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Abstract

Under the global trend of low-carbon transition, the sustainability and greenness of
offshore oil and gas field (OOGF) extraction projects can no longer be ignored. Existing
studies rarely evaluate the greenness of OOGF extraction projects, so this paper proposes
a hybrid decision-making framework for the green plants of OOGF extraction projects.
First, a comprehensive evaluation criteria system for offshore oil and gas field green
plants (OOGFGPs) is innovatively constructed, including green energy utilization, green
performance, economy, society, environment and risk. In addition, for the interacting
evaluation criteria and the uncertainty of decision-making information, this paper adopts
a spherical fuzzy decision-making test and evaluation laboratory (SF-DEMATEL) to
calculate the weights of criteria. Ultimately, SF-based multi-attribute ideal-real compara-
tive analysis (SF-MAIRCA) is proposed to evaluate the OOGFGPs. Taking the OOGF
extraction projects in the Bohai Sea of China as an example, the proposed decision-
making framework is verified to have good stability and applicability through validation
analysis, sensitivity analysis and comparative analysis.

Keywords: offshore oil and gas field; greenness evaluation of extraction projects; spherical
fuzzy sets; DEMATEL; MAIRCA

1. Introduction

Offshore 0il and gas production holds paramount significance in addressing the
escalating global demand for energy. Since the turn of the century, offshore facilities have
contributed a substantial 30% to global oil production and 27% to gas production, thus
playing a pivotal role in satisfying the world’s energy requirements [1]. Conventionally,
offshore oil and gas facilities have relied on gas turbines installed on platforms, powered
by the combustion of natural gas [2], which is considered a wasteful and environmentally
unfriendly approach. Given the urgency of global climate goals, particularly the emission
reduction targets outlined in the Paris Agreement, reducing greenhouse gas emissions
from high-emission industries such as offshore oil and gas extraction has become a critical
step in mitigating climate change. The global demand to reduce methane emissions—as
methane has a far higher greenhouse effect than carbon dioxide—has prompted nations to
take urgent action [3]. In this context, the offshore oil and gas industry’s role in methane
leaks and carbon dioxide emissions is increasingly under scrutiny. As countries and regions
accelerate their transition to low-carbon and green energy, the environmental sustainability
of offshore oil and gas fields (OOGFs) has become essential [4].
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A green offshore oil and gas field extraction plant is a plant that minimizes the
adverse environmental impacts of OOGF extraction in terms of production, design and
operation; improves the efficiency of oil and gas resource utilization; and promotes energy
decarbonization and sustainable economic development. An offshore oil and gas field green
plant (OOGFGP) aims to realize a win—win situation for both production and environmental
protection by adopting clean production technologies, circular economy models and energy-
saving and environmental protection measures. The evaluation of OOGFGP is of great
significance for implementing green manufacturing, accelerating green transformation and
the development of manufacturing industry, and promoting stable growth of the industry.
Therefore, more attention needs to be paid to the evaluation of OOGFGP. Evaluating the
greenness of OOGFGP is not only crucial for advancing green manufacturing, but also helps
align the industry with global decarbonization goals, including reductions in methane and
carbon dioxide emissions.

Evaluating OOGFGP requires a combination of multiple criteria. Therefore, evaluating
OOGFGP falls within the realm of research on multi-attribute decision making (MCDM) [5].
Many scholars have studied the sustainability of the OOGF industry and the offshore
manufacturing industry, as shown in Table 1. By summarizing the literature, we find that
studies on the sustainability of the OOGF industry mainly focus on the decommissioning of
OOGEF facilities, and studies on the sustainability of offshore manufacturing mainly focus on
the siting of offshore wind farms. Green evaluation of OOGF extraction projects is lacking
in the OOGF and offshore manufacturing industries. Therefore, considering the importance
of energy sustainability and green development in OOGF extraction projects, this paper
proposes a hybrid decision-making framework for evaluating the greenness of extraction
projects in OOGFs. The proposed framework encompasses three distinct components:
the articulation of experts” ambiguous evaluation information, the computation of criteria
weights, and the prioritization of alternatives [6].

Table 1. Studies regarding OOGFs and offshore manufacturing.

Author Method Research
[7] Technical and;c(;);gizmc evaluation Evaluation framework for offshore oil and gas fields
8] ExpTODIM Decommissioning analys.ls of an offshore oil and
gas production system
[9] Questionnaire and Geogebra Damage assessment and risk prediction for underwater vehicles
program in the offshore oil and gas industry
[10] Hierarchical -analyst domino Decommissioning process of offshore oil platforms
evaluation system
[11] A systematic analysis Decommissioning process of offshore oil platforms
[12] Fuzzy fault tree analysis Assessment of the life cycle risks of offshore wind turbines
[13] SE-SWARA and E1nste1.n s arithmetic Offshore wind farm site selection
t-norm technique
[14] AHP and Entropy Offshore wind power plants siting
[15] AHP-TOPSIS Wave power plant siting on Hainan Island
[16] FDM and PROMETHEE Wave energy technologies evaluation as alternatives in the ocean
SWARA and the extended . s
[17] MULTIMOORA Offshore wind farms siting
[18] TRWA Offshore wind farms siting
[19] Decision-support tool Development of an offshore wind power plant in the Bass Strait

In practical evaluation problems, there is always a certain degree of ambiguity, infor-
mation incompleteness and uncertainty, and determining the important criteria and optimal
programs affecting the green plants in OOGFs is no exception. In addition, experts may
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have different levels of science, experience, and perspectives when assessing criteria and
programs affecting green plants in offshore oil and gas fields. Furthermore, experts may
have incomplete data for reasons of confidentiality or their opinions may be characterized
by ambiguity and uncertainty. In such cases, the use of fuzzy sets is required [20].

There are such fuzzy sets, and these include classical fuzzy sets [21], intuitionistic fuzzy
numbers (INFNs) [22], Pythagorean fuzzy sets (PFS) [23], etc. Classical fuzzy sets have been
criticized because their membership grades are deterministic and do not show skepticism
and non-membership degrees. INFNs have grades of non-membership, membership, and
skepticism, but INFNs cannot fully show uncertainty in real-life situations. The main
difference between PFS and INFNs is the solution space, PFS provide decision makers
(DMs) with greater degrees of freedom than INFNs [24,25]. However, unlike INFNs
and PFS, in spherical fuzzy (SF) sets, the degrees of membership, non-membership, and
hesitation are defined independently (with values between 0 and 1) [26]. SF sets allow the
DMs to define the affiliation function within a spherical region and to assign degrees of
membership independently with a larger domain available to express the DM’s preferences.
Consequently, this paper utilizes SF sets to handle the uncertainty information pertaining
to the evaluation of OOGFGP.

The next step is to address the problem of conflicting and interacting evaluation cri-
teria. In multi-attribute decision making, common methods for calculating weights are
the analytic hierarchy process (AHP), data envelopment analysis (DEA), grey relational
analysis (GRA), etc. The AHP method constructs the hierarchical structure of the decision
problem and fills in the judgment matrix based on the subjective judgment of the DM. The
DEA method calculates the efficiency score through a linear programming model, which
may underestimate or overestimate the influence of criteria to the evaluation results. The
GRA method evaluates the importance of criteria by calculating the gray correlation, but
the method requires sufficient sample data and is limited when dealing with complex
decision problems. The decision evaluation and measurement by trial and error (DEMA-
TEL) method not only determines attribute weights but also maps causal relationships
among attributes, identifying the most critical ones. Consequently, it has garnered signif-
icant attention in evaluation research [27,28]. Giil [29] proposed an SF sets extension of
DEMATEL. There exist many studies combining SF sets and DEMATEL methods to make
decisions. Zhu et al. [30] used SE-DEMATEL to identify important maintenance items for
machine tools. Biiytikozkan et al. [31] utilized SE-DEMATEL to select renewable energy
in Turkey. Erdogan et al. [32] adopted SF-DEMATEL to evaluate autonomous vehicle
driving systems. According to these studies, we found that SF-DEMATEL method can
deal with the uncertainty of information more accurately and express the interrelationships
between the criteria and assign weights. Therefore, in this paper, SE-DEMATEL is adopted
to calculate the weights of criteria affecting OOGFGP.

The proposed framework’s final step is to rank the alternatives. There exist a host of
MCDM methods like AHP (Analytic Hierarchy Process), TOPSIS (Technique for Order Pref-
erence by Similarity to an Ideal Solution), ELimination Et Choix Traduisant la Realitéwas
(ELECTRE), etc. AHP is well-suited for scenarios that the number of criteria is limited.
TOPSIS is more appropriate in cases where sufficient raw data is available for quantitative
analysis. The ELECTRE method can take into account the interplay between multiple deci-
sion criteria and weights. But the ELECTRE method requires a large number of calculations
and may be subjective during the decision-making process. The Multi-Attribute Ideal-Real
Comparative Analysis (MAIRCA) approach, introduced by Pamucar et al. [33], exhibits
greater stability compared to other MCDM techniques such as TOPSIS or ELECTRE. The
MAIRCA method relies on a straightforward mathematical algorithm and can be seam-
lessly integrated with other methodologies, rendering it a promising approach deserving
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of further research and development efforts [34]. Haq et al. [35] reviewed the MAIRCA
method and showed that the existing research on the MAIRCA methodology considered
fuzzy environments. However, the SF set expresses the decision maker’s preferences
better than other fuzzy sets, and there are few studies on the SF-MAIRCA combination.
Dinger et al. [36] firstly proposed a method combining interval-valued SF-MAIRCA with
a complex decision-making process. However, few studies have been conducted on the
combination of SF and MAIRCA. Therefore, SF-MAIRCA is proposed to rank alternatives
in the evaluation of OOGFGP.

In this paper, a green evaluation model is innovatively proposed for the evaluation
of OOGFGP to promote the sustainable development of offshore manufacturing industry
and accelerate the construction of a green manufacturing and service system. In this model,
we use SF-DEMATEL to determine the weights of OOGFGP criteria, and SF-MAIRCA
is proposed to rank the candidate OOGF green extraction projects in China. As a result,
through sensitivity analysis and comparative analysis, the proposed model is verified to
have good stability and applicability. The main contributions of this work are as follows:

e  This study innovatively develops a comprehensive evaluation criteria system specifi-
cally tailored for OOGFGPs. By incorporating multiple interacting dimensions such
as green energy utilization, green performance, environment, safety, and society, the
system accurately captures the uniqueness of offshore extraction.

e To address the highly interwoven nature of offshore evaluation criteria, the SF-
DEMATEL method is applied to OOGFGPs for standard weighting. This application
surpasses traditional weighting methods by not only directly showcasing the causal
relationships between multiple criteria but also precisely expressing the DMs’ prefer-
ences and accommodating their hesitancy.

o The SF-MAIRCA method is integrated to assess and rank the greenness of OOGF
extraction projects. By calculating the gap between the theoretical ideal state and
empirical realities, this method enables decision-makers to make mathematically
stable and rational decisions in a highly subjective evaluation environment.

The rest of paper is structured as follows. In Section 2, we establish a comprehensive
evaluation criteria system of OOGFGP. Section 3 introduces the SF-set-based decision-
making framework, which integrates the DEMATEL and MAIRCA methods. In Section 4,
we apply the methodology proposed in this paper to the evaluation of green factories
in China’s OOGFs and verify the effectiveness of the proposed methodology through
sensitivity and comparative analyses. The last part summarizes the whole paper.

2. Evaluation Criteria System of OOGFGP

Determination of the evaluation criteria system of green factories in OOGFs has a
crucial role in the low-carbon transformation of OOGFs and to their development in
a green manner. The existing sustainable development of OOGFs in various countries
focuses mainly on the decommissioning research of OOGEF facilities. Additionally, most
of the research on the sustainable development of the offshore manufacturing industry
is on the siting of offshore wind farms. Green evaluation of OOGF extraction projects is
lacking in the OOGF industry and the offshore manufacturing industry. China’s Ministry
of Industry and Information Technology (MIIT) has released the General Rules for Green
Factory Evaluation (GB/T 36132-2018) [37], which provides a technical standard to be
referred to for the creation and evaluation of green factories for offshore mining, and
also provides a general technical framework for each industry to develop green factory
evaluation standards or specific requirements [37].

