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The Petroleum Refinery Industry (PRI) is notorious for its significant contribution to environmental degradation.
Operations of refineries in local neighborhoods often lead to adverse impacts on the surrounding community and
environment. However, PRI projects also yield positive effects on local, national, and international economies.
Mitigating the negative consequences of refinery operations necessitates a scientific and quantitative approach to
selecting refinery locations. This process should consider a multitude of parameters and alternatives, encom-
passing social and environmental resiliency, transportation factors, and product markets throughout the refinery
life cycle, in an integrated manner. Quantifying the impact of these parameters on the triple bottom line is
essential for informed decision-making.

In this study, we employ a previously developed integrated sustainability assessment framework in
conjunction with a Multiple Attribute Decision Making (MADM) based scenario model to evaluate the impact of
various location alternatives on the three pillars of sustainability. Despite the complexities inherent in refinery
location decisions and the unpredictability of long-term and short-term parameters, this study’s life-cycle
approach offers a valuable tool for locating petroleum refineries.

1. Introduction

Petroleum Refinery Industry (PRI) projects are significant contribu-
tors to both environmental degradation and economic development
globally. With an estimated 88 Million Metric Tons (MMT) of CO2
emitted annually [1], also regarding the toxic emissions released to the
environment which is listed by EPA [2], petroleum refineries are central
players in the energy sector, exerting considerable influence on both
local and global scales. Despite their adverse environmental impacts,
petroleum refineries play a vital role in driving economic growth, with
purchases exceeding $693 billion in 2013 alone [3]. Also, this economic
impact is expected to be increased. Despite the unpredictable crude oil
price and its market supply and demand dependencies, North Sea Brent
crude oil spot prices are predicted to rise to 204 dollars by 2040 [4]. On
the other hand, in contrast to the common belief, PRI projects can have
negative economic impacts as well. As an example, PRI projects produce
emissions and wastes as byproducts which can have negative impacts if
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not dealt with properly [5]. However, the geographical distribution of
petroleum refinery units, workforce allocation, typical products, and
annual financial metrics have not been comprehensively addressed in
the existing literature. Therefore, in this study, we aim to bridge this gap
by providing a comprehensive overview of the geographical coverage of
petroleum refinery units, workforce allocation, and financial data at
regional, national, and international levels.

PRI projects are subjected to many sustainability assessment studies.
For instance, petroleum refinery projects are investigated to compre-
hensively assess and calculate a sustainability index [6]. Also, in the
assessment procedure, some decision environments have been created
and a dynamic assessment framework has been developed to customize
the assessment process to the specifics of any proposed PRI project [7].
In this study, our goal is to focus on the location of the refinery. Given
the complexity of the process for selection of the location of the refinery,
we will freeze all other parameters, such as the source of crude oil, the
product(s) being produced, the plant process, and targeted markets, as
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each of these parameters may be governed by various economic, social,
or political considerations which would complicate the study further.

Petroleum refineries are integral components of the global energy
landscape, with significant implications for both environmental sus-
tainability and economic development [8]. Understanding the
geographical distribution, workforce allocation, and financial perfor-
mance of petroleum refinery units is essential for comprehensively
assessing their impact and significance. In this context, the authors
present three tables providing empirical data on these key aspects of
petroleum refinery operations. Table 1 offers insights into the
geographical coverage and production capacity of refineries across
different regions, drawing from authoritative sources such as the U.S.
Energy Information Administration and the International Energy
Agency.

Table 2 sheds light on workforce allocation within petroleum re-
fineries, highlighting the substantial employment opportunities gener-
ated by this sector.

Financial data, including annual revenue and expenditure figures,
are presented in Table 3, sourced from reputable sources such as The
World Bank and S&P Global Platts.

Collectively, these tables offer a nuanced understanding of the
multifaceted nature of petroleum refinery operations, informing dis-
cussions on sustainability, economic impact, and strategic decision-
making in the energy sector.

2. Literature review

Petroleum refineries, with their intricate processes and diverse
product outputs, inherently pose sustainability challenges. However, the
aim of this study, along with similar research endeavours, is to evaluate
sustainability and quantify environmental impacts to develop more
sustainable alternatives with reduced adverse effects on the environ-
ment. A plethora of studies contribute invaluable insights into the
measurement and mitigation of these environmental impacts.

2.1. Refinery literature

For instance, Almerud et al. [14] conducted a study on the Swedish
Petroleum Refinery Industry (PRI), revealing encouraging findings
regarding low personal exposure to benzene and 1,3-butadiene, sug-
gesting potential advancements in occupational health and safety
practices within refinery operations. Similarly, Anirudhan and Ram-
achandran [15] demonstrated the efficacy of surfactant-modified
bentonite in mitigating water pollution, particularly in removing 2,4,
6-trichlorophenol from water bodies and petroleum refinery industry
effluents.

