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Theworsening of climate conditions is closely related to the large amount of carbon
dioxide produced by human use of fossil fuels. Under the guidance of the goal of
“carbon peaking and carbon neutrality goals”, with the deepening of the structural
reform of the energy supply side, the hybrid energy system coupled with renewable
energy has become an important means to solve the energy problem. This paper
focuses on the comprehensive evaluation of hybrid energy systems. A complete
decision support system is constructed in this study. The systemprimarily consists of
four components: 1) Twelve evaluation criteria from economic, environmental,
technological, and socio-political perspectives; 2) A decision information collecting
and processing method in uncertain environment combining triangular fuzzy
numbers and hesitation fuzzy language term sets; 3) A comprehensive weighting
method based on Lagrange optimization theory; 4) Solution ranking based on the
fuzzy VIKOR method that considers the risk preferences of decision-makers.
Through a case study, it was found that the four most important criteria are
investment cost, comprehensive energy efficiency, dynamic payback period and
energy supply reliability with weights of 7.21%, 7.17%, 7.17%, and 7.15% respectively.
A1 is the scheme with the best comprehensive benefit. The selection of solutions
may vary depending on the decision-maker’s risk preference. Through the
aforementioned research, the decision framework enables the evaluation of the
overall performance of the system and provides decision-making references for
decision-makers in selecting solutions.
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1 Introduction

1.1 Background and motivation

Energy is the cornerstone of human survival and development. Faced with multiple
challenges such as resource shortage, environmental damage and climate change,
traditional energy production and supply modes cannot meet the needs of social
development (Zhang et al., 2023). As the world’s largest carbon emitter, China’s main
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source of carbon dioxide emissions is the burning of fossil fuels,
accounting for 88% (Zeng et al., 2023). Therefore, it is urgent to
carry out clean and efficient reform of China’s energy supply
system and consumption structure.

New energy sources such as wind and solar power, due to their
abundant resources and zero emissions, will play a supporting role
in the entire transition process (Niu et al., 2022). However, the
mismatch between the output characteristics and the load of
renewable energy, resulting in low actual utilization, still hinders
its large-scale distribution (Liu et al., 2019; Liu et al., 2022a; Yong
et al., 2022). With the continuous development of energy
management, energy monitoring, energy storage (ES), and
distributed generation technologies, the hybrid energy system
(HES) that incorporates renewable energy generation is regarded
as a crucial solution to address future energy challenges (Ke et al.,
2022). HES achieves an organic coordination and optimization of
energy production, transmission, distribution, conversion, storage,
and consumption across multiple time scales, enabling an integrated
supply of energy production and consumption (Liu et al., 2022b), as
shown in Figure 1.

However, the layout and promotion of HES are still in the
early stage, with limited demonstration projects. As an energy
project, the lack of a comprehensive evaluation system during the
investment decision-making stage is a significant obstacle to the
development of HES. Decision-makers (DMs) need a
comprehensive understanding of the project to be motivated
to invest in its construction. Therefore, in order to address
this issue and promote the sustainable development of HES,
this study establishes a comprehensive evaluation framework
for HES.

1.2 Literature review

HES, consisting of renewable and fossil energy sources, is an
important approach to addressing energy supply issues (Li et al.,
2018). As a result, researchers have conducted extensive studies on
HES. Devrim and Bilir, (2016) investigated a system that integrates
wind turbines, photovoltaic panels, and fuel cells to meet the
electricity demand of residential buildings. Zhou et al. (2019)
studied the performance of the entire system after incorporating
wind and solar power generation into the integrated energy system.
Sezer et al. (2019) proposed a multi-output system that stores and
converts concentrated solar, wind, and hydrogen energy. Ruiming
(2019) optimized a hydrogen-integrated energy system, including
wind turbines, photovoltaics, electrolyzers, and fuel cells. Eriksson
and Gray, (2017) provided a detailed review of energy systems that
couple renewable energy generation, hydrogen storage, and fuel
cells, conducting a comprehensive comparative analysis and outlook
while maintaining a positive outlook on the industry’s development.
Building on this foundation, Zhang et al. (2022a) proposed that the
capacity configuration optimization of a HES is the basis for system
development, with the goal of increasing system economics. Liu et al.
(2022a) studied the optimal size of HES considering economic,
environmental, and thermal comfort benefits and solved the model
using NSGA-II. The aforementioned studies primarily focus on the
structural characteristics and capacity configuration optimization of
HES, revealing that HES with integrated renewable energy sources
has a solid theoretical and practical foundation and provides
significant environmental and social benefits.

Conducting a comprehensive evaluation of HES is important
both for assessing the overall performance of the system and

FIGURE 1
Structure map of hybrid energy system.
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providing decision-making guidance for selecting appropriate
solutions. Current research on the comprehensive evaluation of
HES mainly includes the establishment of evaluation indicator
systems, determination of indicator weights, and ranking of
alternative solutions. Zhou et al. (2020) constructed performance
analysis indicators from five aspects: energy utilization, economy,
environment, technology, and society, to optimize decision-making
for integrated energy systems coupling renewable energy generation.
Yang et al. (2018) considered economic, technical, social, and
environmental analysis indicators to comprehensively evaluate
planning schemes for distributed energy systems. Ke et al. (2022)
conducted a comprehensive evaluation of HES using nine indicators
in four aspects: economic, energy utilization, environmental impact,
and social acceptance. Building on this, Zhang et al. (2021)
considered the comprehensive grid loss rate to analyze the
overall benefits of HES driven by wind and solar energy, and
conducted case studies. It is evident that the comprehensive
evaluation of HES needs to consider multiple aspects,
constituting a multi-criteria decision-making (MCDM) problem.
The determination of indicator weights is an important step in
solving MCDM and can be approached through subjective weight
methods, objective weight methods, and integrated weight methods
(Wu et al., 2016; Wu et al., 2018; Qian et al., 2021; Zhang et al., 2021;
Yong et al., 2022). Subjective weight methods reflect the subjective
preferences of decision-makers (Wu et al., 2023a), while objective
weight methods focus on the intrinsic relationships among data.
Integrated weight methods combine the two through certain
mathematical methods to achieve a balance between subjectivity
and objectivity (Zhang et al., 2022b). Yong et al. (2022) employed a
combination of Step-wise Weight Assessment Ratio Analysis
(SWARA) and entropy method using Lagrange optimization,
achieving effective weight optimization solutions that might
provide insights for this paper. As for the ranking of alternative
solutions, commonly used methods include Analytic Hierarchy
Process (AHP), Analytic Network Process (ANP), Technique for
Order Preference by Similarity to an Ideal Solution (TOPSIS),
among others. However, many of these methods do not
adequately account for DMs` bounded rationality. The VIse
Kriterijumski Optimizacioni Racun (VIKOR) method is capable
of effectively addressing the aforementioned issues. Kamali Saraji
et al. (2023) utilized the VIKOR method to rank eight challenges
related to the adoption of renewable energy in rural areas. Abdul
et al. (2022) employed the VIKOR method to prioritize the selection
of solar energy, wind energy, hydropower, and biomass energy in
developing countries. These studies demonstrate the mature
application of the VIKOR method in the energy sector.
Moreover, due to its ability to reflect decision-makers’ subjective
preferences, this paper intends to use the VIKOR method to rank
alternative scenarios for HES. However, the traditional VIKOR
method may not fully meet the practical decision-making
requirements, prompting further improvements in this study.