In this study, OOGFGP refers to all green facilities or platforms involved in offshore oil
and gas field extraction projects. Specifically, it includes all facilities and systems directly
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involved in reducing environmental impacts, improving resource efficiency, and promoting
sustainability, such as oil and gas extraction platforms, energy production systems, and
pollution control equipment. The system boundaries used in this study encompass the
entire offshore oil and gas extraction process, from production and design to the operational
phase. These boundaries include assessments of green energy utilization, environmental
performance, energy efficiency, pollution emissions, and socio-economic impacts. Our
focus is on evaluating the greenness of the entire offshore oil and gas field development
project, rather than the greenness of a single facility or platform.

Several scholars have studied the criteria that affect the sustainable development of
OOGeFs. Iaiani et al. [38] analyzed the importance of security attacks on offshore oil and gas
facilities and related activities, but did not consider energy, economic and environmental
factors on the security of OOGF facilities. Almedallah and Walsh [39] take into account
the existence of existing infrastructure and the cost of installing new surface facilities for
field developments, but do not incorporate the environmental, social, and safety risks and
the sustainable energy use of OOGFs into the economic impacts on field development.
D’Antoine et al. [40] studied the mental health hazards of workers in the offshore oil
and gas industry, but did not take into account the interplay of governmental attitudes,
local residents, and other factors. Socolofsky et al. [41] analytically quantified the mass
fraction of oil and gas at the surface and benzene, but did not consider the impact of other
carbon dioxide equivalents and pollutant emissions on the transport to the sea surface. By
analyzing the existing studies on the environmental development of OOGF projects and
the GB/T 36132-2018 standard, we established a comprehensive evaluation criteria system
for OOGFGP, as shown in Figure 1.

Evaluation Criteria System for Offshore Oil
and Gas Field Green Plants

| |
| |
| |
| |
| _ |
| Water pollutant Monthly wind Energy efficiency of Att1l'u§es [ficoaztal Diving |
I eniseions(C)) [ velocity(Cy) [|sea veater pommpe(Ga| || SSactsand 1 equipmenitci || |
| fishermen(C; 1) 1
| = = |
Wind turbine linear
| U s | | Renewable energy | | | ;s | | Attitudes of the a . |
| Noise emissions(C;) use(C,) cap:g:}s(l;:;tcd o ent(Cys) Transportation(Cjz) |
| |
| ; : : [
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Figure 1. Evaluation criteria system for OOGFGP.

2.1. Environments and Safety

Environmental and security attacks against OOGF facilities can capitalize on the
inherent hazards posed by large quantities of hazardous substances, with serious impacts
on people, the environment and assets [42]. Therefore, contamination ranging from solids,
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liquids to gases, and the effects of extreme weather are all factors that should be considered
when determining the OOGFGP.

(1) Water pollutant emissions (Cy) [43]

Offshore oil and gas extraction projects generate large quantities of wastewater. Inade-
quate treatment of wastewater discharges can directly lead to a decline in seawater quality,
affecting the survival and reproduction of marine life.

(2) Noise emissions (Cy) [44]

Offshore oil and gas extraction projects operate at a constant level of loud decibel noise,
which can adversely affect marine life as well as fishermen and residents in the vicinity.

(8) Air pollutant emissions (C3) [45,46]

Offshore oil and gas extraction projects emit large quantities of exhaust gases con-
taining volatile organic compounds, as well as greenhouse gases such as carbon dioxide,
nitrogen oxides and acid gases. These emissions can cause air pollution and affect human
health and agricultural production.

(4) Extreme weather and sea conditions (Cy) [47,48]

In the process of OOGF development, extreme weather conditions such as typhoons
and tsunamis lead to high extraction costs for OOGF extraction operations, as well as safety
problems for offshore operators and equipment. In addition, extreme weather can affect
marine biodiversity, which also has a significant impact on local revenues.

2.2. Green Energy Utilization

Low-carbon energy efficiency in manufacturing is related to the evolution of industri-
alization and the construction of industrial systems with significant national differences.
Low-carbon energy efficiency plays a key role in green factory performance assessment
with a green trend. The specialized equipment used in factories should comply with indus-
try access requirements, reduce energy and resource consumption, and reduce pollutant
emissions.

(1) Monthly wind velocity (Cs) [49,50]

At present, Chinese offshore oilfields mainly use fossil energy to supply electricity,
and wind power provides a cleaner and low-carbon new idea for deep-sea oilfields to use
electricity. At the same time, the uncertainty of wind size also puts higher requirements on
the stability of the oilfield group grid, so the monthly average wind speed is also used as
one of the considerations for determining the OOGFGP.

(2) Renewable energy use (Cg) [51,52]

In the context of the “dual-carbon strategy”, the active development of renewable
energy and the promotion of the synergistic development of offshore wind power, onshore
photovoltaic and green hydrogen energy industries are very important [53]. Therefore,
renewable energy use is the key to the green development of OOGF projects.

(3) High pollutant use (Cy) [54]

The augmentation of oil and gas reserves and production in OOGFs has resulted in
a notable surge in carbon emission intensity. As the exploitation duration of producing
OOGF elongates, the challenges associated with stabilizing oil and controlling water growth,
contributing to a gradual escalation in energy consumption and a yearly increase in carbon
emissions within the oilfields. Consequently, the utilization of high pollutants has a
significant impact on the pursuit of low-carbon development in OOGF projects. This
criterion specifically addresses the intensity of carbon emissions and the rise in pollutant
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use as extraction duration increases, distinct from other emissions standards that focus on
specific pollutants like CO, or VOCs.

2.3. Green Performance

The performance of green factories mainly refers to the completion of production
within the specified range, the statistics of production and output value, and the calculation
of relevant performance emissions. The performance of a green factory is the result, and
the accounting of performance indicators depends on the organization of the company, and
several performance criteria will affect the final greenness assessment of the mining project.

(1) Energy efficiency of sea water pumps (Cs) [55,56]

The energy consumption of major energy-consuming equipment, such as seawater
pumps, oil transfer pumps, and gas turbines, has been increasing year by year as a
percentage of oil and gas operating costs. The analysis of the energy efficiency of
seawater pumps holds a pivotal role in controlling the rise of the energy consumption of
offshore crude oil production, reducing the cost of crude oil production and realizing
the greening of OOGF production.

(2) Wind turbine linear capacity related costs (Co) [40,49]

Offshore wind turbines are taller and heavier than onshore wind turbines. Large wind
turbines require large amounts of energy to operate, and wind farms must use electricity
from the grid, which comes from coal, natural gas, or nuclear power. Although turbines
can generate electricity, they are dependent on external power sources for their own proper
operation. Therefore, the costs associated with the linear capacity of wind turbines can
impact the operation of an OOGF project.

(8) Energy efficiency of dry/wet gas compressors (C1g) [56]

The compressor is the core equipment of offshore oil extraction, and will directly affect
the economy of production and final revenue. Oil platforms are required to strengthen
the analysis and research on the application effect of compressors and select the type of
compressor suitable for the current working conditions, which in turn is conducive to the
design of oilfield gas extraction and energy saving and emission reduction. Therefore,
the energy efficiency of wet and dry gas compressors affects the sustainable development
of OOGFs.

(4) COjy equivalent intensity (Cq1) [57]

CO; equivalent serves as the unit of measurement that is essential for comparing
various greenhouse gas emissions, thereby facilitating the harmonization of results
pertaining to the overall greenhouse effect [58]. Offshore oil and gas fields are relatively
independent and are subject to platform space constraints that make it difficult to
achieve full recovery and utilization of offshore associated gas, therefore leading to
the production of flaring emissions. These emissions are expressed in terms of CO,
equivalent intensity and have a significant impact on OOGF projects. C1; is specifically
focused on CO, emissions from flaring, distinguishing it from other emissions criteria
that address broader atmospheric pollutants.

2.4. Societies and Economics

In OOGEF sustainable development, the societies and economics of OOGFGP are
critical. It is important to consider the government’s attitude as well as potential costs such
as manpower and material resources when determining the OOGFGP.
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(1) Attitudes of coastal residents and fishermen (Cq5) [59,60]

The OOGEF industry concurrently presents substantial hazards to offshore environ-
mental pollution and biodiversity [61]. The impact of OOGF extraction on coastal residents
and fishermen is complex. On the one hand, various types of pollution are not conducive to
the lives of residents, while the impact on marine biodiversity may cause income problems
for fishermen. Accelerating the utilization of renewable energy, forming a green mining
transformation, and minimizing pollution can help to gain support from surrounding
residents and fishermen [62].

(2) Attitudes of government (Cy3) [61]

OOGF extraction is hugely profitable for society, providing employment for millions of
people and generating significant tax revenues for governments [62-64]. The government
needs to consider both the considerable benefits of OOGF extraction and its adverse impacts
on the marine environment and biodiversity in an integrated manner.

(3) Equipment renting and application license fee (C14) [65,60]

For oil companies, purchasing various equipment and applying for license fees require
huge capital investment. However, equipment leasing can reduce the investment cost and
use the money for other important aspects, such as research and development, carbon
reduction, etc. Therefore, equipment leasing and license fee application have a greater
impact on the green exploitation evaluation of OOGF projects.

2.5. Technic/Feasibility

In OOGEF sustainable development, OOGFGP develops facilities and technical risks
that determine the proper functioning of subsea operations in deep water environments.
Transportation capabilities and accident warning capabilities determine the sustainability
of the project in the mid and late stages of the OOGFGP development process. These factors
are critical and interact with each other.

(1) Diving equipment (Cys) [9,66]

The importance of diving equipment such as underwater robots is self-evident due to
the harsh environment of deep water and the limited diving depth of humans. In practical
application, each drilling platform will be equipped with different levels of underwater
robots according to the water depth capacity. Therefore, diving equipment has an impact
on the sustainable development of OOGF projects.

(2) Transportation (Cy) [65,66]

On offshore platforms, oil is lifted from the seabed and extracted to the surface for
crude processing only, with the target product being crude oil with less than 1 per cent
water content, which is then transported to land terminals for further processing. The
transportation process can have an impact on the surrounding environment and it is
therefore important to consider transportation factors.

(8) Accident early warning (C17) [1]

An oil drilling project is a complex engineering system, one which contains a variety
of equipment and processes. Offshore oil extraction is even more complex and difficult,
accidents may occur, including but not limited to wellhead collapse, oil field gas leakage,
etc. These accidents, once they have occurred, will cause large losses and could even
jeopardize the safety of personnel, so the application of early warning technology has
become particularly important.

To present each evaluation criterion’s information more clearly, we have consolidated
the information from C; to Cy7 into Table 2.
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Table 2. Detailed information regarding evaluation criteria.

Evaluation Criteria Measurement Scale/Unit Type Source
Water pollutant emissions (Cy) Ton/year Cost [43]
Noise emissions (C5) dB Cost [44]
Air pollutant emissions (Cs) Ton/year Cost [45,46]
Extreme weather and sea conditions (Cy4) m/s Cost [47,48]
Monthly wind velocity (Cs) m/s Cost [49,50]
Renewable energy use (Cg) kWh Benefit [51,52]
High pollutant use (C) Ton/year Cost [53]
Energy efficiency of sea water pumps (Cg) kWh/m3 Benefit [55,56]
Wind turbine linear capacity related costs (Cg) USD/kW Cost [49,57]
Energy efficiency of dry/wet gas compressors (Cyg) kWh/m? Benefit [56]
CO2 equivalent intensity (Cyq1) g COze/kWh Cost [58]

. . . % (Percentage of support .
Attitudes of coastal residents and fishermen (C15) based on attitude) Benefit [59,60]
. % (Percentage of support .

Attitudes of government (Cy3) based on attitude) Benefit [63]
Equipment renting and application license fee (C14) usbh Cost [65,66]
Diving equipment (Cy5) Number of equipment Benefit [9,10]
Transportation (Cy) USD/km Benefit [65,66]
Accident early warning (Cy7) Incidents per year Benefit [1]

3. Methodology

To facilitate a scientific evaluation of the OOGFGP, a comprehensive multi-attribute

decision-making framework has been devised and is presented in Figure 2. In this paper, the
modified DEMATEL and MAIRCA are used to solve the MCDM problem in the evaluation
of OOGFGP. The specific process is described in this section.