Addressing another critical facet, Rodrigues et al. [16] shed light on
the challenges associated with air emissions management in petroleum
refineries, emphasizing the complexities involved in obtaining permits
for modernization projects. Additionally, Avci et al. [17] highlighted the
impact of petroleum refinery industry activities on biodiversity, evi-
denced by peroxidation in the muscle and liver tissues of fish inhabiting
a contaminated river.

Wastewater management is another crucial aspect, as highlighted by

Table 1
Geographical coverage of petroleum refinery units.

REGION NUMBER OF TOTAL ANNUAL CAPACITY (MILLION
REFINERIES BARRELS PER DAY)
NORTH 134 18.5
AMERICA

EUROPE 98 15.2

ASIA 265 32.7

MIDDLE EAST 110 26.8

AFRICA 50 9.6

Data sourced from Ref. [9,10]

Technology in Society 78 (2024) 102604

Table 2
Workforce allocation in petroleum refinery units.

REGION TOTAL WORKFORCE (THOUSANDS OF WORKERS)
NORTH AMERICA 210
EUROPE 150
ASIA 400
MIDDLE EAST 280
AFRICA 130

Data sourced from Ref. [9,11]

Table 3
Financial data of petroleum refinery units.
REGION ANNUAL REVENUE ANNUAL EXPENDITURE
(BILLIONS OF DOLLARS) (BILLIONS OF DOLLARS)
NORTH 520 360
AMERICA
EUROPE 380 250
ASIA 620 400
MIDDLE EAST 750 480
AFRICA 300 200

Data sourced from Ref. [12,13]

Kyriakopoulos [18], who explored the effects of immediate treatment on
water quality, focusing on policies and protection perspectives. This
study offers valuable insights into policies and strategies aimed at
safeguarding water quality and protecting aquatic ecosystems.

Apart from environmental impacts, the literature also focuses on
refinery processes and environmental legislation. For instance, Drechsel
et al. [19] discussed the challenges associated with implementing new
source review requirements in petroleum refinery projects, while Kyr-
iakopoulos [20] delved into environmental legislation in European and
international contexts, particularly focusing on legal practices and social
planning toward the circular economy.

In the broader context, Kikasu [21] explored the impact of the in-
ternational environment on the development, restructuring, and
upgrading of the petroleum refinery industry in the Democratic Republic
of Congo, shedding light on the global factors influencing refinery in-
dustry development.

Innovative approaches to environmental restoration are also offered
in the literature, such as Zamparas et al. [22], who provided valuable
insights into the potential application of novel composite materials for
lake restoration. Similarly, Zamparas et al. [23] examined the applica-
tion of novel composite materials as sediment capping agents, high-
lighting their potential to mitigate sediment contamination and promote
sustainable remediation practices.

Technology advancements in refineries are also crucial, as high-
lighted by Matsuo et al. [24], who discussed the selection of appropriate
materials for desulfurizing plants within the petroleum refinery industry
to ensure operational efficiency and longevity. Additionally, the appli-
cation of blockchain technology in the complex supply chain of oil and
gas operations was scrutinized [25]. Another applicable technology
potentially can be digital twins, which also can be used in locating
problems through real-time simulation. In this regard, a recent study
researched the application of digital twins in future construction pro-
jects [26].

Finally, sustainability frameworks integrating the triple bottom line
assessment are proposed in the literature, such as the quantitative sus-
tainability assessment framework for petroleum refinery projects pro-
posed by Hasheminasab et al. [27], providing a systematic approach to
evaluating environmental and social impacts.

2.2. Locating literature

Finding the best location is one of the popular problems in operation
research and one of the traditional optimization examples. Urban design
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in development and construction, as well as its integrated sustainability
implications, have garnered researchers’ attention in this area [28].
Additionally, construction development and increased urban density
inevitably result in an increase in carbon intensity [29]. Besides, urban
design with a higher level of city logistic centers is considered in the
optimization of locating problems [30]. Site selection in construction
projects is a strategic decision which is made at the very beginning stage
of the project. The locating problem influences the stakeholders, local
communities, local environment, natural resources, biodiversity, and is
affected, in turn, by climate, topography, access to utilities, human re-
sources, raw materials, and targeted markets. Another perspective is the
result of the construction and development layout, contributing to
creating 10 % of GDP while consuming 30 % of global energy and
producing 40 % of GHG emissions. The application of technologies like
machine learning, Al, and cloud computing can enhance the sustain-
ability profile of cities and urban development endeavours and inform
strategic locating problems [31].