Through the summary and analysis of related literature, the
critical findings are as follows:

(1) Existing comprehensive evaluation studies mostly focus on HES
that provide combined heat, power, and cooling, and there is a
lack of research that incorporate renewable energy for hydrogen
production.

(2) The existing comprehensive evaluation indicators for HES
commonly suffer from deficiencies such as the lack of rational
selection of indicators and difficulties in quantifying them.

(3) Current comprehensive evaluation research on HES lacks
considerations for collecting complete decision-making
information and addressing information loss during processing.

1.3 Objectives and contributions

The above literatures provide significant inspiration for this
study, but it also highlights certain deficiencies in current research.
Therefore, the main objectives of this paper are to address the
existing gaps in research and construct a rational and
comprehensive framework for the comprehensive evaluation of
HES, providing DMs with solid theoretical and methodological
support. The main contributions of this paper are as follows:

(1) This paper addresses the comprehensive evaluation of HES that
incorporate renewable energy for hydrogen production,
expanding the research in this field.

(2) This paper establishes a complete and operational decision
support system for decision-makers. The HES comprehensive
evaluation decision support system consists of three parts:
evaluation indicators, indicator weight determination, and
alternative solution ranking. DMs can directly apply this
model to conduct comprehensive evaluations of various HES.
Additionally, each part of the decision support system takes into
account the subjective preferences of DMs.

(3) This paper thoroughly considers and resolves the issues of
fuzziness and randomness in the decision-making
environment. Extended fuzzy logic is employed for collecting
and processing decision-making information in order to
maximize information gathering and minimize losses.

The remainder of this paper is organized as follows: Section 2
establishes a comprehensive evaluation index system of HES;
Section 3 utilizes a series of methods to construct the HES
comprehensive evaluation model; Section 4 uses a park in Gansu
Province to carry out empirical analysis; Section 5 analyzes and
discusses the calculation results, including sensitivity analysis and
comparative analysis; Section 6 gives the conclusion and outlook.

2 Evaluation criteria system for HES

The indicator system serves as an important foundation for
conducting comprehensive evaluations of HES. A good indicator
system should encompass comprehensiveness, rationality, and
innovation. Therefore, this paper will first review the indicator
systems used in relevant studies to explore the common indicators
for HES comprehensive evaluation, as shown in Table 1. Secondly,
since the experts are distributed in different regions, Delphi
technology is used to collect the decision-making information of
the experts. The information in Table 1 and the architecture of HES
were sent to a number of experts. Experts analyze and select the
comprehensive evaluation indicators. We aggregated the reports of
each expert to form a preliminary indicator system, which is then
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distributed to the experts for analysis. So repeated, and eventually
formed a generally recognized indicator system. Finally, based on this,
innovative indicators applicable to HES systems including hydrogen
production processes will be proposed.

Based on the above analysis, this paper constructs a
comprehensive benefit evaluation indicator system for HES from
four aspects: economy, environment, technology, and socio-policy.

2.1 Economic criteria

The economic indicators of evaluation index system are as
follows:

Investment cost (C11): Investment cost refers to all expenses
incurred in the initial stage of HES construction. It determines to a
certain extent the difficulty of system construction and economic
benefits. Since labor costs can be neglected compared to equipment
procurement costs, the initial investment can be simplified as the
cost of equipment procurement during the construction period.
C11 is a cost criterion.

IC � ∑k
i�1
cinv,iQi (1)

where IC refers to investment cost; cinv,i is unit investment cost of
the device i; Qi indicates the capacity of the device i.

Dynamic payback period (C12): The dynamic payback period
refers to the time required for a project’s net returns to offset the
total investment, taking into account the time value of money. This
metric examines the ability of the project to recover its investment
and is related to investment risk (Li et al., 2022a). C12 is a cost
criterion.

Operation and maintenance cost (C13): The operation and
maintenance costs of HES consist of two parts. Firstly, there are the
costs incurred from purchasing energy from external sources,
which mainly include the gas consumption of the CCHP unit
and the purchased electricity from the external grid when
renewable energy generation is insufficient. The second part
includes the management expenses and labor costs associated
with operating the equipment (Ke et al., 2022). C13 is a cost
criterion.

Coper � ∑Y
y�1

Ry ∑8760
t�1

celectricityt,y Pelectricity
t,y + cgast,y P

gas
t,y( ) +∑k

i�1
Ci,y

⎡⎣ ⎤⎦ (2)

where Coper refers to operation and maintenance cost; celectricityt,y and
cgast,y indicate electricity purchases and gas purchases respectively;

TABLE 1 Index aggregation in relevant literature.

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

Investment cost ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Internal rate of return ✓ ✓ ✓

Operation and maintenance cost ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Dynamic payback period ✓ ✓ ✓ ✓ ✓

Annual Nox emission reduction ✓ ✓ ✓ ✓

Carbon dioxide emissions ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Air pollutant discharge ✓ ✓ ✓

Land occupation ✓ ✓ ✓ ✓ ✓

Noise ✓ ✓ ✓ ✓

Renewable energy penetration ✓ ✓ ✓ ✓

Comprehensive energy efficiency ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Energy supply reliability ✓ ✓ ✓ ✓ ✓

Comprehensive network loss rate ✓ ✓

Device utilization rate ✓ ✓ ✓ ✓

Exergic efficiency ✓ ✓

Level of advancement ✓

Social welfare ✓ ✓ ✓

Public satisfaction ✓ ✓ ✓ ✓ ✓

Industrial benefit ✓ ✓

Job creation ✓ ✓ ✓

Compatibility with policies ✓ ✓

References: 1= (Song et al., 2022); 2= (Liang andWang, 2023); 3= (Li et al., 2022b); 4= (Zheng andWang, 2020); 5= (Shen et al., 2022); 6= (Zhao et al., 2022); 7= (Ke et al., 2022); 8= (Zhang et al.,

2021); 9= (Qin et al., 2021); 10= (Wen et al., 2021); 11= (Qian et al., 2021).
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Pelectricity
t,y and Pgas

t,y are the price of electricity and gas; Ci,y is the
maintenance cost of device i; Y is the planned operating cycle
of HES.

Hydrogen yield rate (C14): The ratio between the economic
benefits obtained from the hydrogen production process and the
input costs. This ratio can be used to evaluate the economic
feasibility and profitability of the electrolytic hydrogen
production equipment (Liang and Wang, 2023). C14 is a
beneficial criterion.