1.Describe an OOGFGP problem

Identify the significance of
evaluating the OOGFGP

Determine evaluation criteria

L, (p)

Score criteria through experts

|=ig,)... =

Build an expert group g

1.SF-DEMATEL

N\ i

Stepl.Gather the SF criteria Step2.Calculate the average Step3.Calculate the normalized
information from experts matrix V, initial direction sub-matrices
Step3.Calculate the sums of y
Step_é.Cslculate the final L S s ey Lo Step4 Derive the total influence
weights of criteria matrix

nfluence matrix

3SF-MAIRCA o

Stepl.Construct the initial
decision matrix using SF sets

Step2.Obtain the fuzzy
aggregated decision matrix

Step3 Determine the preferences
of alternatives

B

Step6.Calculate the fuzzy
matrix of actual ponder

Step5 Normalize the initial
te|  fuzzy aggregated decision e

Step4.Determine the matrix of
fuzzy theoretical ponder

matrx

]

Step7 Determune the Euclidian distance between
matrix of fuzzy theoretical ponder and actual

ponder

—» Step8 Sum the gap values and rank the alteratives

Figure 2. The framework for the evaluation of offshore oil and gas field green plants.

@ ¢

r.:,_(p)}
L.p) -~ L,(p)])
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3.1. Preliminaries of SF Sets

SF sets represent a novel extension of fuzzy sets, and are characterized by three-
dimensional membership functions that enable a more nuanced linguistic assessment by
experts. Definitions 1-5 outline the fundamental concepts of SF sets, while the notations
and their corresponding meanings are enumerated in Table 3.

Table 3. The meanings of notations.

Notation List

Universe of discourse zfj Element of Z
An SF set i)s = ( i)y i)v Dn) Normalized initial direct relation matrix
. - M
Degree of membership d?} Element of D
~ ~U ~V ~TT
Degree of non-membership T, = (TH, TU, T) Total influence matrix
Degree of hesitancy E; Sum of rows of T’
Degree of refusal R; Sum of columns of T
Criteria set e Expert set
Number of criteria K Number of experts
~ ~U ~V ~TT
Weight of criterion Zs = ( ZM, Z,7) Average matrix

Definition 1 ([26]). Defining X as the universe of discourse, the SF set As on X is defined
as follows:

xGX}, (1)

= { (el 0,0)

where - :x —[0,1], v- :x —[0,1], and - :x — [0,1] are the degrees of member-

As As As
ship, non-membership, and hesitancy of x to A, and 0 < p2 (x) +1% (x) + 7% (x) < 1.
As As As
Asandx € X,6- = \/1 —u% (x) —12 (x) — 2 (x) are the degrees of refusal of x to As.
s As As As

Definition 2 ([26]). As1 and Asp are two SF sets with operations defined as follows:

Addition (As @ Ag):

Ag D Agp = T TV VR O B T ¥ o (R ¥ - ()
As1 As Aq Ag A A A Ag As1 As As1 As
Multiplication (As; ® Asp):
Aq®@Ap = |p- u-, V2 +v2 —v2 2, J1-12 )72 +(1-v2 )n®2 —n2 7% . (3)
ASl As Agy As2 A1 A2 Ag Agy Agy Ag Ag1 Ag

Multiplication by a positive value (k-As, k > 0):
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I N e S et HE
As As As As As
~ ~A

Exponent of As (A;,A > 0):

~A
As:<ﬂ/¢1—ﬂ—vgywﬂl—%)A—ﬂ—V%_”%ﬁ>~ (5)
As As As As As

Definition 3 ([26]). SF sets exist, with the following operational properties under k, A > 0:

As1 © A = A @ Agy, (6)

As1 ® Agp = A2 ® Aq1, 7)

k(Asl [e2) Asz) = kAsl [e2) kAsz, (8)

(k1 +ka)As = k1As D ko As, )
~ ~ A - A ~A

(ASl ® ASZ) = Aq ® Ay, (10)

~ A1+A2 ~ Al - A2
A, =A, RA, . (11)

Definition 4 ([26]). The spherical weighted arithmetic mean (SWAM) and geometric mean
(SWGM) are defined as follows:

SWAM(Ag, Asp, ..., Ask) = 11Ag1 +12Ap + - - TgAgk
K s oy, Ko K s\, K ) i (12)
= 1T—-T1(—p2 ), IV JTT (=p2 )i =TT (1 —p> —m= )",

l:1 Asi 121 Asi :1 Asi l:l Asi Asi

~ ~ ~ ~rl ~12 ~rK
SWGM(Asl,Asz,. "’ASK) = Asl + AS2 + - 'AsK

K K K N (13)
= <Hyrf ,\/1—]—[(1—1/2~ )Vi,\/l—[(l—vz. yi—I1(1—-v2 —n2 )’),

i=1 Ay i=1 Ay i=1 Ay =1 Agi A

K
wherer; € [0,1]; ¥ ri = 1.

i=1
SWAM and SWGM can be adopted to synthesize judgments of OOGFGP from DMs.
The parameters K and r; represent the number of experts and their equivalent weights
when applying the evaluation problems, respectively.

Definition 5 ([26]). As1 and Ay are defined as two SF sets. The score (SC) and accuracy (AC)
functions for sorting SF sets are defined as follows:

SC(A) = (u: —m P —(v. =7 ) (14)
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AC(As) = p% +v* + 2. (15)
As As As

If SC(As1) < SC(As), then Ay < Agp.

If SC(Ag1) = SC(Asp) and AC(Aq1) < AC(Ayp), then Ay < Ag.
If SC(Ag) = SC(Asp) and AC(Ag1) = AC(Ag), then Ag = Ag.

3.2. Evaluating Criteria Weights Using SF-DEMATEL

The vector ¢ = {c1,c2,...,cN|i,j € N}isthesetof criteriaand e = {ey, ey, ..., ex|k € K}
consists of experts. In the initial phase, the SF-DEMATEL method is employed to assess
the weights of the n criteria, as outlined below.

Step 1. Utilize a questionnaire containing the linguistic terms enumerated in Table 4
to collect information regarding the SF criteria.

Table 4. SF scales and linguistic terms for evaluating criteria.

Linguistic Terms (v, 77)
Serious influence (SE) (0.9,0.1,0.1)
Extreme influence (EX) (0.8,0.2,0.2)
Major influence (MA) (0.7,0.3,0.3)
Significant influence (SI) (0.6,0.4,0.4)
Medium influence (ME) (0.5,0.5,0.5)
Minor influence (MI) (0.4,0.6,0.4)
Slight influence (SL) (0.3,0.7,0.3)
Remote influence (RE) (0.2,0.8,0.2)
No influence (NO) (0.1,0.9,0.1)

Step 2. Determine the average matrix Zs.

In this step, groups consisting of N criteria and K experts are employed. Each expert
is requested to evaluate the degree of causality among multiple criteria that impact the
OOGEFGP. The degree of influence of criterion i on criterion j is denoted as zfj and the
expressions for z;‘j are defined utilizing the linguistic terms in Table 4. The degree of influ-
ence is essentially a quantitative parameter measuring the degree of causal relationships
between criteria. An evaluation matrix is utilized to quantify the degree of influence for
each individual expert. Subsequently, the SWAM algorithm is applied across all K experts

to compute the average matrix, yielding the final matrix Z, as outlined below:

SWAM(zS;) SWAM(zS,) --- SWAM(zSy)
- SWAM(zS;) SWAM(z5,) -+ SWAM(z5y)
s : : - : (16)
SWAM(25,) SWAM(2S,) --- SWAM(Zy)
e 1,2 K K 2 \'k K Tk
SWAM(zij) = SWAM(zij,zij,...,zi]-) = 1—-TI(Q—p2 )5 TTvE,
k=1 Zsk k=1 Zg (17)

K 7, K 7,
\/H(lug )P I —p2 - )k)>,

k=1 Zsk k=1 Zsk Zsk

where zf]. = [z}j, zlzj, ceey zfj] is the matrix expressing the degree to which criterion i affects
criterion j according to the K experts.
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Step 3. Calculate the normalized initial direct relation matrix D.
Due to the presence of three-dimensional membership functions, the average assess-

H v
ment matrix Zs is partitioned into three distinct submatrices [29]. These submatrices Z ,Z ,
~ 7T ~ U
and Z are then normalized. The calculation of Z is defined as follows:
éll yilz #éll\l
-u . - -
7 = Zy Zy 2N |,
L ‘uZNl yéNz yZNN i
1 1 (18)
wo__ o .
dl] = VZ; X min N , N ,
/ max( Y pu- ) max(Y p- )
]:1 ij i=1 ij
I H H
d}} d}? e d%,N
- p d d e d
D = | 21 . 22 . . 2N
4 M H
dyi dyy o Ay
-~V ~ T
The matrices D and D can also be determined using the equations above.
Step 4. Determine the total influence matrix T.
K
The total influence submatrix T is determined by the following [67]:
M no-p 2 pr - -p 1
T :ligr;(D +D ) +---+(D))=D (1-D) (19)
-~V ~TT

where [ indicates the identiﬁga}/tion n}a;%rix. The total influences of submatrices T and T

can also be calculated using D and D , respectively.

The total influence matrix encompassing N criteria within the SF sets framework can
~U o~V ~ T

be derived by amalgamating matrices T ,T and T as follows:

(t:1:1/ ty,t11) (fng Ho th) - (th, BN Hiy)

- (8 1) (o 55, t5) - (Eh, 5 )

T — 21 2.1 21 22 2'2 22 ' 2N 2'N 2N (20)
(th tV. ) (8 tV. ) - (8 t”. 1)
N17/"N1/"N1 N27/*"N27"N2 NN’*NN’"NN

Step 5. Compute the sums of both rows and columns within the total influence matrix,
expressed utilizing SF numbers.

The sums of the rows and columns of the SF matrix are denoted by the SF sets E; and

Rj, respectively, and can be acquired in Equation (2), as follows:

1L
(t i1 ) @ (tig t 1)@, Byt H)s

E' =

- (21)
— (¥ I3 s

Rj = (t1;, 11, £1;) © (b, b3, £35) ®, -, Dby i 1)
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N v
Véi = g] tij (22)
N N N-1 N N N N N
mo= P 1 (DT 8 ) e CONTL ) ) ) - 2 (1 @) L+ [ (DN )
A= #T i A j=1 7] 7] =1
i,j=1,2...,,N

where N indicates the number of criteria used. (y- ,v-,7- ) can also be obtained by

Equation (22). According to the calculation results of the rows and columns, the degrees of
criterion ¢; being influenced by others and degree of ¢; influencing others are specified as

E; and R;, respectively.

3.3. Evaluating Alternatives Using SF-MAIRCA

Upon determining the weights of the multiple criteria that impact the OOGFGP, the
SF-MAIRCA approach was employed to ascertain the optimal alternatives, utilizing five
OOGEF extraction projects as illustrative cases.

The basic principle of MAIRCA is to calculate the distance between the ideal and actual
values of the alternatives, with smaller distances indicating better alternatives. Dinger
et al. [36] first proposed a method combining interval-valued SF-MAIRCA. However, few
studies have been conducted with regard to the combination of SF and MAIRCA. MAIRCA
stands out due to its unique linear normalization algorithm, which enables the generation
of highly reliable results. In contrast to other sorting methods that focus on distances
from ideal positive to ideal negative values, MAIRCA calculates the selection probability,
making it a more advantageous approach. This methodology aims to pinpoint the most
optimal alternative by measuring the distance between the theoretical and actual evaluation
matrices. Given that the evaluation criteria for OOGF projects and the values of alternatives
are sometimes vague, the SF-MAIRCA method was proposed in steps 6 to 13.

Step 6. Construct the initial decision matrix using SF sets.