There are a variety of studies conducted to find the best location for
various types of construction projects. Locating energy industry projects,
for instance, has been a frequent topic in the literature from renewable
energies such as ocean thermal energy [32], solar power plants [33],
wave energy plants [34], and wind energy farm [35] to nonrenewable
energy projects such as optimal site selection for oil spill response centre
[36] and locating a gas power plant [37]. Another important category
belongs to infrastructural projects. As infrastructure and public utility
services such as roads, medical facilities, and water distribution net-
works play an important role in improving the local quality of life, these
projects are always investigated in locating research to improve the
decision-making process. For instance, to find the best location for a
hospital, scientific methods can be used [38] or a port project, as a major
transportation infrastructure project can be located based on the existing
research [39]. A construction site layout and the location of important
site elements such as tower cranes [40], concrete batching plants [41],
etc. can be determined as well. A proper construction site layout can
contribute to construction productivity, safety, and other site re-
quirements simultaneously.

The complexity of a locating problem would be greatly increased if
the targeted project is a multidisciplinary mega-project such as a Pe-
troleum Refinery Industry (PRI) project. For instance, the large pro-
duction volume and the variety of products that are at stake, add
transportation concerns to the list of parameters that need to be
considered when locating such projects. PRI projects have been the
subject of a variety of studies (e.g. Ref. [36,42]).

Selecting a sustainable location for a project site is undertaken at
strategic decision-making levels before one starts dealing with specific
design features of the site and the project. The considerations at the
locating stage can include local climate conditions, access to public
transportation, access to wastewater disposal systems, etc. Finding the
most sustainable location for construction projects, programs, or port-
folios is among the contemporary issues discussed in the locating liter-
ature from landfills [43] to wastewater plants [44] and so on.

A sustainable locating problem has to deal with the requirements of
all three pillars of sustainability while catering to the diverse needs and
interests of various stakeholders; as such the problem has to deal with a
multitude of criteria. This is why Multiple Attribute Decision Making
(MADM) is one of the popular methodologies applied to solve locating
problems [33,35,43].

Besides, as finding the most sustainable location for a construction
project is a strategic decision and affects all subsequent decisions, pre-
dicting the future is an important issue to be addressed in these prob-
lems. Thus, to cope with future uncertainties in this problem, a MADM-
based scenario is applied in this study that puts more emphasis on sce-
narios compared to regular MADM’s fixed decision framework. This
methodology was developed by Hashemkhani and is applicable to
scenario-based problems where every scenario can have independent
and/or common criteria [45].
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3. Methodology and data

In a recent publication, the authors of this paper developed a sus-
tainability assessment indicator-based framework specifically for PRI
projects [46]. In this study by using the developed framework, the
location parameter has been focused on and investigated, while keeping
other parameters fixed. To do so, as can be seen in Table 4, a focus group
was organized and a brainstorming session was held, in which several
available locations were suggested and discussed while keeping other
parameters such as the source of the crude oil, the main products of the
refinery, the targeted markets, and overall objectives fixed.

Subsequent to this step, the Fuzzy Delphi technique was utilized to
calculate an index and rank the available locations to choose three of the
most suitable alternatives. Afterwards, a MADM-based scenario, namely
Weighted Aggregated Sum Product ASsessment (WASPAS) methodol-
ogy, was used to compare the three location alternatives that were
selected during the Fuzzy Delphi step. Scenarios are considered in three
phases of the life cycle of the petroleum refinery which are Cradle-to-
Gate, Gate-to-Gate, and Gate-to-Grave as defined in Table 5. In the
following paragraphs, an introduction will be provided for the Fuzzy
Delphi technique, MADM-based scenarios, and the WASPAS method.

According to the proposed methodology, PRI projects are divided
into their life-cycle phases, and location alternatives are considered as
different scenarios in the MADM-based scenario model which are
assessed against a sustainability framework comprising quantitative
factors as the set of criteria which are specifically developed for PRI
projects. Thus, in addition to the site selection problem, the methodol-
ogy contains other evaluations and assessments as follows.

- Independently assessing life-cycle phases for every single scenario

- Evaluating scenarios only for a single lifecycle phase (gate-to-gate for
instance)

- Assessing single or multiple scenarios for a pillar of sustainability
(environmental aspect for instance)

- Assessing single or multiple scenarios for one or more qualitative
sustainability indicators (atmosphere and water in the environ-
mental pillar for instance)

- Ete.

As can be seen in Table 2, life-cycle phases are divided into the
following three phases. Obviously, this categorization is in line with a
real refinery setting.

