj

Weighted values are calculated for the extended matrix.

3.3.4. Step 4: Utility degree
Utility degrees are calculated for all the alternatives based on the ideal and anti-ideal
solution values as follow:

Si ¼
X
j

vij¼)K�
i ¼ Si

Saai
, Kþ

i ¼ Si
Sai

3.3.5. Step 5: Utility function
Different utility positive and negative functions are calculated based on the utility val-
ues. However, the utility function is calculated based on the utility values and func-
tions as follow:

f K�
ið Þ ¼ Kþ

i

Kþ
i þ K�

i
and f Kþ

i

� � ¼ K�
i

Kþ
i þ K�

i

f Kið Þ ¼ K�
i þ Kþ

i

1þ 1�f ðKþ
i Þ

f ðKþ
i Þ

þ 1�f ðK�
i Þ

f ðK�
i Þ

3.3.6. Step 6: Ranking
The alternative ranking is based on the utility function derived from step5 of the
methodology.

4. Case study

Fossil fuels such as oil, gas and coal consumption are exacerbating the global environ-
mental crisis. For instance, the coal-based energy generation industry is the source of
44% of mercury and two-third of sulfur dioxide emissions in the US (EPA, 2014).
Also, fossil fuels are responsible for carbon emissions. This emission is absorbed by
the oceans, increasing their acidity, which is harmful to biodiversity and, conse-
quently, the food chain and the economies. From the beginning of the industrial
revolution, seas have become 30% more acidic (NRDC, 2009). Although the ideal
solution to these problems is to eliminate the use of fossil fuels in the long-term, the
high dependence of the energy markets on fossil fuels would mean that the more
realistic alternative in the short and mid-term is to reduce unsustainability.

In this study, an industrial region is selected as the case study. An energy gener-
ation plant is going to be built, which will use one type of fossil fuel as its source of
energy. The problem is selecting the best alternative with the highest circuity in the
development process. Hence, the case study is carried out based on the developed CE
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model. To achieve this goal, a group of high-level managers with related backgrounds
working in this industrial region got involved in this study to select the best alternative.

The case study begins with the criteria weighting by the extended SWARA meth-
odology as follows:

Experts are asked to rank the significance of the criteria, which is presented in Table 1:
The next steps based on the extended SWARA methodology are as follows (Table 2):
According to the statistical tables, the tabular value for the calculated degree of

freedom (6) and considering 1% for the possibility of errors (or significance level of
0.01) is 16.8 (Fisher & Yates, 1963). Thus, the criteria weighting is converged, and
the probability of the experts’ agreement is 99%. Hence, based on the extended
SWARA methodology:

Xtbl
2 ¼ 16:8

X2 ¼ 56:68
g ! X2 > Xtbl

2

The ranking and controlling the experts’ decisions in the first step is continued to
the next steps of the methodology to measure the criteria weights as follows
(Table 3):

Table 1. Criteria ranking.
Criteria

Nature (C1)
Extraction

(C2)
Transfer
(C3)

Refinement
(C4)

Distribution
(C5)

Consumption
(C6)

Recycling (Material &
Industry) (C7)

Experts 1 1 4 2 5 3 7 6
2 3 4 2 5 1 6 7
3 2 5 1 4 3 7 6
4 1 5 2 6 3 7 4
5 1 6 3 7 2 5 4
6 1 5 2 7 2 6 4
7 2 4 1 5 3 6 7
8 3 5 1 4 1 7 6
9 1 4 2 5 3 6 7
10 1 5 3 6 2 7 4
11 1 4 2 5 2 7 6

Source: The Authors.