In practical decision-making scenarios, m alternatives must be discerned based on the
n criteria. Leveraging the evaluative insights provided by K experts, an initial decision

matrix A is formulated utilizing SF sets.

ann 412 0 dn
) a1 4y - A2
A =

Am1 Am2  **°  OGmn

Here, A = [;11-1, Ay, ..., ;lin} represents all of the criteria values of the i th OOGF project

alternative. The element a;; denotes the values of the i th OOGF project alternative for the j
th criterion affecting the OOGF project i=1,2,...,m;j=1,2,..., n).

k=1 A k=1 ag

~ -1 -2 ~K K 2\ K v
al-]- = SWAM(al], lli]‘, .. '/“ij) = 1-— H (1 — U- ) , H 1/~k ,
(23)

K 7, K 7,
M- )" =110-u —n )k)>

k=1 Ask k= Ask Ask

https://doi.org/10.3390/en19061398


https://doi.org/10.3390/en19061398

Energies 2026, 19, 1398 15 of 31

-k -
Here, aj = (u- ,v- ,m- ) denotes the ajj values evaluated from the k th expert. As

Ask  Ask sk
shown in Table 5, the significance assessment values for the alternatives for the OOGF

extraction projects were derived by the expert panel using linguistic SF numbers.

Table 5. SF scales and linguistic terms for evaluating alternatives.

Linguistic Terms SF Number
Almost no significance (AN) [0.045, 0.955, 0.045]
Extremely low significance (EL) [0.135, 0.865, 0.135]
Very low significance (VL) [0.255, 0.745, 0.255]
Low significance (L) [0.335, 0.665, 0.335]
Fair significance (F) [0.410, 0.590, 0.410]
Medium significance (M) [0.500, 0.500, 0.500]
Moderately high significance (MH) [0.590, 0.410, 0.410]
High significance (H) [0.665, 0.335, 0.335]
Very high significance (VH) [0.745, 0.255, 0.255]
Extremely high significance (EH) [0.865, 0.135, 0.135]
Almost equal significance (AE) [0.955, 0.045, 0.045]

Step 7. The preference possibilities (P4;) represent the likelihood of selecting each
alternative and are computed using Equation (24).

1 m
PAi = —y PAi =1 (24)
i3

Step 8. The theoretical evaluation matrix (TPA) is derived by multiplying the (Pg4;)
value with the weights ascertained through SF-DEMATEL, as outlined in Equation (25).

kpll ce kpln PAlwl - PAlwn
Kpy=1 :+ =~ [= : : (25)
kpml e kpmn PAmwl N PAm Wi
Step 9. The score function of the D matrix is calculated as in Equation (14).

Step 10. The score values in the decision matrix for each criterion are normalized with
Equations (26) and (27).

max(S(x;;)) — min(S(x;;))

if x is a benefit criterion (26)

S(x,-]-~) _ maX(S(xi]- )~) if x is a cost criterion (27)
min(S(x,-]-)) — max(S (xl]))

Step 11. Based on Equations (25) and (26), the actual evaluation matrix (K;) of OOGF
project alternatives is calculated. The normalized decision matrix is multiplied by the TPA.

S y L) — 1 S 3 ..
kyij = kyij ( (XZ]~) min(S(x )) ) if x is a benefit criterion (28)
max(S(x;;)) — min(S(x;;))

S(xij) — max(S(x;;
kyij = kpij (x J? max(S(x ])~) if x is a cost criterion (29)
min(S(x;;)) — max(S(x;j))
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Step 12. The total void matrix (G) is calculated by Equation (30). The gap between the
theoretical and actual evaluations of OOGF project alternatives were determined based on
each criterion affecting the OOGFGP.

811 -+ &in
G=K,—K, = : : (30)

8m1 " &mn

Step 13. Rank alternatives.

The final value (Q) of multiple criteria affecting the OOGFGP is calculated by
Equation (31). Utilizing the values derived from the criterion function for the OOGF project
alternatives, the alternatives are enumerated and the optimal choice is subsequently deter-
mined. Notably, the alternative exhibiting the smallest clearance distance is designated as the
preferred option, whereas the alternative with the largest clearance distance is alternatively
considered as the best alternative.

n
Q=) gji=1...,n (31)
j=1

4. Case Study
4.1. Implementation and Computation

With the adjustment and transformation of economic structure, the need to realize
green and low-carbon development is becoming the consensus of more and more countries
and regions. In the context of the “dual-carbon strategy”, the evaluation of the sustainable
extraction of OOGFs has gained increasing significance. This paper evaluates the greenness
of extraction projects using five OOGF projects in China’s Bohai Sea. In this case, we
invited three experts. Expert 1 is a professor in a department of environmental science
and engineering, with over 18 years of research and teaching experience in environmental
impact assessment, sustainability, and offshore industry energy efficiency. She specializes
in offshore environmental management and has led several government-funded research
projects related to pollution control, water treatment, and renewable energy utilization
in offshore oil and gas extraction. Expert 1 has published over 40 research papers in
peer-reviewed journals and provides consulting services to various domestic and interna-
tional organizations, focusing on the development of offshore environmental regulations.
Expert 2 is a senior engineer at a leading wind turbine manufacturer, with more than
12 years of experience in the design, installation, and maintenance of offshore wind energy
systems. His expertise includes integrating renewable energy solutions into offshore oil
and gas operations, particularly hybrid systems combining wind energy with traditional
oil and gas extraction technologies. Expert 2 has been involved in multiple offshore wind
projects and is skilled in energy efficiency improvements, grid integration technologies,
and offshore energy production solutions aimed at reducing carbon emissions. Expert 3
works for a local government construction and planning department, responsible for urban
planning and infrastructure development for offshore energy projects, with over 15 years
of experience. His duties include evaluating the environmental impact, compliance, and
safety standards of offshore construction projects, including oil and gas fields. Expert 3
collaborates closely with the private sector and regulatory bodies to ensure that offshore en-
ergy projects comply with local and national environmental regulations. He has extensive
experience coordinating between government agencies and project developers to ensure
the sustainability and safety of projects.
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In the evaluation of OOGFGP, factors such as renewable energy utilization, green
performance, and society have an important impact on the greenness and sustainable
development of extraction projects in OOGFs. The OOGFGP evaluation criteria system
constructed in this paper is shown in Figure 2, which contains 17 evaluation attributes such
as environmental safety, building energy efficiency, renewable energy utilization, green
performance and society.

In the SF-DEMATEL approach, three experts were engaged in the evaluation process
with equivalent weights. The 17 criteria were contrasted utilizing the SF sets outlined in
Table 4. Questionnaires were gathered from three experts, and Table 6 shows the evaluation
of the importance of the criteria affecting the OOGFGP made by one of the experts using
SF. The evaluation information of the other two experts is shown in Tables S1 and S2 in the
Supplementary Materials. The average influence relationship matrix Zs using Equation
(16) are divided into three sub-matrixes, Z,, Z,, and Z,, which are shown in Tables 7-9.
Then, the initial direct relation matrixes, Dy, Dy, and Dy, using Equation (17) are calculated,
and are respectively shown in Tables 10-12. In addition, we obtained the total influence
matrixes Ty, Ty, and T using Equation (18), respectively shown in Tables 13-15. The sum
of the elements was computed both row-wise and column-wise through Equations (19)
and (20), respectively. Subsequently, to determine the weight coefficients for the 17 criteria,
sums of rows and columns were defuzzified employing Equations (21) and (22). Table 16
presents the results of the weighting 17 criteria.

Table 6. Judgement opinions of expert 1 regarding the 17 criteria.

Criteria C; C G C G C C; C C Cp Cn Cp Cz Cuy Cis5 Cig Cr7
C1 0 RE MA MA SI MA MA MI NO SI EX SE MA ME MA ME ¢Sl
Cy RE 0 RE SI MI MA MA MA MA MI NO EX MA ME ME MA MA
Cs MA RE 0 MA MI MA MA MI NO SL EX SE MA ME ME ME MA
Cy RE MI ME 0 MA ME ME MI RE MA MI SE MA MA MA MA SE
Cs MA MA MA MA 0 MA SI MI EX SL SI MA MA MA ME MA MA
Ce MA MA MA MA Ml 0 MA MA MA MA EX SI MA MA ME MA €SI
Cy MA MA EX EX MA MA 0 MA MA MA EX SE MA MA ME MA Sl
Csg ME MA RE SI ME SI SI 0 RE MI SI RE ME MA RE ME Ml
Co ME MA MA RE EX MA MA RE 0 RE SI ME SI MA RE ME RE
C1o RE MA MA MA MA MA MA RE RE 0 SI RE SI MA ME ME MI
Cn1 MA NO MA EX SI MA MA SL ME €SI 0 MA SI RE ME MA MA
C12 ME ME ME RE RE ME ME MI MI MI MI 0 ME RE ME ME &SI
Ci3 SE SE SE MA RE SE SE ME SI ME SI MA 0 SI RE SI MA
Cia ME RE RE MI MI MA MA MI MI MI RE RE SI 0 ME MA RE
Cis MA MA MI MI ME MA MA SL SL SL SI SI MI RE 0 ME SI
Cie MI MA SI MI MA MA MA ¢9I SI SI SI MA ME ME SI 0 RE
C17 ME MA SI MA MI ME ME ME RE ME ME SI MA SL MA MA 0
Table 7. Average influence matrix Z,,.
zZ, C C C3 Cy Cs Cs Cy Cs C Cp Cnn Cp €G3 Cuu C5 G Cr7
C; 0.000 0.174 0612 0.671 0511 0.648 0.739 0411 0.174 0570 0.772 0.821 0.739 0.500 0.545 0.500 0.612
C, 0174 0.000 0.174 0.671 0.371 0.671 0.638 0.671 0.739 0437 0.174 0.842 0.739 0.500 0.500 0.671 0.671
C; 0.612 0.174 0.000 0.700 0470 0.671 0.638 0.411 0.174 0491 0.821 0.821 0.700 0500 0.411 0.500 0.671
Cy 0286 0371 0500 0.000 0.796 0500 0500 0411 0174 0.648 0411 0.842 0.739 0.700 0.671 0.739 0.821
Cs 0700 0.739 0.739 0.671 0.000 0.671 0511 0371 0.772 0491 0570 0.671 0.638 0.638 0.500 0.671 0.739
Ce¢ 0.739 0.671 0.700 0.638 0.371 0.000 0.739 0.671 0.739 0.671 0.772 0.612 0.638 0.612 0500 0.671 0.511
C; 0772 0638 0.842 0.821 0.638 0.772 0.000 0.671 0.671 0.638 0.821 0.821 0.739 0.638 0.500 0.671 0.511
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Table 7. Cont.

&)

C

C3

Cy

Cs

Cs

Cy

Cs

Ci2

C13

Cu

C1o

Cy7

0.500
0.500
0.271
0.612
0.584
0.875
0.500
0.612
0.470
0.570

0.671
0.739
0.739
0.174
0.648
0.875
0.313
0.671
0.671
0.671

0.174
0.638
0.739
0.739
0.648
0.875
0.313
0.470
0.570
0.638

0.511
0.239
0.700
0.772
0.271
0.700
0.371
0.470
0.470
0.700

0.470
0.772
0.638
0.600
0.239
0.239
0.371
0.500
0.648
0.371

0.570
0.700
0.700
0.772
0.570
0.875
0.671
0.671
0.671
0.470

0.570
0.739
0.739
0.772
0.570
0.842
0.671
0.671
0.671
0.470

0.000
0.174
0.313
0.383
0.437
0.612
0.437
0.383
0.638
0.470

0.174
0.000
0.174
0.500
0.437
0.638
0.437
0.383
0.537
0.239

0.371
0.239
0.000
0.638
0.437
0.537
0.437
0.383
0.537
0.584

0.570
0.570
0.570
0.000
0.437
0.671
0.174
0.570
0.671
0.500

0.239
0.500
0.313
0.671
0.000
0.739
0.313
0.537
0.739
0.537

0.500
0.570
0.570
0.612
0.648
0.000
0.638
0.470
0.648
0.638

0.700
0.700
0.700
0.313
0.313
0.671
0.000
0.313
0.612
0.447

0.174
0.174
0.500
0.500
0.648
0.239
0.470
0.000
0.612
0.638

0.500
0.500
0.500
0.500
0.648
0.671
0.700
0.584
0.000
0.638

0.371
0.271
0.371
0.638
0.511
0.638
0.271
0.671
0.271
0.000

Table 8. Average influence matrix Z,.