- Cradle-to-Gate: from the very beginning phase of the life cycle to
the refinery entrance gate.

- Gate-to-gate: from the refinery entrance gate to the product gate

- Gate-to-grave: from the refinery product gate to the final phase of
the lifecycle and disposal.

Table 4
Methodology map.
Methodology Development Year Phase
Literature review Hasheminasab et al. [46] Sustainability Indicator
Framework
Focus Group Generation of Location
(Brainstorming Alternatives
Session)
Fuzzy Delphi Technique ~ Zadeh [47]; Changetal. [48]  Screen available
alternatives
PMADM Hashemkhani Zolfani et al. Considering
[49] sustainability and
resiliency
MADM-based scenario - Siddiqi et al. [50]; Locating a Sustainable
WASPAS Hashemkhani Zolfani et al. Location

[51]
Case Study (Real
Petroleum Refinery)
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Table 5
Petroleum refinery life-cycle modelling).
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Phase 1 Phase 2

Phase 3

Cradle-to-Gate Gate-to-Gate

Gate-to-Grave

Distillations Enhancers

Atmospheric

Pretreatment
De-salter

Raw material
Crude Procurement
oil

Vacuum

Desulfurization

Products
Reformer  Light Middle Heavy Further
Distillate Distillate Distillate Products

3.1. Fuzzy Delphi

Delphi is a popular MCDM technique that is widely used in different
fields of science from nursing and medical to construction [52,53]. To
consider ambiguities in decision-making environments, Lotfi Zade’s
fuzzy set theory can be readily applied [47]. Since the creation of the
fuzzy set theory, different MCDM methods have been combined with
fuzzy numbers to enhance the accuracy of the results. This has been done
for the Delphi technique and the Fuzzy Delphi Method (FDM) is the
outcome of this extension [48]. FDM is based on developing a fuzzy
number based on experts’ opinions obtaining the final result after
defuzzification and converting the results to crisp numbers. The process
is repeated until a consensus is reached in the final round. The meth-
odology is briefly explained in the following paragraphs.

Step 1: Experts are asked to express their opinions by a grey number
in a defined interval (e.g. 1 to 9). The interval would be divided into
partitions and the fuzzy number would be developed based on the
frequency of the experts’ choices for a partition as follows:

1
yP =3 8
i=1

Where:

yﬁp) is the membership function of sth partition (s ¢ {1,...,S}) for the

pth question (p ¢ {1,...,P}).

5\ checks whether the ith expert’s opinion about the pth question
adds the frequency of the sth partition or not (q and r are the lower and
upper bound of the sth partition).

sr) = { 1

Now the fuzzy number based on the experts’ opinion is developed in
Fig. 1.

i x < g )"
0 Otherwise

Step 2: Normalization of the fuzzy number to be able to compare the
results as follows:

(p)
e
¥

I

Fig. 1. Fuzzification Step

Where:

Y? is the normalized membership function for the pth question and
sth partition.

yﬁf’ ) is the largest function value for pth question among different

partitions (yi”) = max {yg’)})

s=1.....§

Step 3: calculate the Defuzzified number which is based on Center-
Of-Gravity (COG) whether in discrete or continuous conditions.

Discrete
SYP x x,
condition : COG® :57@)
Y
s

Continuous

o [YP(x) x X x d(x;)
condition : COG TY0 (%) x dix)

Finally, the consensus condition for every question would be checked
based on the distance of each and every expert’s opinion from the
defuzzified numbers as follows:

if (COG™ —COGP <0.7 Vie{l,...,I})=>Stop

3.2. PMADM

By definition, sustainability is related to the future and the ability of
future generations to fulfil their needs from nature. This will bring about
many uncertainties and complexities which need to be reflected in the
applied methodologies. This is why the Prospective MADM (PMADM)
has been proposed and widely used in recent years [49]. One of the
important contributions of the PMADM methodology is the “Supporti-
ve-Backup” by which criteria are hierarchically defined to combine all of
the future sustainability concerns in one decision matrix [54]. In this
study, resiliency, as well as sustainable development, is considered in
the hierarchical criteria to ensure comprehensiveness (as presented in
Table 6).

Where Cgy. is the first support/backup for the ith criteria. Here the
support/backup are two future parameters, namely sustainable and
resilient local environment based on the proposed location (scenarios).

Table 6
Criteria with supportive-Backups for Environment pillar and Atmosphere
Indicator).

Emissions of greenhouse gases per ton of G Ce
refinery product

Sustainability . Cs1.

Local Resiliency . Csa.

Scenario
1

Scenario
2

Scenario
3
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To provide further clarity.