HYR � PH2cH2 − celectricityEHP Pelectricity − coper,EHP

ICinv,EHP
(3)

whereHYR refers to hydrogen yield rate; PH2 and cH2 indicate the
price and the yield of hydrogen; celectricityEHP and coper,EHP are the
electricity consumed and operation and maintenance cost
of EHP.

2.2 Environmental criteria

The environmental indicators of evaluation index system are as
follows:

Carbon dioxide emissions (C21): This indicator refers to the
annual total carbon dioxide emissions from HES (Qin et al., 2021).
C21 is a cost criterion.

QCO2 � celectricityy δgrid + cgasy δgas (4)

where QCO2 refers to carbon dioxide emissions; δgrid indicates grid
emission factor; δgas is the amount of carbon dioxide released by per
cubic meter natural gas combustion.

Air pollutant emissions (C22): This indicator refers to the
annual total emissions of SO2, NOx, and particulate matter
generated by HES each year. C22 is a cost criterion.

Qpollution � φS + φN + φP( )cgasy (5)

where φS, φN and φP are SO2, NOx and particulate matter emissions
per cubic meter natural gas combustion.

Land occupation (C23): The construction of HES will require
land, which will have a certain impact on natural scenery and urban
planning (Wen et al., 2021). C23 is a cost criterion.

Noise (C24): Due to the presence of various energy supply
equipment in HES, there will be some noise generated during
operation. The noise can cause disruptions to the normal lives of
workers and nearby residents and, in the long run, can have
significant health impacts on the human body (Qian et al., 2021).
C24 is a cost criterion.

2.3 Technical criteria

The technical indicators of evaluation index system are as
follows:

Comprehensive energy efficiency (C31): The comprehensive energy
utilization rate reflects the degree of coupling and complementary
utilization of multiple energy flows at different time scales, and can
be used to measure the level of comprehensive energy utilization in a
system (Zheng and Wang, 2020). C31 is a beneficial criterion.

CEE � celectricitycons,y + cgascons,y

celectricityy + acgasy + PRE
y

(6)

where CEE refers to comprehensive energy efficiency; celectricitycons,y and
cgascons,y represent the annual electric energy and heat energy
consumed in the park respectively. PRE

y is the total amount of
clean energy entered into the system by new energy equipment;
a is the low calorific value of natural gas.

Energy supply reliability (C32): The ES in the park and their
connection to the external power grid significantly reduce the
impact of the intermittency of renewable energy and power
equipment failures on the system’s reliability. Therefore, this
study considers reflecting the system’s reliability by evaluating
the energy supply-demand imbalance within the park when the
system is operating in island mode (Ke et al., 2022). C32 is a
beneficial criterion.

ρ� 1−ΔLE+ΔLH+ΔLC

LE + LH + LC
(7)

where ρ refers to energy supply reliability; LE, LH and LC indicate the
electricity, heat and cooling consumption of users, respectively; ΔLE,
ΔLH and ΔLC are the deviation of the electricity, heat and cooling
consumption.

Device utilization rate (C33): The equipment utilization rate
represents the ratio of the actual output power of the energy
generation devices installed in the park to their rated power,
reflecting the efficiency of the equipment’s production. C33 is a
beneficial criterion.

DUE �
∑k
i�1
Pout,i

∑k
i�1
Prated,i

(8)

whereDUE refers to device utilization rate; Pout,i and Prated,i indicate
the output power and rated power of device i respectively.

ES equivalent utilization coefficient (C34):The ES equivalent
utilization coefficient represents the utilization rate of the ES in HES,
reflecting the significance of ES and the rationality of capacity
allocation. C34 is a beneficial criterion.

EAF � EC
ES,y + ED

ES,y

8760PES
(9)

where EAF refers to ES equivalent utilization coefficient; EC
ES,y and

ED
ES,y indicate annual total charging capacity and annual discharging

capacity of ES respectively; PES is the rated capacity.

2.4 Social-political criteria

The social-political criteria indicators of evaluation index system
are as follows:

Level of advancement (C41): The level of advancement refers to
the level of advancement of the HES compared to similar projects
domestically and internationally. It influences the extent of policy
and financial support that the project can receive after construction
and implementation. This indicator is related to the technological
advancement, innovative mode, and scalability of the project. C41 is
a beneficial criterion.
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Public satisfaction (C42): Public satisfaction is mainly related to two
aspects: firstly, the public’s acceptance of the project’s construction,
which is related to the engineering implementation plan and operational
mechanisms; secondly, the users’ intuitive experience with theHES. This
indicator has a significant impact on the promotion and later operation
of the project. C42 is a beneficial criterion.

Job creation (C43): The construction and operation of HES will
stimulate local employment and the development of the service industry.
The research and development, as well as the manufacturing of related
equipment, will promote the employment of engineering and technical
personnel (Qian et al., 2021). C43 is a beneficial criterion.

Compatibility with policies (C44): As a new type of energy
utilization model, most HES are still in the planning and initial
construction phase. Therefore, adopting system solutions that are
more compatible with national policies is more conducive to
obtaining financial support from the government. This aspect
plays a significant role in determining whether the project can
obtain feasibility approvals. C44 is a beneficial criterion.

3 Materials and methods

3.1 Methods of collecting decision-making
information

The collection and processing of decision information are
among the most crucial issues in the field of MCDM. In the
investment decision-making process for the HES, there will be a
significant amount of uncertainty due to its novelty and cutting-edge
nature. Uncertainty can introduce ambiguity and randomness into
the decision environment, making it challenging for DMs to assess
the HES. Therefore, it is essential to address the significant issue of
how to gather decision information that reflects the most authentic
thoughts of DMs. Additionally, the process of handling decision
information should minimize information loss as much as possible
to ensure the rationality of evaluation results.

3.1.1 Hesitant fuzzy linguistic term set
In a fuzzy environment, the decision-making process often

brings significant hesitation to DMs. Especially when evaluating
qualitative indicators, DMs does not necessarily have an in-depth
study of all aspects of HES. They may hesitate between adjacent
measurement levels, unable to provide precise and singular decision
information. Hesitant fuzzy linguistic term set (HFLTS) can obtain
expert subjective evaluation information more flexibly, thereby
maximizing the integrity of decision information (Yong et al., 2023).