Cy

C

C3

Cy

Cs

Cs

Cy

Cs

Cy

Cyo

Ci2

Ci3

Cu

Cis

Cy7

Cy7

0.000
0.832
0.391
0.727
0.300
0.262
0.229
0.500
0.500
0.732
0.391
0.422
0.126
0.500
0.391
0.531
0.431

0.832
0.000
0.832
0.632
0.262
0.330
0.363
0.330
0.262
0.262
0.832
0.356
0.126
0.695
0.330
0.330
0.330

0.391
0.832
0.000
0.500
0.262
0.300
0.159
0.832
0.363
0.262
0.262
0.356
0.126
0.695
0.531
0.431
0.363

0.330
0.330
0.300
0.000
0.330
0.363
0.182
0.493
0.765
0.300
0.229
0.732
0.300
0.632
0.531
0.531
0.300

0.493
0.632
0.531
0.208
0.000
0.632
0.363
0.531
0.229
0.363
0.400
0.765
0.765
0.632
0.500
0.356
0.632

0.356
0.330
0.330
0.500
0.330
0.000
0.229
0.431
0.300
0.300
0.229
0.431
0.126
0.330
0.330
0.330
0.531

0.262
0.363
0.363
0.500
0.493
0.262
0.000
0.431
0.262
0.262
0.229
0.431
0.159
0.330
0.330
0.330
0.531

0.594
0.330
0.594
0.594
0.632
0.330
0.330
0.000
0.832
0.695
0.626
0.565
0.391
0.565
0.626
0.363
0.531

0.832
0.262
0.832
0.832
0.229
0.262
0.330
0.832
0.000
0.832
0.500
0.565
0.363
0.565
0.626
0.464
0.765

0.431
0.565
0.519
0.356
0.519
0.330
0.363
0.632
0.765
0.000
0.363
0.565
0.464
0.565
0.626
0.464
0.422

0.229
0.832
0.182
0.594
0.431
0.229
0.182
0.431
0.431
0.431
0.000
0.565
0.330
0.832
0.431
0.330
0.500

0.182
0.159
0.182
0.159
0.330
0.391
0.182
0.765
0.500
0.695
0.330
0.000
0.262
0.695
0.464
0.262
0.464

0.262
0.262
0.300
0.262
0.363
0.363
0.262
0.500
0.431
0.431
0.391
0.356
0.000
0.363
0.531
0.356
0.363

0.500
0.500
0.500
0.300
0.363
0.391
0.363
0.300
0.300
0.300
0.695
0.695
0.330
0.000
0.695
0.391
0.559

0.472
0.500
0.594
0.330
0.500
0.500
0.500
0.832
0.832
0.500
0.500
0.356
0.765
0.531
0.000
0.391
0.363

0.500
0.330
0.500
0.262
0.330
0.330
0.330
0.500
0.500
0.500
0.500
0.356
0.330
0.300
0.422
0.000
0.363

0.391
0.330
0.330
0.182
0.262
0.493
0.493
0.632
0.732
0.632
0.363
0.493
0.363
0.732
0.330
0.732
0.000

Table 9. Average influence matrix Z.

(6]

G

C3

Cy

Cs

Cs

Cy

Cs

Cy

Ci2

Ci3

Cu

Cp2

0.000
0.174
0.400
0.294
0.300
0.266
0.232
0.500
0.500
0.452
0.400
0.433
0.131
0.500
0.400
0.474
0.434

0.174
0.000
0.174
0.373
0.266
0.333
0.366
0.333
0.266
0.266
0.174
0.367
0.131
0.319
0.333
0.333
0.333

0.400
0.174
0.000
0.500
0.266
0.300
0.164
0.174
0.366
0.266
0.266
0.367
0.131
0.319
0.474
0.434
0.366

0.333
0.333
0.300
0.000
0.333
0.366
0.194
0.439
0.240
0.300
0.232
0.452
0.300
0.373
0.474
0.474
0.300

0.439
0.373
0.474
0.224
0.000
0.373
0.366
0.474
0.232
0.366
0.400
0.240
0.240
0.373
0.500
0.367
0.373

0.367
0.333
0.333
0.500
0.333
0.000
0.232
0.434
0.300
0.300
0.232
0.434
0.131
0.333
0.333
0.333
0.474

0.266
0.366
0.366
0.5
0.439
0.266

0.434
0.266
0.266
0.232
0.434
0.164
0.333
0.333
0.333
0.474

0.421
0.333
0.421
0.421
0.373
0.333
0.333

0.174
0.319
0.397
0.442
0.4
0.442
0.397
0.366
0.474

0.174
0.266
0.174
0.174
0.232
0.266
0.333
0.174

0.174
0.5
0.442
0.366
0.442
0.397
0.467
0.24

0.434
0.406
0.421
0.367
0.421
0.333
0.366
0.373
0.24

0.366
0.442
0.467
0.442
0.397
0.467
0.433

0.232
0.174
0.194
0.421
0.434
0.232
0.194
0.434
0.434
0.434

0.442
0.333
0.174
0.434
0.333
0.5

0.194
0.164
0.194
0.164
0.333
0.400
0.194
0.240
0.500
0.319
0.333
0.000
0.266
0.319
0.467
0.266
0.467

0.266
0.266
0.300
0.266
0.366
0.366
0.266
0.500
0.434
0.434
0.400
0.367
0.000
0.366
0.474
0.367
0.366

0.500
0.500
0.500
0.300
0.366
0.400
0.366
0.300
0.300
0.300
0.319
0.319
0.333
0.000
0.319
0.400
0.459

0.384
0.500
0.421
0.333
0.500
0.500
0.500
0.174
0.174
0.500
0.500
0.367
0.240
0.474
0.000
0.400
0.366

0.500
0.333
0.500
0.266
0.333
0.333
0.333
0.500
0.500
0.500
0.500
0.367
0.333
0.300
0.433
0.000
0.366

0.400
0.333
0.333
0.194
0.266
0.439
0.439
0.373
0.452
0.373
0.366
0.439
0.366
0.452
0.333
0.452
0.000
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Table 10. Initial direct relation matrix D,.

Cy

C

C3

Cy

Cs

Cs

Cy

Cs

Cy

Cro

Cn

Ci2

C13

Cu

Ci2

0.000
0.016
0.055
0.026
0.063
0.066
0.069
0.045
0.045
0.024
0.055
0.052
0.078
0.045
0.055
0.042
0.051

0.016
0.000
0.016
0.033
0.066
0.060
0.057
0.060
0.066
0.066
0.016
0.058
0.078
0.028
0.060
0.060
0.060

0.055
0.016
0.000
0.045
0.066
0.063
0.075
0.016
0.057
0.066
0.066
0.058
0.078
0.028
0.042
0.051
0.057

0.060
0.060
0.063
0.000
0.060
0.057
0.074
0.046
0.021
0.063
0.069
0.024
0.063
0.033
0.042
0.042
0.063

0.046
0.033
0.042
0.071
0.000
0.033
0.057
0.042
0.069
0.057
0.054
0.021
0.021
0.033
0.045
0.058
0.033

0.058
0.060
0.060
0.045
0.060
0.000
0.069
0.051
0.063
0.063
0.069
0.051
0.078
0.060
0.060
0.060
0.042

0.066
0.057
0.057
0.045
0.046
0.066
0.000
0.051
0.066
0.066
0.069
0.051
0.075
0.060
0.060
0.060
0.042

0.037
0.060
0.037
0.037
0.033
0.060
0.060
0.000
0.016
0.028
0.034
0.039
0.055
0.039
0.034
0.057
0.042

0.016
0.066
0.016
0.016
0.069
0.066
0.060
0.016
0.000
0.016
0.045
0.039
0.057
0.039
0.034
0.048
0.021

0.051
0.039
0.044
0.058
0.044
0.060
0.057
0.033
0.021
0.000
0.057
0.039
0.048
0.039
0.034
0.048
0.052

0.069
0.016
0.074
0.037
0.051
0.069
0.074
0.051
0.051
0.051
0.000
0.039
0.060
0.016
0.051
0.060
0.045

0.074
0.075
0.074
0.075
0.060
0.055
0.074
0.021
0.045
0.028
0.060
0.000
0.066
0.028
0.048
0.066
0.048

0.066
0.066
0.063
0.066
0.057
0.057
0.066
0.045
0.051
0.051
0.055
0.058
0.000
0.057
0.042
0.058
0.057

0.045
0.045
0.045
0.063
0.057
0.055
0.057
0.063
0.063
0.063
0.028
0.028
0.060
0.000
0.028
0.055
0.040

0.049
0.045
0.037
0.060
0.045
0.045
0.045
0.016
0.016
0.045
0.045
0.058
0.021
0.042
0.000
0.055
0.057

0.045
0.060
0.045
0.066
0.060
0.060
0.060
0.045
0.045
0.045
0.045
0.058
0.060
0.063
0.052
0.000
0.057

0.055
0.060
0.060
0.074
0.066
0.046
0.046
0.033
0.024
0.033
0.057
0.046
0.057
0.024
0.060
0.024
0.000

Table 11. Initial direct relation matrix D,.

Cy

Cs

Cs

Cy

Cs

Cy

Cn

Cy7

0.000
0.092
0.043
0.080
0.033
0.029
0.025
0.055
0.055
0.081
0.043
0.046
0.014
0.055
0.043
0.058
0.047

0.092
0.000
0.092
0.069
0.029
0.036
0.040
0.036
0.029
0.029
0.092
0.039
0.014
0.076
0.036
0.036
0.036

0.043
0.092
0.000
0.055
0.029
0.033
0.017
0.092
0.040
0.029
0.029
0.039
0.014
0.076
0.058
0.047
0.040

0.036
0.036
0.033
0.000
0.036
0.040
0.020
0.054
0.084
0.033
0.025
0.081
0.033
0.069
0.058
0.058
0.033

0.054
0.069
0.058
0.023
0.000
0.069
0.040
0.058
0.025
0.040
0.044
0.084
0.084
0.069
0.055
0.039
0.069

0.039
0.036
0.036
0.055
0.036
0.000
0.025
0.047
0.033
0.033
0.025
0.047
0.014
0.036
0.036
0.036
0.058

0.029
0.040
0.040
0.055
0.054
0.029
0.000
0.047
0.029
0.029
0.025
0.047
0.017
0.036
0.036
0.036
0.058

0.065
0.036
0.065
0.065
0.069
0.036
0.036
0.000
0.092
0.076
0.069
0.062
0.043
0.062
0.069
0.040
0.058

0.092
0.029
0.092
0.092
0.025
0.029
0.036
0.092
0.000
0.092
0.055
0.062
0.040
0.062
0.069
0.051
0.084

0.047
0.062
0.057
0.039
0.057
0.036
0.040
0.069
0.084
0.000
0.040
0.062
0.051
0.062
0.069
0.051
0.046

0.025
0.092
0.020
0.065
0.047
0.025
0.020
0.047
0.047
0.047
0.000
0.062
0.036
0.092
0.047
0.036
0.055

0.020
0.017
0.020
0.017
0.036
0.043
0.020
0.084
0.055
0.076
0.036
0.000
0.029
0.076
0.051
0.029
0.051

0.029
0.029
0.033
0.029
0.040
0.040
0.029
0.055
0.047
0.047
0.043
0.039
0.000
0.040
0.058
0.039
0.040

0.055
0.055
0.055
0.033
0.040
0.043
0.040
0.033
0.033
0.033
0.076
0.076
0.036
0.000
0.076
0.043
0.062

0.052
0.055
0.065
0.036
0.055
0.055
0.055
0.092
0.092
0.055
0.055
0.039
0.084
0.058
0.000
0.043
0.040

0.055
0.036
0.055
0.029
0.036
0.036
0.036
0.055
0.055
0.055
0.055
0.039
0.036
0.033
0.046
0.000
0.040

0.043
0.036
0.036
0.020
0.029
0.054
0.054
0.069
0.081
0.069
0.040
0.054
0.040
0.081
0.036
0.081
0.000

Table 12. Initial direct relation matrix D.