- S1 pertains to sustainability aspects within the PMADM methodology
framework.

- S2 addresses the local resilience of the alternative within the
PMADM methodology.

- C; Wherei e {1,...,101} denotes the criteria set, which is elaborated
upon in subsequent steps using the WASPAS methodology. This en-
compasses 101 criteria identified in 15 categories, as outlined in the
sustainability triple bottom line. Please refer to Table 4 for a
comprehensive overview.

3.3. MADM based scenario - WASPAS

Dynamic MADM-based scenarios are newly developed methodolo-
gies to consider the future in the assessment process and factor in un-
certainties [50,51,55,56]. In this context, MADM-based scenarios were
used in the development of a sustainability assessment framework for
the lifecycle model of PRI projects. The framework was tested and
validated for a real refinery project [57].

The core contribution of the MADM-based scenario that is to be used
here is to avoid assessing all of the alternatives against all of the criteria;
instead, a set of criteria is defined and alternatives are assessed based on
a subset of the criteria list wherever they are relevant; in other words in
this methodology, alternatives are assessed only against relevant
criteria. This means that in addition to the criteria set, another assess-
ment criterion is the relevance of the alternative to the criteria set. The
more subset list of criteria for an alternative, the more relevance, and
importance in comparison to other alternatives. Accordingly, a partici-
pation ratio is defined and applied to the final scenario ranking. For
more information and definition refer to the MADM-based scenario
development paper [51].

In order to take into account, the sustainability triple bottom line in
the locating problem, sustainability indicators are taken from the
existing literature (Table 7), which form the criteria set in the MADM-
based Scenario to select the proper location. The framework is devel-
oped in two levels from qualitative indicators to quantitative factors

Table 7
Sustainability indicators.

Sustainability indicators Sustainability Factors

Social Cl  Poverty & Equality Proportion of project human
resource living below national
poverty line

C2  Health

C3  Safety & Security
C4  Education &

Training
C5  Welfare
Environmental Cl1  Atmosphere Emissions of greenhouse gases per

ton of refinery product (CO2, CH4,
N20, HFCs, CCl4, CH3CCI3, CCI3F,
CCI2F2, C2CI3F3)

C2  Water(Fresh Water,
Ocean, Sea, Coast)

C3  Land & Soil
Pollution

C4  Natural Resource

C5  Biodiversity

Economical Cl  Energy

consumption

achievement rate of the designed
energy usage in the operation
phase

Cc2 Financial
Cc3 Economy

Performance
C4  Occupation
C5  Earning
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[46] to ensure the validity of the outcome, based on sustainability and
resiliency considerations. Alternatives are investigated in three
life-cycle phases as presented in Table 8.

Table 7 delineates 15 credit categories identified within the Triple
Bottom Line framework. However, it is essential to note that beyond
these categories, there exist 101 detailed criteria developed in the
literature for the sustainability evaluation of PRI (Public Realm Infra-
structure) projects. These additional criteria are not outlined in Table 7.
For further elucidation on these 101 criteria, please refer to Hashemi-
nasab et al. [46]. In this table.

- A; is the ith alternative where i € {1,2,3} (PMADM alternatives in
this study are considered as life-cycle phases which are “Cradle-to-
Gate”, “Gate-to-Gate”, and “Gate-to-Grave”)

- W; is the weighting associated with the ith criteria wherei e {1, ...,
101}.

- [ is the ith assessment criteria where i € {1, ...,101} (for the criteria
set please refer to Table 4).

In the context of Multiple Attribute Decision-Making methodologies,
such as MADM Based Scenario, the Multiple Criteria Decision Matrix (X)
can be defined as follows:

X = [xy]
Where.

- i denotes the alternatives under consideration,

- j signifies the criteria being evaluated, and

- x;j represents the value corresponding to the ith alternative with
respect to the jth criterion.
Step 1: Normalized decision-making table

The normalized values (x;) in the decision matrix are calculated as
follows:
These equations are used depending on the ’opt’ status

— Xij . . .
j=—"— . vie{l....I}.j e {1.....J} Where Opt is M
X 0Pt () ie{ tjed } Where Opt is Max

tl l . . . .
iij:% . Vie{l....I}.j € {1.....J}Where Opt is Min

Step 2: Calculate Weighted Normalized Values (x;)

In this study, weighted normalized values are calculated using the
dual weighting methodology provided by the WASPAS method. In
accordance with this methodology, quantitative weighting for sustain-
ability factors serving as assessment criteria is evaluated by experts
against each other (Wj). The WASPAS method offers two types of
weights, based on exponentiation and multiplication, which are
respectively represented as follows:

Xij.sum :Yij X VVJ . Vie {l I}] [S {1 J}

xlj.mult:yijwj . Vie {1 I}] € {1 J}

Table 8
Decision table for MADM Based Scenario.