The definitions related to HFLTS are as follows:

Definition 1: A linguistic term set S � si, si+1, si+2,/,sn{ } is a finite
ordered collection of linguistic variables with an odd number of
terms. The language term set used in this article consists of seven
linguistic variables, which are set as follows:

S � s−3, s−2, s−1, s0, s1, s2, s3{ }

� VeryLow VL( ), Low L( ), RelativeLow RL( ),Medium M( ),
High H( ), RelativeHigh RH( ), VeryHigh VH( ){ }

(10)

Definition 2:HFLTS allowsDMs to evaluate theHES by selecting one
ormultiple linguistic variables si and assigning corresponding degrees of
belief C(si) to each linguistic variable. A set of ordered linguistic terms
HS obtained based on this provision can be represented as follows:

HS � si, C si( )( ) si ∈ S|{ } (11)

Definition 3: The conversion relationship between the evaluation
information provided by DMs based on the linguistic term set and
HFLTS is as follows:

(1) EH(si) � si | si ∈ S{ } � si{ };
(2) EH(between si and sj) � sk | sk ∈ S, si ≤ sk ≤ sj{ } � si, si+1, . . . ,sj{ };
(3) EH(lower than si) � sk | sk ∈ S, sk ≤ si{ } � sk, sk+1, . . . ,si{ };
(4) EH(higher than si) � sk | sk ∈ S, sk ≥ si{ } � si, si+1, . . . ,sk{ }.

Based on the above definition, experts can give evaluation terms
that look like the following expression:

HS � 0.1
L
,
0.7
RL

,
0.2
M

{ } (12)

3.1.2 Triangular fuzzy number
The expert evaluation information can be collected more

comprehensively using HFLTS. However, this information is
currently in qualitative form and cannot be directly analyzed
and computed quantitatively. Triangular fuzzy numbers (TFNs)
are widely used to transform qualitative information into
quantitative information due to their ability to preserve fuzzy
information and their advantages of simplicity and ease of
operation. The main definitions and formulas involved in TFNs
are as follows:

Definition 4: When an information set x � [xl, xm, xu] satisfies
x | 0< xl ≤xm ≤xu, x ∈ R{ }, it is called a TFN.When all the elements
have values distributed between 0 and 1, the TFN is referred to as a
standard TFN, and its membership function μx(x) is defined as
follows:

μ~x x( ) �

0, if x< xlorx> xu

x − xl( )
xm − xl( ) , if xl ≤ x≤ xm

xu − x( )
xu − xm( ) , if xm ≤x≤xu

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩
(13)

By performing the defuzzification operation on TFNs, their crisp
values can be obtained:

R ~x( ) � xl+4xm + xu

6
(14)

The specific representation of TFNs in this paper is the
quantitative characterization of linguistic terms in set S.
Therefore, the correspondence between triangular fuzzy numbers
and the linguistic term set S is shown in Table 2.

Based on the theoretical analysis above, further processing can
be performed on the decision information represented by HS.
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HS � 0.1
L
,
0.7
RL

,
0.2
M

{ } � 0.1s−2, 0.7s−1, 0.2s0{ }
� 0.1* 0, 0.167, 0.333( ), 0.7* 0.167, 0.333, 0.5( ),{

0.2* 0.333, 0.5, 0.667( )}
� 0.1835, 0.3498, 0.5167( ) (15)

Definition 5: In the optimization of the HES, it involves comparing
different evaluation values. Therefore, the distance formula between
two TFNs a � [al, am, au] and ~b � [bl, bm, bu] is defined below:

D a, ~b( ) � �����������������������������
al − bl( )2 + am − bm( )2 + au − bu( )2

3

√
(16)

3.2 Methods of calculating criteria weights

The evaluation results of the HES are determined by a
combination of multiple indicators. However, the contributions
of different indicators may vary, which is reflected in the weights
assigned to the indicators. Therefore, this section will discuss the
methods for determining the indicator weights. Additionally, to
account for both the subjectivity of the DM and the objectivity of the
indicator values, this paper adopts a comprehensive weighting
method that combines subjective and objective aspects to
calculate the relative importance of each indicator.

3.2.1 SWARA method–Subjective weights
HES is a novel mode of energy production and utilization; Thus,

the proper subjectivity of DMs is important to ensure the rationality
of the evaluation results. The SWARA method, which effectively
reflects the DMs’ viewpoints and balances operability and scientific
rigor, has been widely used for determining the subjective weights of
indicators (Ghenai et al., 2020).

The main steps of SWARA are shown as below:

Step 1: According to the DM’s preferences, the indicators are
ranked in descending order of importance. Additionally, the
relative importance between the top-ranked indicator and the
remaining indicators is evaluated. The evaluation language and
the corresponding quantitative values are presented in Table 2.

Step 2: (Akhanova et al., 2020): Starting with the second attribute,
calculate the relative importance between the criterion (marked j)

and the previous criterion (marked j−1). This ratio represents the
comparative importance of sj value.

Step 3: The coefficient value cj of all criteria is calculated as follows:

cj � 1, i� 1
sj+1, i> 1{ (17)

Step 4: Calculate the correction weight value s′j.

s′j �
sj−1′

cj
(18)

Step 5: Compute the subjective weights swj.

swj �
s′j∑n
j�1s

′
j

(19)

3.2.2 Entropy weights method–Objective weights
The evaluation indicator system for the HES includes a large

number of quantitative indicators. When determining the weights of
these indicators, ignoring the influence of numerical values can result in
a lack of objectivity in the decision-making process. Therefore, this
paper adopts the entropy method to determine the objective weights of
the indicators. Themain steps of the entropymethod are as follows (Wu
et al., 2023a):

Definition 6: To eliminate the influence of different properties of
the indicators on the data dimensions and scale, it is necessary to
perform a standardization operation on the TFNs. The
standardization formula for x � [xl, xm, xu] to n � [nl, nm, nu] is
shown below (Yong et al., 2022):

nl, nm, nu[ ] � xl

xmax j
,

xm

xmax j
,

xu

xmax j
( ), xj ∈ BC

xmin j

xu ,
xmin j

xm ,
xmin j

xl( ), xj ∈ CC

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩ (20)

where BC and CC are beneficial indicator and cost indicator
respectively. xmax j � max xij | i� 1, 2, . . . ,m{ } and xmin j �
min xij | i� 1, 2, . . . ,m{ }.
Step 1: Construct the initial decision matrix as shown below:

Iij �
x11 x12 / x1n

x21 x22 / x2n

..

. ..
.

1 ..
.

xm1 xm2 / xmn

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ (21)

where xij indicates the evaluation value of alternative i under
criterion j. And i� 1, 2, . . . ..m, j� 1, 2, . . . ,n.

Step 2: Standardize the initial decision matrix through Definition 6.
And calculate the mean value of criterion j:

�fj �
1
m
∑m
i�1
nlij,

1
m
∑m
i�1
nmij ,

1
m
∑m
i�1
nuij⎛⎝ ⎞⎠ (22)

Step 3: The entropy measure ej can be obtained as follows:

TABLE 2 The fuzzy scale.