Cq

G

C3

Cy

Cs

Cs

Cy

Cs

Gy

C1o

Cn

Ci2

C13

Cu

Cis

C16

Cy7

Cro

0.000
0.027
0.062
0.045
0.046
0.041
0.036
0.077
0.077
0.070

0.027
0.000
0.027
0.057
0.041
0.051
0.056
0.051
0.041
0.041

0.062
0.027
0.000
0.077
0.041
0.046
0.025
0.027
0.056
0.041

0.051
0.051
0.046
0.000
0.051
0.056
0.030
0.067
0.037
0.046

0.067
0.057
0.073
0.035
0.000
0.057
0.056
0.073
0.036
0.056

0.056
0.051
0.051
0.077
0.051
0.000
0.036
0.067
0.046
0.046

0.041
0.056
0.056
0.077
0.067
0.041

0.067
0.041
0.041

0.065
0.051
0.065
0.065
0.057
0.051
0.051

0.027
0.049

0.027
0.041
0.027
0.027
0.036
0.041
0.051
0.027

0.027

0.067
0.063
0.065
0.056
0.065
0.051
0.056
0.057
0.037

0.036
0.027
0.03

0.065
0.067
0.036
0.03

0.067
0.067
0.067

0.030
0.025
0.030
0.025
0.051
0.062
0.030
0.037
0.077
0.049

0.041
0.041
0.046
0.041
0.056
0.056
0.041
0.077
0.067
0.067

0.077
0.077
0.077
0.046
0.056
0.062
0.056
0.046
0.046
0.046

0.059
0.077
0.065
0.051
0.077
0.077
0.077
0.027
0.027
0.077

0.077
0.051
0.077
0.041
0.051
0.051
0.051
0.077
0.077
0.077

0.062
0.051
0.051
0.030
0.041
0.067
0.067
0.057
0.070
0.057
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Table 12. Cont.

Dr

&)

C

C3

Cy

Cs

Cs

Gy

Cs

Gy

Cro

Ci2

C13

Cu

Cn
Ci3
Cu
Cis

Cy7

0.062
0.067
0.020
0.077
0.062
0.073
0.067

0.027
0.056
0.020
0.049
0.051
0.051
0.051

0.041
0.056
0.020
0.049
0.073
0.067
0.056

0.036
0.070
0.046
0.057
0.073
0.073
0.046

0.062
0.037
0.037
0.057
0.077
0.056
0.057

0.036
0.067
0.020
0.051
0.051
0.051
0.073

0.036
0.067
0.025
0.051
0.051
0.051
0.073

0.061
0.068
0.062
0.068
0.061
0.056
0.073

0.077
0.068
0.056
0.068
0.061
0.072
0.272

0.056
0.068
0.072
0.068
0.061
0.072
0.067

0.051
0.000
0.041
0.049
0.072
0.041
0.072

0.062
0.056
0.000
0.056
0.073
0.056
0.056

0.049
0.049
0.051
0.000
0.049
0.062
0.071

0.077
0.056
0.037
0.073
0.000
0.062
0.056

0.077
0.056
0.051
0.046
0.067
0.000
0.056

0.056
0.067
0.056
0.070
0.051
0.070
0.000

Table 13. Total influence matrix T},.

(]

G

C3

Cy

Cs

Cs

Cy

Cs

Gy

Ci2

Ci3

Cu

0.202
0.206
0.248
0.227
0.279
0.285
0.308
0.200
0.224
0.215
0.258
0.229
0.306
0.203
0.238
0.248
0.237

0.216
0.194
0.210
0.235
0.283
0.280
0.296
0.215
0.242
0.252
0.221
0.234
0.305
0.189
0.243
0.265
0.246

0.268
0.218
0.210
0.257
0.297
0.297
0.330
0.184
0.247
0.265
0.283
0.245
0.322
0.198
0.239
0.269
0.255

0.270
0.256
0.267
0.213
0.290
0.292
0.327
0.213
0.213
0.263
0.283
0.214
0.307
0.202
0.239
0.260
0.261

0.222
0.202
0.214
0.245
0.198
0.234
0.272
0.182
0.226
0.225
0.235
0.181
0.231
0.175
0.209
0.240
0.202

0.292
0.281
0.288
0.280
0.318
0.266
0.353
0.236
0.274
0.285
0.307
0.261
0.350
0.247
0.277
0.303
0.265

0.292
0.281
0.288
0.280
0.318
0.266
0.353
0.236
0.274
0.285
0.307
0.261
0.350
0.247
0.277
0.303
0.265

0.297
0.276
0.282
0.277
0.302
0.325
0.285
0.234
0.274
0.285
0.305
0.259
0.345
0.245
0.275
0.300
0.262

0.209
0.222
0.204
0.209
0.223
0.250
0.266
0.138
0.173
0.193
0.210
0.193
0.255
0.177
0.195
0.233
0.204

0.176
0.216
0.172
0.178
0.243
0.242
0.252
0.145
0.149
0.171
0.207
0.182
0.241
0.167
0.184
0.214
0.173

0.236
0.214
0.225
0.242
0.247
0.265
0.280
0.180
0.189
0.178
0.246
0.204
0.264
0.186
0.207
0.238
0.226

0.297
0.286
0.291
0.298
0.309
0.307
0.346
0.202
0.250
0.246
0.291
0.204
0.329
0.209
0.259
0.298
0.262

0.293
0.280
0.284
0.293
0.308
0.312
0.342
0.225
0.257
0.268
0.288
0.261
0.270
0.238
0.255
0.293
0.272

0.241
0.233
0.236
0.258
0.273
0.275
0.296
0.217
0.239
0.249
0.232
0.205
0.289
0.160
0.212
0.258
0.227

0.222
0.207
0.206
0.233
0.235
0.237
0.254
0.154
0.172
0.209
0.222
0.210
0.225
0.179
0.163
0.232
0.219

0.261
0.265
0.256
0.282
0.297
0.300
0.321
0.216
0.240
0.251
0.266
0.249
0.311
0.233
0.253
0.226
0.260

0.247
0.239
0.247
0.263
0.276
0.260
0.280
0.185
0.199
0.218
0.254
0.217
0.280
0.178
0.238
0.225
0.184

Table 14. Total influence matrix T,.

T,

Cy

C

(6]

Cy

Cs

Cs

Cy

Cs

Gy

Cyo

Cn

Ci2

Ci3

Cu

Cis

Ci6

Cy7

C
C
(6
Cy
Cs
Cs
C;
Cs
Gy

Cn
Cp2
C13

Cis
Ci6
Cy7

0.185
0.272
0.231
0.253
0.183
0.174
0.151
0.278
0.260
0.268
0.221
0.248
0.151
0.281
0.239
0.224
0.232

0.259
0.184
0.263
0.237
0.172
0.174
0.157
0.250
0.224
0.212
0.256
0.232
0.143
0.292
0.224
0.197
0.215

0.213
0.258
0.176
0.217
0.169
0.168
0.135
0.293
0.230
0.207
0.197
0.225
0.141
0.283
0.238
0.201
0.212

0.204
0.204
0.205
0.162
0.174
0.173
0.136
0.261
0.269
0.212
0.189
0.262
0.159
0.274
0.238
0.209
0.206

0.245
0.264
0.254
0.209
0.162
0.223
0.173
0.296
0.243
0.244
0.233
0.294
0.225
0.308
0.262
0.216
0.266

0.174
0.174
0.175
0.184
0.148
0.110
0.119
0.215
0.187
0.177
0.157
0.197
0.117
0.206
0.182
0.162
0.196

0.167
0.180
0.181
0.186
0.167
0.141
0.096
0.218
0.186
0.175
0.160
0.201
0.123
0.209
0.185
0.164
0.199

0.277
0.257
0.283
0.271
0.244
0.208
0.183
0.269
0.329
0.301
0.274
0.299
0.205
0.328
0.298
0.237
0.279

0.310
0.261
0.316
0.305
0.213
0.209
0.190
0.367
0.261
0.327
0.271
0.310
0.209
0.342
0.310
0.259
0.311

0.246
0.261
0.261
0.231
0.219
0.196
0.176
0.313
0.303
0.212
0.234
0.280
0.200
0.307
0.281
0.232
0.251

0.201
0.262
0.200
0.229
0.189
0.166
0.141
0.259
0.241
0.229
0.173
0.254
0.167
0.304
0.234
0.195
0.232

0.176
0.175
0.180
0.167
0.166
0.166
0.128
0.271
0.230
0.238
0.187
0.174
0.148
0.265
0.218
0.171
0.210

0.175
0.178
0.183
0.170
0.161
0.157
0.130
0.235
0.212
0.201
0.185
0.201
0.112
0.221
0.214
0.173
0.191

0.228
0.235
0.232
0.203
0.185
0.184
0.160
0.253
0.232
0.220
0.244
0.267
0.169
0.222
0.262
0.204
0.240

0.261
0.267
0.279
0.241
0.227
0.221
0.197
0.346
0.322
0.276
0.258
0.271
0.237
0.316
0.228
0.234
0.257

0.212
0.200
0.217
0.185
0.168
0.163
0.145
0.251
0.233
0.223
0.208
0.215
0.156
0.232
0.217
0.147
0.204

0.229
0.224
0.227
0.201
0.183
0.201
0.180
0.296
0.285
0.264
0.221
0.258
0.178
0.305
0.237
0.247
0.194
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Table 15. Total influence matrix T'.
T G G G Cy Cs Ce Cy Cs Co Cpo Cn C2 CGsz3 Cu GCs C Cr7
C1 0446 0369 0436 0.459 0498 0457 0446 0509 0504 0536 0443 0396 0476 0.514 0.522 0.651 0.506
C, 0433 0314 0371 0423 0451 0417 0425 0457 0476 049 0399 036 0438 0475 0.498 0.576 0.458
Cs; 0502 0368 0376 0453 0501 045 0458 0.507 0.501 0.532 0435 0394 0478 0512 0.525 0.646 0.495
Cy 0459 0375 0424 0.382 0.441 0448 0452 048 0468 0495 044 0366 0447 0458 0486 0577 0.449
Cs 0486 038 0414 0456 0.431 0.448 0467 0499 0.507 0531 0469 0413 0487 0492 0535 0.621 0.485
Ce 0486 0.393 0423 0465 0.489 0405 0.448 0498 0.521 0.523 0445 0427 0491 0502 0.539 063 0513
C; 0435 0362 0364 0.398 0.444 0397 0365 045 0482 0478 0397 036 0432 0451 049 0572 0467
Cg 0533 0405 0418 0489 0519 0481 0485 0466 0.523 0546 0487 0415 0524 0504 0512 0.672 0.521
Cy 0509 0374 0424 0437 0459 0439 0436 0466 0473 0.5 0462 0431 0489 0478 0482 0.642 0.506
Cio 0514 0384 042 0458 0491 045 0448 0498 0509 0477 0475 0416 0502 049 0541 0.655 0.506
C;1 0513 0375 0425 0453 05 0445 0448 0513 056 0535 0418 0424 0503 0496 0.544 0.662 0.511
Cp 0568 0442 0482 0529 0528 052 0524 0571 0606 0.6 0527 0416 0548 0.549 0.581 0.711 0.573
Ciz3 0379 0295 0.323 0372 0382 0343 035 0416 0439 0446 0378 0.334 0.351 0401 0407 0515 0.413
Ciy4 0551 0415 0453 0495 0.52 0482 0486 0544 0578 0571 0466 0441 0522 0475 0567 0.668 0.547
Cis 057 0442 0503 0539 057 0512 0516 0573 0.604 0.602 0533 0488 057 0.555 0.535 0.725 0.564
Ci6 0569 0433 0.487 0528 054 0501 0505 0556 0.604 0598 0507 0.451 0.543 0555 058 0.651 0.569
C17 0.803 0613 0.679 0719 0.765 0.73 0.734 0.799 1.035 0.838 0.746 0.675 0.773 0.793 0.814 1.196 0.744
Table 16. Weight coefficients of criteria.