Sustainability Weights Oopt() Life-Cycle Phases (Scenarios)
Indicators i K X
Scenariol Scenario2 Scenario3
Max/ Al, A2, Al, A2, Al, A2,
Min A3 A3 A3
1,..,115 wi, ...,
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Step 3: weighted normalized matrix (4;)

Final weights are calculated by averaging two normalized values
through the following equation:

injsum + inj.mult
J

A= 7

3 vie{l....I}.je{1....J}

Step 4: Final evaluation and ranking

As explained earlier, one advantage of MADM-based scenarios is that
it allows for the assessment of scenarios across a set of criteria wherever
relevant. Given that criteria may not be repeated across different sce-
narios, the weighting and ranking of each criterion must be adjusted
based on the frequency of its occurrence. This correction process is
essential and entails repeating the calculation for every scenario, its
alternatives, and the criteria set.

— W; x I
W= t27
(Wi x )

~_ A
"ol

Where.

I;: represents the frequency of the ith criteria.

W;: primary weights

Wi: modified weights

A;: primary ranks based on the WASPAS dual normalization meth-
odology

A;: modified ranks based on participation ratio in addition to the
primary ranking

For detailed calculations regarding these primary and secondary
weightings and rankings, please consult Table 11 in the Case Study
section.

4. Case study

A real refinery has been investigated during its design phase, as a
case study. For the refinery, all attributes are fixed except for the loca-
tion. In other words, attributes such as the main crude oil field, main
product, and the target market are given. Investigating other attributes
can be the subject of future studies. Following the methodology map
represented in Table 4, Case study was carried out in the following steps.

1 Sustainability Indicator Framework via Literature Review

In this step, a comprehensive set of 101 criteria is considered for
assessment, as outlined in the literature review discussed previously.
These criteria are categorized into 15 credit categories aligned with the
sustainability triple bottom line. For further details, please refer to
Table 4 and consult Hasheminasab et al. [46].

2 Generation of Location Alternatives via Focus Group Method

In selecting suitable sites for the refinery projects, ten potential lo-
cations are assessed based on diverse criteria, termed ’project alterna-
tives’. To maintain confidentiality and mitigate potential public
impacts, specific geographical locations are not disclosed in this study.
Instead, the focus remains on evaluating criteria such as proximity to
extraction points, accessibility to target markets, and transportation
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infrastructure (including roads, railways, and ports), as well as consid-
erations for workforce availability and environmental factors. Ensuring
confidentiality safeguards proprietary information while prioritizing
transparency and sensitivity to public concerns.

3 Screen available alternatives via FDM

In this phase, the Delphi technique, elaborated in section 3-1, is
employed to screen the available locations and narrow down the se-
lection to the three most suitable alternatives.

Table 9 presents the Center-Of-Gravity (COG) values obtained
through the defuzzification process of the calculated fuzzy numbers
using the membership function.

Based on these FDM results, the three most promising alternatives
are identified for further assessment in the subsequent stage. This next
stage involves the application of the sustainability assessment frame-
work and consideration of the lifecycle phases of the refinery projects to
rank the remaining location alternatives and ultimately select the most
optimal one.

4 Considering sustainability and resiliency via PMADM

Given the intricate nature of sustainability and its enduring rele-
vance to the future, this study employs the Prospective MADM
(PMADM) methodology to navigate future uncertainties. By integrating
sustainability and resilience into the decision-making process, alterna-
tives are assessed against criteria serving as both supportive and backup
measures. Expert judgment sessions confirmed the efficacy of this
approach, as indicated by their feedback during the evaluation.

5 Locating a Sustainable Location via MADM-Based Scenario and
WASPAS

In this phase, the MADM-based scenarios mentioned earlier are uti-
lized. A panel of 15 experts with pertinent refinery experience has
contributed to this study. Their profiles are detailed in Table 10.

Experts are tasked with completing the decision table, as depicted in
Table 5. All calculations, as per methodology section 3-3, are conducted
in the background, encompassing normalization, weighted normaliza-
tion, and aggregation of results. Given the evaluation of three alterna-
tives across 101 criteria in three stages, these computations are
comprehensive, encompassing more than 4200 calculations.

Table 11 through 13 present the outcomes of expert judgment, which
serve as the foundation for the WASPAS and MADM-based Scenario
methodologies.