Linguistic scale Response scale

Equally important (VH) (1,1,1)

Slightly less important (H) (0.833,1,1)

Moderately less important (RH) (0.667,0.833,1)

Less important (M) (0.5,0.667,0.833)

Very less important (RL) (0.333,0.5,0.667)

Much less important (L) (0.167,0.333,0.5)

Totally less important (VL) (0,0,0.167)
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F � d nij, �fj( )∑m
i�1
d nij, �fj( ) (23)

ej� − 1
ln m( )∑mi�1 F[ ln F( )] (24)

Step 4: Calculate the objective weight of the jth criteria:

owj � 1 − ej∑n
j�1

1 − ej( ), j� 1, 2, ...,n (25)

3.2.3 Lagrange optimization–Comprehensive
weights

According to the principle of minimum discriminant
information, the comprehensive weight should reflect the
subjective and objective characteristic information as much as
possible. Thus, Lagrange optimization is used to obtain the
comprehensive weights (Huang et al., 2021).

minF � ∑n
j�1
cwj ln

cwj

swj
[ ] +∑n

i�j
cwj ln

cwj

owj
[ ] (26)

where cwj, swj and owj mean the combined, the subjective and
objective weights respectively. In addition, the above formula should
satisfy the following constraints:

(1) s.t.∑n
j�1

cwj� 1
(2) cw

j
> 0

Then

cwj �
���������
swj ⊗ owj

√∑n
j�1

���������
swj ⊗ owj

√ (27)

3.3 Method of sorting the alternatives

After obtaining the weight information of the indicators,
integrating it effectively with expert evaluation language
becomes a crucial step in the selection of the optimal solution
for the HES. The VIKOR method is a compromise-based MCDM
method that ranks alternative solutions by comparing their
proximity to the positive and negative ideal solutions (Meniz
and Ozkan, 2023). The VIKOR method can fully consider the
DMs’ subjective preferences for the HES and balance the trade-offs
between the benefits and harms of each solution. However, the
effectiveness of the VIKOR method can be greatly influenced by
uncertain environments. Therefore, this paper improves the
VIKOR method using TFNs to enhance its applicability in such
environments. The main steps of the fuzzy VIKOR method are as
follows.

Step 1: Based on the normalized initial evaluation matrix obtained
from the fuzzy entropy method, determine the best ~I

*
j and the worst

~I
−
j among all the standard evaluation values.

~I
*

j � max
i

nij � max
i

nlij,max
i

nmij ,max
i

nuij( ) (28)
~I
−
j � min

i
nij � min

i
nlij,min

i
nmij ,min

i
nuij( ) (29)

Step 2: Compute the social utility value Si and individual regret
value Gi.

Si � ∑n
j�1
cwj ·

d ~I
*

j, nij( )
d ~I

*

j, ~I
−
j( )⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝ ⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠ (30)

Gi � max
j

cwj ·
d ~I

*

j, nij( )
d ~I

*

j, ~I
−
j( )⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝ ⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠⎧⎪⎪⎨⎪⎪⎩

⎫⎪⎪⎬⎪⎪⎭ (31)

Step 3: Compute the collective benefit coefficient Qi.

Qi � β
Si −min

j
Si

max
j

Si −min
j

Si
+ 1 − β( ) Gi −min

j
Gi

max
j

Gi −min
j

Gi
(32)

where β ∈ [0, 1] is the compromise coefficient, which represents the
proportion of the collective utility and regret utility in the decision-
making process.

Step 4: Sort the solutions in ascending order based on their values
of S, G, and Q. A smaller value indicates a better solution.

Step 5: To determine the compromise solution, the alternative
solutionA1 with the lowestQ value is chosen as the optimal solution,
provided that it satisfies the following two conditions:

Condition 1: Q(A2) − Q(A1)≥ 1
m−1. Q(A1) and Q(A2) are the

benefit coefficient values of the top-ranked and second-ranked
solutions respectively. m represents the total number of solutions.

Condition 2: Acceptable Stability: If, based on the ranking
according to S and G, A1 remains in the first position.

If either of the two conditions mentioned above is not satisfied, a
set of compromise solutions is obtained:

(1) If only Condition 2 is not satisfied, both A1 and A2 are
compromise solutions.

(2) If Condition 1 is not satisfied, the maximum value of X is
obtained from the relationship Q(AX) − Q(A1)< 1

m−1, and
A1, A2,/,AX is close to the ideal solution.

3.4 Decision-making framework

The decision framework of this paper is shown in Figure 2.

4 Case study

4.1 Case background

Gansu Province is an important base for new energy in China,
ranking among the top in wind power generation and photovoltaic
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power generation. Therefore, this article selects an industrial park
in Lanzhou, Gansu Province as the service object of HES for a case
study. The industrial park is located in the northwest of Lanzhou
City and has abundant wind and solar resources, making it suitable
for the development of renewable energy generation. The area of
the park available for solar energy is 17,500 square meters, with a
solar irradiation intensity of 1,300 (kW·h)/m2. The average wind
speed is 5.5 m/s. The electricity load in the park is 3.75 MW, with
separate loads for heating (2.1 MW) and cooling (2.8 MW), and a
gas load of 3.8 MW. The wind and solar resource data are obtained
from the NASA, and the load data is provided by the local power
company.

4.2 Comprehensive evaluation of the
alternatives for HES

4.2.1 Data and decision information collection
Based on the network architecture of the HES shown in Figure 1,

this paper has formulated six different schemes in Table 3 to meet
the energy demands of the industrial park. Among them, A1, A2,
and A3 compare the advantages and disadvantages of investing in
photovoltaic and wind power in the park. A4 and A5 compare the
advantages and disadvantages of electric boilers and gas boilers.
A6 primarily utilizes CCHP units as the main heat source, coupled
with small-scale gas boilers.

To maximize daily profits using the aforementioned six
schemes, a four-season typical daily scheduling is conducted.
Based on the scheduling results and the calculation methods of
the three-level indicators in this paper, the quantitative data for the

six alternative schemes in the comprehensive evaluation index
system of HES are shown in Table 4.

The qualitative data for the six alternatives is sourced from an
expert committee. The committee is composed of four experts who
have long been engaged in research on integrated energy systems.
The experts used HFLTS to evaluate the qualitative indicators of the
alternative schemes. The evaluation results for the six alternative
schemes are presented in Table 4.

4.2.2 Criteria weights calculation
4.2.2.1 Subjective weight calculation

In this paper, the TFNs-SWARA method is used to calculate
the subjective weights of the indicators. The four experts evaluate
the priority order of the various indicators based on their own
expertise. The initial evaluation matrix by the experts is shown in
Table 4.

FIGURE 2
The framework of this study.

TABLE 3 Six different HES capacity configuration schemes.

Device name: A1 A2 A3 A4 A5 A6

Wind Power 2700 0 1400 2700 2700 2700

PV 0 2700 1400 0 0 0

Gas Boiler 2800 2800 2800 6000 0 2000

Electric Boiler 2800 2800 2800 0 6000 0

CCHP 4100 4100 4100 3900 4300 8000

Energy Storage 650 650 650 650 650 650

Electrolyzer 1800 1800 1800 1800 1800 1800
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Based on Table 5, the defuzzification operation is performed
using Eq. 14. Afterwards, the subjective weights of the HES
composite evaluation indicators can be obtained through Eqs 17–19.