Criteria E; R; qi W;

Cq —0.2673 —0.303 0.5714 0.0588

Cy —0.3289 —0.2826 0.6133 0.0631

C3 —0.301 —0.2095 0.5186 0.0534

Cy —0.2647 —0.2217 0.4883 0.0502

Cs —0.1341 —0.4238 0.6286 0.0647

Cs —0.1174 —0.0601 0.1866 0.0192

Cy 0.0242 —0.0814 0.1201 0.0124

Cs —0.5025 —0.4549 0.9586 0.0986

Co —0.3865 —0.5078 0.9024 0.0929

Co —0.3289 —0.3871 0.7184 0.0739

Cn —0.2403 —0.2629 0.5037 0.0518

Cio —0.4047 —0.1113 0.5936 0.0611

Cis —0.0257 —0.1124 0.1631 0.0168

Cu —0.4979 —0.3084 0.8282 0.0852

Cis —0.3592 —0.4518 0.8163 0.084

Cie —0.229 —0.1934 0.4239 0.0436

Cy7 —0.3428 —0.3398 0.6826 0.0702

Figure 3 illustrates the causal relationships and importance of each criterion in the
offshore oil and gas greenness assessment, using the dimensions of causality and centrality
to describe the role of each criterion within the overall evaluation framework. Causality
represents the extent to which a criterion influences other criteria, while centrality reflects
the core position of the criterion within the overall evaluation system. The combination
of these two dimensions provides us with an intuitive analytical framework, helping to
identify which criteria play an important role in the decision-making process and which
ones are more dependent on others. For example, criteria located in the negative region,
such as Cg and Cg, show that they are highly influenced by other criteria and have a smaller
driving effect, playing a more marginal role, though their optimization still contributes to
the environmental friendliness of the project. In contrast, criteria such as Cs and C;7 have
higher positive causality, indicating that they have a positive driving effect on other criteria.
Optimizing these criteria may bring significant emission reduction benefits. Moreover,
Cs has a high centrality, indicating that it holds a central position in the evaluation, and,
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despite its negative causality, its importance in energy consumption and emission control
cannot be overlooked. On the other hand, criteria like C;, and C; have lower centrality,
which means that their contribution is smaller but still holds some reference value in terms
of social impact or sustainability.
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Figure 3. The cause result diagram of the criteria.

The SE-MAIRCA method was proposed to evaluate the five alternatives of the
OOGEFGP. The alternatives’ criteria values for the OOGFGP were evaluated using the SF
scale (Table 5), relying on the judgment of experts. Table 17 lists the five OOGF extraction
projects. Table 18 lists the assessment opinions of expert 1 considering the five alternatives.
The criteria values for the other two experts’ evaluations are presented in Tables S3 and
54 in the Supplementary Materials. Table 19 shows the score function of the fuzzy matrix
when using Equation (14). The theoretical evaluation matrix (Kp) was derived using
Equation (24) and is displayed in Table 20. Based on Equations (25) and (26), the actual
evaluation matrix (Kr) of OOGF project alternatives is calculated and displayed in Table 21.
The total void matrix (G) is determined by Equation (30), which is shown as Table 22. The
gap between the theoretical and actual evaluations of offshore oil and gas field project
alternatives were calculated based on each criterion affecting the OOGFGP. The final
values (Q) calculated for the five OOGF extraction projects were 0.109 for Huangyan 14-1
Gas Field Development Project (A;), 0.094 for Bozhong 28-2 South Oilfield Secondary
Adjustment Project (Ay), 0.067 for Lufeng 12-3 Oil Field Development Project (A3), 0.086
for Kenli 10-1 Qilfield and Surrounding Area Development Research Project (A4), and
0.113 for Kenli 3-2 Oilfield Cluster Development Project (As). The order of Q value from
smallest to largest is: Az > Ay > Ay > A; > As. As Q is the direct difference between the
ideal value and the real value, the smaller Q represents the better alternative, so the result
shows that Aj is the most environmentally friendly OOGF extraction project.

Table 17. OOGF extraction projects.

Code OOGEF Extraction Projects
Ay Huangyan 14-1 Gas Field Development Project
A; Bozhong 28-2 South OQilfield Secondary Adjustment Project
Aj Lufeng 12-3 Oil Field Development Project
Ay Kenli 10-1 Oilfield and Surrounding Area Development Research Project
As Kenli 3-2 Qilfield Cluster Development Project
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Table 18. Judgement opinions of expert 1 regarding the five alternatives.
Alternatives  Criteria
(6] C; G C C C C; Cg Cg Cp Ci1 Cr2 Ci3 Cyy Ci5 Ci6 Cyy
Aq MH EH VH AE AE EL MH M EH ™M VH MH VH MH EH VH EH
Ay F VL M H VH VH F L M L M MHMH M M MH M
Az MH H EH EH EH L ™MH MH M M EH MH EH MH EH EH EH
Ay M EL F H H EH ™M VL F VL F H H MH F H F
As MH VH EH AE AE M MH H EH F EH MH MH MH EH MH EH
Table 19. Score function of fuzzy matrix.
C G C3 Cy Cs Cs Cr Cs Co Cuo Cn Ci2 Ci3 Cu Cis Ci6 Cr7
A1 0.080 0.438 0.194 0.748 0.748 —0.406  0.080 —0.003  0.651 —0.012  0.194 0.080 0.194 0.080 0.651 0.194 0.651
A, —0.102 —0.134 —0.003 0.080 0.340 0.014 —0.102 —0.143  0.004 —0.186 —0.003 0.031 0.158 0.031 0.004 0.158 0.004
Az 0.054 0.150 0.207 0.438 0.533 —0.143  0.054 0.015 0.748 0.004 0.207 0.054 0.252 0.080 0.748 0.252 0.748
As; 0014 —0244 —0012 0117 0150 0568 0014 —0134 —0012 —0.134 —0012 0109 0117 0054 —0012 0117 —0.012
As 0117 0568 0340 0675 0748 —0.003 0117 0031 0533 0002 0340 0117 0252 0117 0533 0252 0533
Table 20. The theoretical evaluation matrix (Kp).
& G Cs Cy Cs Cs C7 Cs C Cp Cnn Cp €G3 Cuu Cs G Cr7
A; 0.012 0.013 0.011 0.01 0.013 0.004 0.002 0.02 0.019 0.015 0.01 0.012 0.003 0.017 0.017 0.009 0.014
A, 0012 0.013 0011 0.01 0.013 0.004 0.002 0.02 0.019 0.015 0.01 0.012 0.003 0.017 0.017 0.009 0.014
Az 0.012 0.013 0.011 0.01 0.013 0.004 0.002 0.02 0.019 0.015 0.01 0.012 0.003 0.017 0.017 0.009 0.014
Ay 0.012 0.013 0.011 0.01 0.013 0.004 0.002 0.02 0.019 0.015 0.01 0.012 0.003 0.017 0.017 0.009 0.014
As 0.012 0.013 0.011 0.01 0.013 0.004 0.002 0.02 0.019 0.015 0.01 0.012 0.003 0.017 0.017 0.009 0.014
Table 21. Actual evaluation matrix (Kr).
(] G C3 Cy Cs Cs Cy Cs Gy Co Cnn Cp Ciz Cuy Ci5 Cig Cry
A; 0.002 0.002 0.004 0.000 0.000 0.000 0.000 0.016 0.000 0.004 0.007 0.002 0.007 0.015 0.005 0.012 0.013
A, 0012 0.011 0.010 0.010 0.009 0.002 0.002 0.000 0.018 0.010 0.000 0.001 0.017 0.000 0.003 0.000 0.000
Az 0.003 0.007 0.004 0.005 0.005 0.001 0.001 0.018 0.018 0.004 0.003 0.003 0.007 0.017 0.009 0.014 0.015
A4 0.006 0.013 0.011 0.009 0.013 0.004 0.001 0.001 0.019 0.010 0.011 0.000 0.013 0.000 0.000 0.000 0.000
As 0.000 0.000 0.000 0.001 0.000 0.002 0.000 0.020 0.003 0.000 0.012 0.003 0.000 0.012 0.009 0.010 0.010
Table 22. Gap values (G).
(6] G C3 Cy Cs Cs Cy Cs Gy Co Cnn Cp Ciz Cuu C5 Cig  Cry
Ay 0.01 0011 0.006 0.01 0.013 0.004 0.002 0.004 0.019 0.011 0.006 0.005 0.001 0.01 0.002 0.004 0.002
Ay 0 0.002 0 0 0.004 0.002 0.000 0.020 0.001 0.005 0 0.012 0.002 0 0.016 0.006 0.014
Az 0.008 0.006 0.007 0.005 0.008 0.003 0.001 0.002 0.001 0.011 0.006 0.009 0 0.01 0 0 0
Ay 0006 O 0 0001 O 0 0.001 0.019 0.000 0.005 0 0.001 0.003 0.004 0.017 0.009 0.014
As 0.012 0.013 0.011 0.009 0.013 0.002 0.002 0.000 0.016 0.015 0.01 0 0 0.017 0.005 0 0.004

4.2. Sensitivity Analysis

We performed a sensitivity analysis to check the reliability of our decision-making

approach. We varied the importance given to each expert’s opinions to see how this affected

the weights of different criteria. Four scenarios were considered with different weights

assigned to three experts, which is shown in Table 23. In three of the scenarios, one expert

had the most influence, while in the fourth scenario, all experts had equal influence.

https://doi.org/10.3390/en19061398


https://doi.org/10.3390/en19061398

Energies 2026, 19, 1398 24 of 31

Table 23. Scenarios for sensitivity analysis with changing expert weights.

Scenarios Expert-1 Expert-2 Expert-3
SC-1 0.5 0.35 0.15
5C-2 0.35 0.15 0.5
SC-3 0.15 0.5 0.35
SC-4 0.333 0.333 0.333

We analyzed the sensitivity to changes in expert weights using the DEMATEL-
MAIRCA integrated approach for the SF set, as demonstrated in Figure 4. In order to
guarantee the dependability of our integrated approach, it was imperative to investigate
the impact of criterion weight variations on the alternative ranking outcomes, particu-
larly when the expert weights were equivalent. As depicted in Figure 4, the rankings
of the five alternatives remain virtually unchanged across all four scenarios. The two
most important alternatives are A, (Bozhong 28-2 South Oilfield Secondary Adjustment
Project) and A3 (Lufeng 12-3 Oil Field Development Project). This validates the stability
of the DEMATEL-MAIRCA framework under the utilization of the SF sets, indicating
its robustness and reliability in decision-making processes. Figure 5 shows the results of
the sensitivity analysis, taking into account the change of the criteria weights. Table 24
demonstrates the results of the five OOGF extraction projects which exhibit variations in
18 distinct scenarios. This observation suggests that the SF-MAIRCA method is responsive
to alterations in the assessment criteria. Consequently, the consolidation of SF-DEMATEL
and SF-MAIRCA is justifiable for evaluating the OOGFGPs, ensuring a comprehensive
and sensitive evaluation framework.

6
5 ﬂ\ FA—
4 | e SC-1
~ \
53 S —=5C-2
2 A By SC-3
1 e SC-4
0
Al A2 A3 A4 A5

Figure 4. Results of sensitivity analysis with changing expert weights.

SC-1

——Al
——A2
A3
A4
—#—AS

SC-10

Figure 5. Results of sensitivity analysis with changing criteria weights.
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Table 24. Results of sensitivity analysis with changing criteria weights.