6 Case Study Results
Finally, the results of the scenarios and alternatives analysis, along

with their first and second weightings and rankings, are presented in
Table 14. These results showcase the analysis of the life-cycle phases

Table 9
FDM results after consensus.

Alternative locations Final index (COG)®

Alt-1 8.5
Alt-2 8.3
Alt-3 8.1
Alt-4 6.8
Alt-5 6.2
Alt-6 5.5
Alt-7 5.4
Alt-8 4.9
Alt-9 4.7
Alt-10 4.3

# Dimensionless defuzzified value for ranking.
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Table 10
Experts’ information.
Education BSc. MSc. Ph.D.
Number of experts 8 5 2
Years of experience 0-10 10-15 Over 15 years
Number of experts 6 7 2
Table 11
Social criteria evaluation for different scenarios.
Social”
C1 c2 C3 C4 C5
Scenariol 0.2319 0.2754 0.2319 0.1594 0.1014
Scenario2 0.2462 0.2923 0.2308 0.1692 0.0615
Scenario3 0.2258 0.3065 0.2419 0.1613 0.0645
mean 0.2346 0.2914 0.2349 0.1633 0.0758
Rank 3 1 2 4 5

# Dimensionless weighting for the Social credit category, totalling 1.

Table 12
Environmental criteria evaluation for different scenarios.
Environmental®
Cl c2 C3 Cc4 C5
Scenariol 0.3284 0.2388 0.1642 0.2239 0.0448
Scenario2 0.3385 0.2462 0.1538 0.2154 0.0462
Scenario3 0.3492 0.2540 0.1587 0.1905 0.0476
mean 0.3387 0.2463 0.1589 0.2099 0.0462
Rank 1 2 4 3 5

? Dimensionless weighting for the Environmental credit category, totalling 1.

Table 13
Economical criteria evaluation for different scenarios.
Economical®
Cl c2 C3 C4 C5
Scenariol 0.1500 0.4083 0.2583 0.0917 0.0917
Scenario2 0.1513 0.4118 0.2605 0.0924 0.0840
Scenario3 0.1513 0.4118 0.2605 0.0924 0.0840
mean 0.1508 0.4106 0.2598 0.0922 0.0866
Rank 3 1 2 4 5

@ Dimensionless weighting for the Economic credit category, totalling 1.
across different scenarios.
5. Discussion
The selection of suitable locations for petroleum refineries is a

Table 14
Scenarios and their alternatives evaluation).
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complex and multifaceted process that requires careful consideration of
various dimensions, including technological advancements, environ-
mental concerns, land use regulations, and circularity perspectives. In
this discussion, the authors explore how these dimensions intersect with
this study and its methodology for locating petroleum refineries in Iran
and highlight areas for future research.

5.1. Technological advancements

Technological advancements in petroleum refining play a crucial
role in enhancing efficiency, reducing emissions, and improving safety
in refinery operations. In this study, advanced refining technologies
were integrated into the methodology to evaluate potential refinery
locations in Iran. By considering the availability of advanced technolo-
gies, such as catalytic cracking and hydroprocessing, locations that
could leverage these innovations to minimize environmental impact and
maximize resource efficiency were identified. However, technology and
refinery processes are considered constants in this study and do not
directly contribute to the assessment. Since technology can vary
depending on the location’s needs and requirements, future studies
could further explore the specific technological requirements and ca-
pabilities of different refinery locations, including access to skilled la-
bour, research institutions, and technological infrastructure.
Additionally, investigating emerging technologies, such as carbon cap-
ture and utilization, could offer new opportunities for reducing green-
house gas emissions and enhancing the sustainability of refinery
operations in Iran.

5.2. Environmental concerns

According to Almerud et al. [14], studies conducted in the Swedish
petroleum refinery industry indicated low personal exposure to benzene
and 1,3-butadiene, suggesting potential advancements in occupational
health and safety practices within refinery operations.

Environmental concerns associated with petroleum refineries
include air and water pollution, soil contamination, and habitat
destruction. In this paper, these concerns were addressed by incorpo-
rating environmental impact assessments and mitigation measures into
the methodology to evaluate potential refinery locations in Iran. By
considering factors such as proximity to sensitive ecosystems, air qual-
ity, and water resources, efforts were made to identify locations that
minimize adverse environmental impacts and protect local communities
and ecosystems. Future studies could focus on refining environmental
impact assessment methodologies tailored to specific locations to better
quantify and mitigate the environmental footprint of refinery opera-
tions. Additionally, exploring innovative technologies and practices for
pollution control and waste management could further enhance envi-
ronmental sustainability in the refinery industry in Iran.