4.2.2.2 Objective weights calculation
In this paper, the entropy method based on TFNs is used to

calculate the objective weights of the indicators. Firstly, the information
from Table 4 is integrated to form an initial decision matrix. Then, the
qualitative decision information in the initial decision matrix is
quantified using Eq. 15. Finally, the objective weights of the
indicators can be obtained using Eqs 20–25, as shown in Table 6.

4.2.2.3 Comprehensive weights calculation
In order to incorporate both the subjective judgments of the

experts and the inherent patterns of objective data, this paper
integrates the results of two types of weights. In this process, it is
important to minimize the loss of information. Therefore, the
Lagrange optimization method is chosen in this paper. The
integrated weights can be seen in Table 6.

It can be seen from the calculation result that economic index
and technical index are the twomost important first-level indexes. In
the secondary index, C11 (Investment cost), C12 (Dynamic payback
period), C31 (Comprehensive energy efficiency) and C32 (Energy
supply reliability) are the most important criteria, which the DMs
need to prioritize when making decisions.

4.2.3 Alternatives sorting
Once the weight calculation for the indicators is completed,

this paper will conduct a comprehensive evaluation of the six

alternative scenarios for the HES. Firstly, the normalized initial
decision matrix obtained during the objective weight calculation
process is used as the basis for the comprehensive evaluation.
Secondly, the real values of the indicators are transformed by
inversely utilizing the defuzzification formula to expand them
into TFNs. For example, (0.75, 0.75, 0.75) = 0.75. Then, the best
and worst indicator values are selected among all the standards,
and the group utility value and individual regret value are
calculated using Eqs 30, 31, as shown in Table 6. Finally, the
group benefit coefficient is calculated using Eq. 32, as shown in
Table 7. It is worth noting that the compromise coefficient β� 0.5
is chosen in this paper to simultaneously pursue maximizing
group utility and minimizing individual regret for decision-
making.

According to the compromise solution determination rules of
the VIKOR, A1 is the optimal solution in Qi, Si and Gi. And
Q(A3) − Q(A1)≥ 1

m−1� 0.2. Thus, A1 is the optimal option in the
six alternatives.

5 Discussion and analysis

In the previous chapter, this paper obtained the comprehensive
evaluation results of HES, including index weight results and
scheme ranking results. Therefore, the above results will be
analyzed in this chapter. In addition, sensitivity analysis and
comparative analysis will be employed to discuss the model.
These two types of methods will respectively verify the
robustness and rationality of the model.

TABLE 4 Quantitative and qualitative data for the six alternatives.

Quantitative data A1 A2 A3 A4 A5 A6

C11 7558 10015 8867 7513.2 7708.8 11070.6

C12 5.9 6.8 6.3 5.5 7.3 7.7

C13 643.26 657.09 650.87 621.11 670.19 994.36

C14 138.1 140.7 135.4 158.9 108.3 127.6

C21 1.76 1.9 1.85 1.99 1.94 2.44

C22 2.83 2.95 2.9 3.01 2.99 3.12

C23 10.7 8.4 9.5 10.4 11.3 12.1

C31 88.31 86.58 87.48 86.98 89.74 84.83

C32 40.37 35.62 61.33 30.77 48.55 25.85

C33 68.29 67.43 69.27 71.39 72.98 61.3

C34 380.71 386.83 368.05 401.49 388.21 410.9

Qualitative data A1 A2 A3 A4 A5 A6

C24 0.8
RH,

0.2
H{ } 0.9

L ,
0.1
RL{ } 0.8

RH,
0.2
H{ } 0.7

H , 0.3
VH{ } 0.2

M, 0.8RH{ } 0.3
H , 0.7RH{ }

C41 0.8
RH,

0.2
H{ } 0.3

M, 0.6RH,
0.1
H{ } 0.5

RH,
0.5
H{ } 0.6

M, 0.4RH{ } 0.7
RH,

0.3
H{ } 0.2

RH,
0.7
H , 0.1

VH{ }
C42 0.8

M, 0.2RH{ } 0.2
RH,

0.8
H{ } 0.3

M, 0.5RH,
0.2
H{ } 0.3

L ,
0.7
RL{ } 0.3

M, 0.7RH{ } 0.9
RL,

0.1
M{ }

C43 0.2
RH,

0.8
H{ } 0.9

M, 0.1RH{ } 0.4
M, 0.6RH{ } 0.2

RH,
0.8
H{ } 0.2

RH,
0.8
H{ } 0.3

RH,
0.7
H{ }

C44 0.3
RH,

0.7
H{ } 0.1

M, 0.9RH{ } 0.3
RH,

0.5
H , 0.2

VH{ } 0.8
M, 0.2RH{ } 0.3

RH,
0.7
H{ } 0.9

L ,
0.1
RL{ }
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5.1 Results analysis

5.1.1 Analysis of criteria weights results
The weight reweighting of HES comprehensive evaluation

indicators is shown in Table 6. From the subjective weight of

indicators, C11 (Investment cost), C31 (Comprehensive energy
efficiency), C12 (Dynamic payback period) and C32 (Energy
supply) reliability) has a high weight of 8.34%, 8.34%, 8.28%, and
7.95%, respectively. Among them, C11 and C12 are economic
indicators, which mainly reflect the economic feasibility and

TABLE 5 Subjective weight evaluation matrix of indicators and algorithm steps of SWARA.