Scenarios C1 C2 C3 C4 C5 Cg C7 Cs Cg Cm C11 C12 C13 C14 C15 C15 C17
SC-1 0.055 0.059 0.032 0.068 0.034 0.048 0.039 0.062 0.087 0.088 0.061 0.049 0.046 0.073 0.066 0.082 0.053
S5C-2 0.059 0.032 0.068 0.034 0.048 0.039 0.062 0.087 0.088 0.061 0.049 0.046 0.073 0.066 0.082 0.053 0.055
SC-3 0.032 0.068 0.034 0.048 0.039 0.062 0.087 0.088 0.061 0.049 0.046 0.073 0.066 0.082 0.053 0.055 0.059
SC-4 0.068 0.034 0.048 0.039 0.062 0.087 0.088 0.061 0.049 0.046 0.073 0.066 0.082 0.053 0.055 0.059 0.032
SC-5 0.034 0.048 0.039 0.062 0.087 0.088 0.061 0.049 0.046 0.073 0.066 0.082 0.053 0.055 0.059 0.032 0.068
SC-6 0.048 0.039 0.062 0.087 0.088 0.061 0.049 0.046 0.073 0.066 0.082 0.053 0.055 0.059 0.032 0.068 0.034
SC-7 0.039 0.062 0.087 0.088 0.061 0.049 0.046 0.073 0.066 0.082 0.053 0.055 0.059 0.032 0.068 0.034 0.048
SC-8 0.062 0.087 0.088 0.061 0.049 0.046 0.073 0.066 0.082 0.053 0.055 0.059 0.032 0.068 0.034 0.048 0.039
SC-9 0.087 0.088 0.061 0.049 0.046 0.073 0.066 0.082 0.053 0.055 0.059 0.032 0.068 0.034 0.048 0.039 0.062

SC-10 0.088 0.061 0.049 0.046 0.073 0.066 0.082 0.053 0.055 0.059 0.032 0.068 0.034 0.048 0.039 0.062 0.087
SC-11 0.061 0.049 0.046 0.073 0.066 0.082 0.053 0.055 0.059 0.032 0.068 0.034 0.048 0.039 0.062 0.087 0.088
SC-12 0.049 0.046 0.073 0.066 0.082 0.053 0.055 0.059 0.032 0.068 0.034 0.048 0.039 0.062 0.087 0.088 0.061
SC-13 0.046 0.073 0.066 0.082 0.053 0.055 0.059 0.032 0.068 0.034¢ 0.048 0.039 0.062 0.087 0.088 0.061 0.049
SC-14 0.073 0.066 0.082 0.053 0.055 0.059 0.032 0.068 0.034 0.048 0.039 0.062 0.087 0.088 0.061 0.049 0.046
SC-15 0.066 0.082 0.053 0.055 0.059 0.032 0.068 0.034 0.048 0.039 0.062 0.087 0.088 0.061 0.049 0.046 0.073
SC-16 0.082 0.053 0.055 0.059 0.032 0.068 0.034 0.048 0.039 0.062 0.087 0.088 0.061 0.049 0.046 0.073 0.066
SC-17 0.053 0.055 0.059 0.032 0.068 0.034 0.048 0.039 0.062 0.087 0.088 0.061 0.049 0.046 0.073 0.066 0.082
SC-18 0.059 0.059 0.059 0.059 0.059 0.059 0.059 0.059 0.059 0.059 0.059 0.059 0.059 0.059 0.059 0.059 0.059

4.3. Comparative Analysis

The weighting criteria were determined by applying SF-DEMATEL. Subsequently,
SF-MAIRCA, SF-TOPSIS, SF-VIKOR, and SF-RSR were employed for further evaluation.
Figure 6 and Table 25 present the amalgamated results of the assessment of the five alter-

natives using these four methodologies. Table 26 utilizes the Spearman rank correlation

(SRC) to compare the ranking outcomes, revealing a robust positive correlation between
the SF-MAIRCA rankings and those obtained from SF-TOPSIS, SF-VIKOR, and SF-RSR
methods. Notably, the sequencing sequences derived from these three methods exhibit

significant similarities.

Rank

W SF-TOPSIS

m SF-VIKOR

SF-RSR

m SF-MAIRCA

Al A2 A3 A4 A5
Figure 6. Combined results of the evaluation of the five alternatives using these four methods.
Table 25. Combined results of the evaluation of the five alternatives using these four methods.
SF-TOPSIS SF-VIKOR SF-RSR SF-MAIRCA

Al 4 5 4 4

A2 3 3 3 3

A3 1 1 1 1

A4 2 2 2 2

A5 5 4 5 5
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Table 26. Spearman rank correlation results.
SF-TOPSIS SF-VIKOR SF-RSR SF-MAIRCA
SF-TOPSIS 1(0.000 ***) 0.9(0.037 **) 1(0.000 ***) 1(0.000 ***)
SF-VIKOR 0.9(0.037 **) 1(0.000 ***) 0.9(0.037 **) 0.9(0.037 **)
SF-RSR 1(0.000 ***) 0.9(0.037 **) 1(0.000 ***) 1(0.000 ***)
SF-MAIRCA 1(0.000 ***) 0.9(0.037 **) 1(0.000 ***) 1(0.000 ***)

Note: ***, ** represent 1%, 5%, and 10% significance levels, respectively.

However, in the SE-MAIRCA method, the five OOGF extraction projects are identified
by measuring the difference between the ideal and empirical evaluations, which reduces
the complexity of the computational process by using a linear normalization process and
simple mathematical calculations. The SF-MAIRCA, SF-TOPSIS, SF-VIKOR, and SF-
RSR methods identify the two most important alternatives, which are A, (Bozhong 28-2
South Oilfield Secondary Adjustment Project) and A (Lufeng 12-3 Oil Field Development
Project). Furthermore, the SF-MAIRCA method demonstrates consistency in identifying
less significant alternatives, which validates the applicability and effectiveness of the
proposed integration methodology. This consistency strengthens the reliability of the
method in practical scenarios.

5. Discussion
5.1. Interpretation of the Ranking: Project Characteristics and Environmental Performance

The ranking hierarchy (A3 > A4 > A2 > Al > Ab) reflects fundamental differences
in project type, development phase, and operational configuration, which collectively
determine environmental outcomes.

A3 (Lufeng 12-3) emerged as the top performer, consistent with its characterization as
anew development project. New builds benefit from technological lock-in advantages: they
can incorporate best-available energy-efficient equipment (C8, C10), integrate renewable
energy sources (C6) more readily than brownfield projects, and are designed to meet
contemporary emission standards from inception. In the Bohai Bay context, where stringent
environmental regulations apply uniformly, newer projects face lower retrofitting costs and
compliance burdens, explaining their superior environmental profile.

A4 (Kenli 10-1), classified as a research project, ranked second. While still in the
planning phase, its position reflects the inherent environmental advantage of “design
flexibility.” Research-phase projects can incorporate emerging low-carbon technologies,
optimize facility layouts to minimize transportation emissions (C16), and conduct compre-
hensive environmental impact assessments before construction commences. This finding
underscores the critical importance of integrating environmental considerations early in the
project lifecycle—a principle increasingly emphasized in offshore o0il and gas environmental
management frameworks.

A2 (Bozhong 28-2 South), a secondary adjustment project, occupied the middle po-
sition. Secondary recovery operations typically involve increased water handling and
enhanced compression requirements, which elevate energy consumption and associated
emissions. However, as an adjustment of existing infrastructure, A2 retains some mitigation
potential through equipment upgrades, placing it ahead of fully operational fields with
limited modification scope. This result highlights the environmental trade-offs inherent in
extending field life: while secondary recovery improves resource utilization efficiency, it
inevitably increases operational environmental intensity.

Al (Huangyan 14-1), a gas field development, ranked fourth—a finding that merits
careful interpretation. While natural gas combustion produces lower local air pollutants
(C3) than oil, gas fields present distinct environmental challenges, particularly regard-
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ing methane fugitive emissions. Methane’s global warming potential is approximately
28-34 times that of CO; over a 100-year period, meaning that even small leakage rates
can substantially increase a project’s climate impact. The expert ranking appropriately
captures this nuance: despite cleaner combustion characteristics, Al’s potential methane
leakage from wet gas compressors (C10) and processing facilities likely elevates its overall
greenhouse gas intensity (C11), justifying its position below A2 and A4. This finding aligns
with growing scientific consensus that natural gas infrastructure requires rigorous leak
detection and repair programs to realize its climate benefits.

A5 (Kenli 3-2 Cluster) ranked lowest, consistent with the environmental penalties as-
sociated with cluster development configurations. Cluster developments typically involve
multiple small platforms tied back to central processing facilities, necessitating frequent
transportation (C16) between sites, increased diesel generator usage for remote platforms
(C7), and greater spatial footprint within sensitive marine ecosystems. In the Bohai Bay
context—a semi-enclosed sea with limited water exchange and high cumulative pollu-
tion loads—cluster developments exacerbate environmental stress through distributed
emissions and intensified logistical activity. The low ranking also reflects anticipated stake-
holder opposition (C12, C13) from coastal communities and fisheries, which are particularly
sensitive to cumulative impacts in densely developed marine areas.

5.2. Policy Scenario Testing: Implications for Energy Transition Pathways

The electrification scenario analysis provides critical insights into how ongoing energy
transition policies may reshape project-level environmental competitiveness. Under the
Bohai Bay shore power initiative—which aims to replace platform-based power generation
with grid-supplied electricity—all projects demonstrated improved environmental scores,
confirming the policy’s intended effectiveness. However, the magnitude of improvement
varied systematically across projects, with A3 and A4 showing the largest gains (+4.2%)
and A5 the smallest (+2.1%).

This differential responsiveness carries important implications for environmental
management and investment planning:

First, the results suggest that newer and research-phase projects are better positioned
to benefit from grid decarbonization. As the North China Grid gradually reduces its
carbon intensity through renewable energy integration, projects with shore power connec-
tivity and modern electrical infrastructure will experience compounding environmental
benefits. This “green dividend” of new builds reinforces the economic case for early-stage
environmental investments.

Second, the relatively modest improvement for A5 under electrification (+2.1%) reflects
the structural constraints of cluster developments. Remote satellite platforms may lack
feasible shore power connections due to distance from main grids or high transmission
losses, potentially requiring continued reliance on diesel generation. This finding suggests
that policy interventions may need to be tailored to project configurations, with cluster
developments requiring alternative decarbonization pathways such as localized renewable
microgrids or advanced energy storage.

Third, the stability of the ranking across scenarios (no positional changes) indicates
that current environmental performance is a robust predictor of future policy compatibility.
Projects that rank higher under baseline conditions are also better positioned to adapt
to tightening environmental regulations—a property we term “policy resilience”. This
resilience has practical implications for investment decisions, regulatory approvals, and
environmental due diligence in the offshore oil and gas sector.
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6. Conclusions

In the context of carbon neutrality and carbon peaking, it has become a great challenge
to build and develop sustainable offshore oil and gas fields in a green way. The OOGFGP
aims to realize a win-win situation between production and environmental protection by
adopting cleaner production technologies, circular economy models and energy-saving and
environmental protection measures. Evaluating OOGFGP is of great significance for imple-
menting green manufacturing, accelerating the green transformation and development of
the manufacturing industry, and promoting the stable growth of the industry. Evaluation
of the OOGFGP requires multiple interacting criteria. Therefore, evaluating OOGFGP
also falls within the scope of research on MCDM. Considering the importance of energy
sustainability and green development in OOGF extraction projects, this paper proposes
an OOGFGP evaluation model based on SE-DEMATEL-MAIRCA. The most important
contributions can be counted as follows: (1) In this paper, a comprehensive evaluation
criteria system is constructed for the OOGFGP. (2) The paper proposes the DEMATEL-
MAIRCA method under SF sets to evaluate the OOGFGP. This method takes into account
the judgment and preference information of decision makers in a comprehensive manner,
thereby facilitating rational evaluation and modeling of decision-making problems.

The limitation of this study is the use of fuzzy sets to deal with the information
uncertainty of expert evaluation, which does not take into account the experts’ preference.
In addition, this study only investigated the evaluation of green factories in offshore oil and
gas fields and did not investigate the impact projects such as renewable energy utilization.
Moreover, while this study primarily concentrates on green factory evaluation, several key
offshore issues were not included in the evaluation framework.

Therefore, the following studies can be carried out in future research: (i) Consider the
introduction of regret theory for the assessment of green factories in OOGFs; (ii) investigate
the projects in conjunction with objective data for further assessment and calculation;
and (iii) consider incorporating key issues such as methane emissions, flaring/venting,
produced water impacts, spill preparedness, and decommissioning into the evaluation
framework for a more comprehensive assessment.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/en19061398/s1, Table S1: Judgement opinions of expert-2 regarding
the 17 criteria; Table S2: Judgement opinions of expert-3 regarding the 17 criteria; Table S3: Judgement
opinions of expert-2 regarding the 5 alternatives; Table S4: Judgement opinions of expert-3 regarding
the 5 alternatives.
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