Scenario Ranking

Scenario 1 Scenario 2 Scenario 3

Phasel Phase2 Phase3 Phasel Phase2 Phase3 Phasel Phase2 Phase3
Scenariol Weight" 45.8855 46.0700 45.9180
Scenario2 Weight" 44.3793 44.6239 44.4026
Scenario3 Weight” 46.5907 46.6929 46.5640
Primary Ranking 3 1 2 3 1 2 2 1 3
Participation Ratio 0.9406 0.8911 0.9604
Secondary Weight” 43.1596 43.3331 43.1902 39.5459 39.7638 39.5667 44.7456 44.8436 44.7199
Normal Weighth 0.1127 0.1132 0.1128 0.1033 0.1039 0.1033 0.1169 0.1171 0.1168
Secondary Ranking 6 4 5 9 7 8 2 1 3
Scenario Ranking 2 3 1

# Dimensionless, Weighted Normalized Value (4;), referring to section 3-3.
b Dimensionless weighting, totalling 1.
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5.3. Land use regulations

Land use regulations in Iran govern the allocation and utilization of
land resources for industrial purposes, including petroleum refineries. In
this locating paper, the regulatory framework governing refinery siting
decisions was examined, and land use regulations were integrated into
the methodology to evaluate potential refinery locations. By considering
zoning requirements, environmental impact assessments, and permit-
ting procedures, efforts were made to identify locations that comply
with regulatory requirements and promote sustainable land use prac-
tices. Future studies could delve deeper into the regulatory landscape of
refinery siting in Iran, including an analysis of the effectiveness of
existing regulations in balancing economic development objectives with
environmental and social considerations. Additionally, opportunities for
stakeholder engagement and community involvement in the decision-
making process could be explored to enhance transparency and
accountability in refinery siting decisions.

5.4. Circularity perspectives

Circularity perspectives in refinery operations focus on minimizing
waste generation, maximizing resource efficiency, and promoting the
reuse and recycling of materials throughout the refinery lifecycle. The
authors considered circular economy principles in the methodology to
evaluate potential refinery locations in Iran. By exploring opportunities
for waste minimization, resource recovery, and product diversification,
efforts were made to identify locations that embrace circularity princi-
ples and contribute to sustainable resource management. Also, circu-
larity is assessed in the assessment framework for the case study. Future
studies could further explore the integration of circularity perspectives
into refinery design and operations, including the development of
closed-loop systems and the optimization of material flows. Addition-
ally, investigating the economic and environmental benefits of circular
economy initiatives could provide valuable insights into the potential of
circularity in the refinery industry in Iran.

6. Conclusion and policy implications

Location is one of the crucial attributes of PRI projects. These facil-
ities are responsible for major undesirable environmental and social
impacts that need to be taken into account when deciding where to build
them. Deciding the best location for a refinery project is a multidi-
mensional problem. These various dimensions range from technology,
design, finance, and transportation to dynamic market demand, stake-
holders, and local regulations. Besides, location scenarios may have
totally different configurations from one another in terms of feed,
market, and process. This study aims to cover this multidimensional
environment by applying a well-suited methodology (MADM-based
scenario).

Oil and gas projects are both producers and consumers at the same
time. Lots of industries depend on their oil-based products from fuel to
lubricants. Considering this interaction and reciprocal feeding of some
oil and gas industries, the proximity of these projects is sometimes an
important consideration. This is why PRI projects are usually developed
in an industrial zone. Consequently, cumulative effects arising from the
interaction of various industries would aggravate the environmental and
social issues and make the situation worse. As such, local conditions in
terms of environmental and social resiliency need to be taken into ac-
count as an important contribution to the decision-making process. In
this study, by using a PMADM technique, future sustainability and local
resiliency concerns are considered.

A real petroleum refinery has been used as a case study and a group
of experts from the project’s team has been selected to conduct the
study. According to the results, the third alternative was found to be
superior, due to its proximity to input and the simplicity of market ac-
cess. Besides, the main refinery phase (Gate-to-Gate) is the most crucial
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phase for all three alternatives, which simply shows the relative
importance of this phase among other life-cycle phases for the specific
condition of the refinery project. In the superior alternative, scenario 3,
the Cradle-to-Gate, is the second most important phase while in other
alternatives, the Gate-to-Grave is the second most important phase.

Developed dual-side methodology assists the decision-makers in
having some lateral evaluations as well. For instance, by solving the
locating problem, the critical phase in the life-cycle and the highly
influential part in the refinery model also can be concluded.

The results provide important policy implications that the impact of
proximity to the input oilfield on the Cradle-to-Gate phase is greater
than the influence of the proximity of market demand on the Gate-to-
Grave phase.
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