Criteria E1 E2 E3 E4 E1 E2 E3 E4

C11 (1,1,1) (1,1,1) (0.833,1,1) (1,1,1) 1.00 1.00 0.97 1.00

C12 (1,1,1) (0.833,1,1) (0.833,1,1) (1,1,1) 1.00 0.97 0.97 1.00

C13 (0.5,0.667,0.833) (0.5,0.667,0.833) (0.667,0.833,1) (0.5,0.667,0.833) 0.67 0.67 0.83 0.67

C14 (0.333,0.5,0.667) (0.333,0.5,0.667) (0.5,0.667,0.833) (0.5,0.667,0.833) 0.50 0.50 0.67 0.67

C21 (0.5,0.667,0.833) (0.667,0.833,1) (0.667,0.833,1) (0.833,1,1) 0.67 0.83 0.83 0.97

C22 (0.5,0.667,0.833) (0.5,0.667,0.833) (0.667,0.833,1) (0.833,1,1) 0.67 0.67 0.83 0.97

C23 (0,0,0.167) (0.5,0.667,0.833) (0,0,0.167) (0.5,0.667,0.833) 0.03 0.67 0.03 0.67

C24 (0,0,0.167) (0.333,0.5,0.667) (0,0,0.167) (0.333,0.5,0.667) 0.03 0.50 0.03 0.50

C31 (0.833,1,1) (1,1,1) (1,1,1) (1,1,1) 0.97 1.00 1.00 1.00

C32 (0.833,1,1) (0.833,1,1) (1,1,1) (0.667,0.833,1) 0.97 0.97 1.00 0.83

C33 (0.667,0.833,1) (0.5,0.667,0.833) (0.5,0.667,0.833) (0.667,0.833,1) 0.83 0.67 0.67 0.83

C34 (0.333,0.5,0.667) (0.333,0.5,0.667) (0.5,0.667,0.833) (0.333,0.5,0.667) 0.50 0.50 0.67 0.50

C41 (0.333,0.5,0.667) (0.167,0.333,0.5) (0.333,0.5,0.667) (0.167,0.333,0.5) 0.50 0.33 0.50 0.33

C42 (0.167,0.333,0.5) (0.5,0.667,0.833) (0.167,0.333,0.5) (0.333,0.5,0.667) 0.33 0.67 0.33 0.50

C43 (0.167,0.333,0.5) (0.667,0.833,1) (0.333,0.5,0.667) (0,0,0.167) 0.33 0.83 0.50 0.03

C44 (0.5,0.667,0.833) (0.667,0.833,1) (0.333,0.5,0.667) (0.5,0.667,0.833) 0.67 0.83 0.50 0.67

Algorithm steps of SWARA

Criteria sj cj s′j swj

C11 0.99 1.00 1.00 8.34%

C31 0.99 0.00 1.00 1.00 8.34%

C12 0.99 0.01 1.01 0.99 8.28%

C32 0.94 0.04 1.04 0.95 7.95%

C21 0.83 0.12 1.12 0.85 7.11%

C22 0.78 0.04 1.04 0.82 6.83%

C33 0.75 0.03 1.03 0.79 6.60%

C13 0.71 0.04 1.04 0.76 6.33%

C44 0.67 0.04 1.04 0.73 6.08%

C14 0.58 0.08 1.08 0.67 5.61%

C34 0.54 0.04 1.04 0.65 5.39%

C42 0.46 0.08 1.08 0.60 4.97%

C43 0.42 0.03 1.03 0.58 4.81%

C41 0.42 0.01 1.01 0.57 4.77%

C23 0.35 0.07 1.07 0.54 4.46%

C24 0.26 0.08 1.08 0.49 4.12%
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investment risk of the program. C31 and C32 are technical indicators,
which are the embodiment of system efficiency and supply assurance
ability. From the objective weight of indicators, the weight of C24
(Noise) has a significant advantage over other indicators, which is
7.46%. The weights of the remaining indicators are between 6% and
6.5%. It indicates that there are some differences in technical scheme
and comprehensive performance among the alternatives, but they are
not very obvious. The obvious difference in the noise of each scheme is

due to the greater noise of wind turbines. As a result, a scenario with
more wind turbines would have a poorer C24 performance. From the
comprehensive weight of indicators, the highest weights are C11, C31,
C12 and C32, which are 7.21%, 7.17%, 7.17%, and 7.15% respectively.
It is consistent with the trend of subjective weight, but the weights are
reduced, which indicates that the comprehensive weight method can
better reflect the subjective decision of experts and objective data
information in the final weight.

TABLE 6 Algorithm steps of objective indicators and comprehensive weights.

A1 A2 A3 A4 A5 A6 ej owj swj cwj

C11 −0.32 −0.28 −0.29 −0.32 −0.31 −0.26 0.64 6.13% 8.34% 7.21%

C12 −0.31 −0.29 −0.30 −0.32 −0.28 −0.28 0.64 6.11% 8.28% 7.17%

C13 −0.31 −0.30 −0.31 −0.31 −0.30 −0.25 0.64 6.14% 6.33% 6.28%

C14 −0.30 −0.30 −0.30 −0.32 −0.27 −0.29 0.64 6.11% 5.61% 5.90%

C21 −0.31 −0.30 −0.31 −0.30 −0.30 −0.27 0.64 6.10% 7.11% 6.64%

C22 −0.30 −0.30 −0.30 −0.30 −0.30 −0.29 0.65 6.07% 6.83% 6.49%

C23 −0.29 −0.32 −0.31 −0.30 −0.29 −0.28 0.64 6.11% 4.46% 5.27%

C24 −0.25 −0.36 −0.25 −0.22 −0.27 −0.22 0.57 7.46% 4.12% 5.59%

C31 −0.30 −0.30 −0.30 −0.30 −0.30 −0.29 0.65 6.07% 8.34% 7.17%

C32 −0.30 −0.28 −0.35 −0.26 −0.32 −0.24 0.63 6.32% 7.95% 7.15%

C33 −0.30 −0.30 −0.30 −0.30 −0.31 −0.28 0.65 6.08% 6.60% 6.38%

C34 −0.30 −0.30 −0.29 −0.30 −0.30 −0.31 0.65 6.07% 5.39% 5.77%

C41 −0.30 −0.29 −0.31 −0.27 −0.30 −0.32 0.64 6.11% 4.77% 5.44%

C42 −0.30 −0.35 −0.32 −0.21 −0.32 −0.24 0.63 6.42% 4.97% 5.70%

C43 −0.31 −0.25 −0.27 −0.31 −0.31 −0.31 0.64 6.15% 4.81% 5.48%

C44 −0.33 −0.30 −0.33 −0.28 −0.33 −0.15 0.62 6.54% 6.08% 6.36%

FIGURE 3
Sensitivity analysis results of economic indicators.
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5.1.2 Analysis of alternatives sorting
The fuzzy VIKOR method was used to rank HES alternatives,

and the results are shown in Table 7. The final sorting result of the
determined scheme is A1>A3>A2>A5>A4>A6. This result
shows the relative advantages of each scheme considering
group interests and individual regrets. However, when only
the group benefits of each scheme are considered, the ranking
results are A1>A3>A5>A4>A2>A6. This is because in the
comprehensive evaluation, although the program may perform
very poorly in one aspect, it will eventually be smoothed out by
other aspects, resulting in large shortcomings in the
implementation process of the project. VIKOR method takes

this factor into account and reduces the impact of extreme results
on comprehensive evaluation by introducing individual regret
value. In all scenarios, A1 has the best performance in terms of
group benefits and individual regrets. Therefore, A1 is the
optimal solution.

5.2 Sensitivity analysis

5.2.1 Sensitivity analysis of criteria weights
The calculation of indicator weights is a crucial step in the

comprehensive evaluation of HES, as it affects the final ranking

FIGURE 4
Sensitivity analysis results of environmental indicators.

FIGURE 5
Sensitivity analysis results of technical indicators.
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results of alternatives. Therefore, this section will observe the trend
of changes in the final evaluation results by altering the weights of
indicators. Based on the calculated comprehensive weights obtained
earlier, the weights of each indicator will be adjusted by ±10%
and ±20% respectively. It should be noted that the sum of weights for
all indicators remains unchanged.