Table 2. E-SWARA calculation process.
Criteria

Nature
(C1)

Extraction
(C2)

Transfer
(C3)

Refinement
(C4)

Distribution
(C5)

Consumption
(C6)

Recycling
(C7)

Sum tjk 17 51 21 59 25 71 61
�t 1.55 4.64 1.91 5.36 2.27 6.45 5.55
Ranking 7 4 6 3 5 1 2
Q 0.06 0.17 0.07 0.19 0.08 0.23 0.20
r2 0.67 0.45 0.49 1.05 0.62 0.47 1.67
b 0.53 0.15 0.37 0.19 0.35 0.11 0.23
V 43.57
S 2909.71
W 0.86
X2 56.68
Degree of freedom 6

Source: The Authors.
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The criteria weighting is followed by the decision matrix, which is developed based
on the CE and MARCOS methodology to evaluate the alternatives as follows
(Table 4):

Since assessment is based on the turbulence level entering the life cycle phases (cri-
teria), all of the criteria are cost criteria, except the recycling, which is a beneficial cri-
terion. A panel of 11 senior managers working in the selected industrial site was
formed to contribute to this case study. Panel member composition is shown in
Table 5.

Experts are asked to enter their judgment based on their managerial experiences in
the industrial region. Experts’ opinions are gathered for criteria weight and alternative
judgment concerning different criteria. Table 3 is the average value of
expert judgments.

The weight vector is calculated based on the experts’ preferences (see Table 3):
Criteria weight vector ¼ {0.09, 0.14, 0.09, 0.18, 0.09, 0.23, 0.18}
Other calculation steps are based on the MARCOS methodology in Tables 6–10:
According to the case study results, if we want to develop an electricity generation

plant based on fossil fuels, gas is the best alternative for the selected industrial region.
The case study is evaluated through different cradle-to-cradle lifecycle phases devel-
oped as the CE for the fossil fuel development industry.

Table 4. Decision table for data entry (MARCOS methodology).
CE life-cycle criteria

Nature (C1)
Extraction

(C2)
Transfer
(C3)

Refinement
(C4)

Distribution
(C5)

Consumption
(C6)

Recycling
(Material &
Industry) (C7)

Criteria weights
W1 W2 W3 W4 W5 W6 W7

Alternatives Oil (A1)
Gas (A2)
Coal (A3)

Source: The Authors.

Table 5. The expert panel for the MARCOS decision table.
Education BSc MSc PhD

Number of experts 2 7 2
Years of experience 0–10 10–15 Over 15 years
Number of experts 0 3 8

Source: The Authors.

Table 3. Criteria weighting calculations.
Average (s) k q w

C6 – 1 1 0.24
C7 0.29 1.29 0.77 0.19
C4 0.15 1.15 0.67 0.16
C2 0.12 1.12 0.6 0.15
C5 0.43 1.43 0.42 0.1
C3 0.13 1.13 0.37 0.09
C1 0.24 1.24 0.3 0.07

Source: The Authors.
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Environment and its capacity of dealing with development turbulences are limited
and need to be protected. As such, the ‘returning to the environment’ option plays a
pivotal role in ensuring the highest level of recycling and lowest environmental turbu-
lences at the same time. Besides, fossil fuel positions in the energy supply chain and
the desperate global energy demand make these industrial projects crucial for devel-
opment. Hence, this study aims to minimize these projects’ negative effects and
enhance the positive ones simultaneously.

Table 6. Data entry.
MARCOS data entry

Criteria

C1 C2 C3 C4 C5 C6 C7

Weight 0.07 0.15 0.09 0.16 0.10 0.24 0.19
Status Cost Cost Cost Cost Cost Cost Beneficial

Alternatives Oil (A1) 4 4 3 5 4 4 2
Gas (A2) 3 3 4 4 4 3 3
Coal (A3) 5 2 2 3 3 5 2

Source: The Authors.

Table 7. Ideal and anti-ideal solutions.
Criteria

AAI 3 2 2 3 3 3 3
AI 5 4 4 5 4 5 2

Source: The Authors.

Table 8. Normalization matrix.
N

AAI 1.667 2 2 1.667 1.333 1.667 1.5
Alternatives A1 1.25 1 1.333 1 1 1.25 1

A2 1.667 1.333 1 1.25 1 1.667 1.5
A3 1 2 2 1.667 1.333 1 1
AI 1 1 1 1 1 1 1

Source: The Authors.

Table 9. Weighted matrix.
V

AAI 0.117 0.300 0.180 0.267 0.133 0.400 0.285
Alternatives A1 0.088 0.150 0.120 0.160 0.100 0.300 0.190

A2 0.117 0.200 0.090 0.200 0.100 0.400 0.285
A3 0.070 0.300 0.180 0.267 0.133 0.240 0.190
AI 0.070 0.150 0.090 0.160 0.100 0.240 0.190

Source: The Authors.

Table 10. Utility values and functions.
S Kþ K- f(Kþ) f(K-) f(K)

AAI 1.682 – – – – –
Alternatives A1 1.108 1.108 0.659 0.373 0.627 0.539

A2 1.392 1.392 0.828 0.373 0.627 0.677
A3 1.380 1.380 0.821 0.373 0.627 0.672
AI 1.000 – – – – –

Source: The Authors.
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In the growing sustainability assessment literature, both in academia and practice,
improved cases are always compared against a base case that reflects the status quo.
This study follows a similar approach, aiming to improve the current fossil fuel
energy infrastructural projects by introducing a better alternative with maximum
return and minimum waste, emissions and pollutions. This in itself stands in contrast
to the inherent unsustainability of this industry’s projects, operations and products.

This study developed a CE model for the fossil fuel material lifecycle to be used
for long-term assessment of this industry’s projects and assist managers and research-
ers with strategic lifecycle decisions. The developed CE model is applied to a power
generation project as a case study. The CE model stages are regarded as the decision
criteria evaluated by the E-SWARA method to control the criteria weighting reliabil-
ity. Different fossil fuel options are assessed using MARCOS as a novel MCDM meth-
odology for solving the material selection problem.

5. Conclusion

Infrastructure and energy industry projects are necessary particularly for economic and
societal development; however, thus far, they have commonly been associated with seem-
ingly inevitable unsustainability, especially because most of them are done using fossil fuels.
This is because fossil fuel resources are finite. The development has been accelerating, put-
ting further pressure on these resources, let alone the pollution caused by burning fossil
fuels to produce energy. Although the global energy supply is slowly shifting from fossil
fuels to various renewable energy types, no one would anticipate a total elimination of fos-
sil fuel use in energy production in the short-term. Thus, the intermediate target should be
to develop relatively more sustainable ways to use fossil fuels for energy production.

The increasing pressure on the natural environment results from unsustainable devel-
opment associated with the linear concept of take-make-use-dispose. Safe returning to the
environment is one of the recent sustainability literature trends that contains reuse, rema-
nufacture, recycling and safe disposal. The Circular Economy (CE) is developed to cover
this returning concept and slow-down environmental deterioration. This study aims to
develop a CE model for fossil fuel use in the energy generation industry. The target is
not developing green fossil fuel generation plants but developing the best alternative that
minimizes the turbulences caused by using fossil fuels in the natural environment.

The novel CE model can have various applications from policy-making to scenario
analysis in this important development field. This study contributes to the body of
knowledge by incorporating the cradle-to-cradle viewpoint of the oil and gas industry,
which is multidisciplinary, high-tech and complicated by all accounts. In the developed
CE model, four different returning options are proposed. However, there may be other
options as well, depending on local circumstances. Further studies can be performed to
improve the CE model’s accuracy and its applicability to various conditions.

In this study, a policy-making problem was considered the case study with a re-
allocation scenario; a group of experts was asked to contribute to the decision-making
process. Three types of fossil fuels were considered as alternatives for a local project,
which were evaluated using CE lifecycle criteria to select the most sustainable fuel for
the power generation plant at the policy level. Based on the results, gas was found to
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be the most suitable alternative to be used in the particular industrial region consid-
ering local industries, various types of pollution, means of transportation, access to
raw materials, final markets, and so on.

The circuity in the development of fossil fuels as one of the most important energy
infrastructure is a novel idea which needs to develop in the future studies. This study
addressed the recycling options in the CE model of the fossil fuels (Figure 3) while
developing a decision framework model to optimize the returning options would be
an important issue for further studies.

Besides, despite the CE model’s application in the policymaking and strategic levels
in the long-term decisions, in the mid-term, the CE model can facilitate other develop-
ment in the fossil fuel literature. For instance, selecting the best manufacturer, vendor,
or contractor with the most suitability with the circuity instead of linear approach rep-
resents a great achievement. Also, a combination of the CE and sustainability would be
a future research line to ensure sustainability and local resiliency at the same time.
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