The sensitivity analysis results of the four sub-indicators in the
economy are shown in Figure 3. It can be observed that regardless of
how the weights of the indicators change, A1 consistently remains
the best-ranked option while A6 remains the worst.With an increase
in the weight of C11, the ranking of A2 drops from third to fifth,
indicating that A2 is sensitive to changes in the weight of C11. By
examining the original indicator values for each scheme, it is evident
that A2 has a significant disadvantage in C11 compared to other
schemes. Conversely, DMs can prioritize A2 by lowering the weight
of C11. Similarly, A5 is sensitive to changes in C12 and C14.
Furthermore, the ranking results of the schemes do not undergo

significant changes with variations in the weights of economic
indicators.

The sensitivity analysis results of the environmental indicators are
shown in Figure 4. A6 consistently remains the worst alternatives.
A1 only drops to the second priority when the weight of C24 increases
to 20%. When the weights of C12, C22, and C23 change, there is no
change in the ranking results of all the schemes. By observing the
sensitivity analysis results of C24 (Noise), it can be seen that as the
weight of the indicator gradually increases, the ranking of A2 increases
from third to first. This is due to the significant noise pollution
generated by wind power compared to solar power, giving A2 a clear
advantage over the other schemes in this indicator.

The sensitivity analysis results of the technical indicators are
shown in Figure 5. The ranking results of A1 and A6 do not
change with the variation of technical indicator weights. By
observing the sensitivity analysis results of C32 and C34, it
can be concluded that A2, A4, and A5 are sensitive to C32,
while A3 is sensitive to C34. This indicates that these schemes
have noticeable advantages or disadvantages compared to other
schemes in these two indicators. Furthermore, the ranking results
of all alternatives do not undergo significant changes with
variations in the weights of the indicators.

The sensitivity analysis results of the social-political indicators
are shown in Figure 6. The best and worst schemes among the six
alternatives remain A1 and A6, respectively. By observing the
sensitivity analysis results of all the indicators, it can be seen that
A4 is sensitive to C41 and C42. A2 is sensitive to C43. Additionally,
only a few schemes experience minor changes in their priority
ranking.

By employing the sensitivity analysis method on the variation of
indicator weights, it can be observed that the priority ranking of
A1 and A6 remains largely unchanged. Additionally, the ranking
results of all alternatives do not undergo significant changes with
variations in the weights of individual indicators.

FIGURE 6
Sensitivity analysis results of social-political indicators.

FIGURE 7
Sensitivity analysis results of compromise coefficients β.
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5.2.2 Sensitivity analysis of decision support
coefficient

The advantage of VIKOR method over other MCDM methods
primarily lies in its ability to reflect the DMs’ subjectivity, allowing
them to make more aggressive or conservative decisions. This

advantage is manifested in the specific calculation method through
the choice of the compromise coefficient. A higher compromise
coefficient indicates a greater emphasis on maximizing the overall
group utility and less consideration for the personal regrets of the
dissenting individuals, which reflects a risk-seeking DM. Conversely, a
lower compromise coefficient represents a decision mechanism that
aims to minimize individual regrets and belongs to the risk-averse
category. β� 0.5 represents different trade-off approaches that
consider the majority group’s interests and the minority’s
dissenting opinions, thereby representing risk-neutral DMs.
Therefore, in this paper, by observing changes in the ranking
results of the alternatives through variations in the compromise
coefficient, the robustness of the model is validated.

From Figure 7, it can be observed that regardless of how the
DMs’ strategy changes, A1 and A6 consistently remain the best and
worst options, respectively. As the compromise coefficient gradually
increases, the priority of the A2 option decreases, indicating that
A2 has a significant advantage in a certain criterion. Conversely, the
priority of the A3 option increases, suggesting a more balanced
performance across multiple indicators. Furthermore, the ranking of
the alternative schemes does not undergo significant changes with
variations in the compromise coefficient.

5.3 Comparatives analysis

To validate the rationality of comprehensive evaluation model,
this paper compares it with several commonly used MCDM
methods in the field, as shown in Figure 8. In addition to the
VIKOR method, TOPSIS (Technique for Order Preference by
Similarity to an Ideal Solution), TODIM, and FCE (Fuzzy
Comprehensive Evaluation) have been widely used by many
scholars in the field of comprehensive evaluation. By observing
Figure 8, it can be noted that A1 and A3 are consistently ranked
among the top two options across all methods. Furthermore, except
in the case of FCE, A1 is the optimal solution in all methods, as FCE
does not consider the specificity of the solutions and the DMs’
preferences. Additionally, the ranking of the alternatives remains
relatively stable across all methods. Therefore, the model
constructed in this paper demonstrates rationality.

TABLE 7 Calculation results of group utility value, individual regret value, and
collective benefit coefficient.

A1 A2 A3 A4 A5 A6

C11 0.00 0.06 0.03 0.00 0.01 0.07

C12 0.02 0.05 0.03 0.00 0.06 0.07

C13 0.01 0.01 0.01 0.00 0.01 0.06

C14 0.02 0.02 0.03 0.00 0.06 0.04

C21 0.00 0.02 0.01 0.03 0.02 0.07

C22 0.00 0.03 0.02 0.04 0.04 0.06

C23 0.04 0.00 0.02 0.03 0.04 0.05

C24 0.05 0.00 0.05 0.06 0.05 0.06

C31 0.02 0.05 0.03 0.04 0.00 0.07

C32 0.04 0.05 0.00 0.06 0.03 0.07

C33 0.03 0.03 0.02 0.01 0.00 0.06

C34 0.04 0.03 0.06 0.01 0.03 0.00

C41 0.03 0.04 0.01 0.05 0.02 0.00

C42 0.03 0.00 0.02 0.06 0.02 0.05

C43 0.00 0.05 0.04 0.00 0.00 0.00

C44 0.00 0.02 0.00 0.03 0.00 0.06

Si 0.32 0.45 0.38 0.42 0.39 0.81

Rank 1 5 2 4 3 6

Gi 0.05 0.06 0.06 0.06 0.06 0.07

Rank 1 2 3 4 5 6

Qi 0.00 0.25 0.21 0.35 0.33 1.00

Rank 1 3 2 5 4 6

FIGURE 8
The results of comparative analysis.
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6 Conclusion and outlook

Sustainable development is a consensus and goal of the entire
human society. With the continuous maturation of new energy
generation technologies and storage technologies such as hydrogen
energy, HES represents the inevitable trend towards integrating
energy sources and loads in future energy systems. However, the
lack of a comprehensive evaluation system hinders the development
and layout of HES. Therefore, this paper constructs a comprehensive
evaluation framework for HES from three aspects: system
architecture, evaluation indicators, and evaluation models. Firstly,
the energy flow of HES, including electricity, heating, and cooling, is
clearly decomposed and presented. Secondly, 12 indicators related to
the comprehensive evaluation of HES are identified from four
dimensions: economic, environmental, technological, and social-
policy. Specific quantitative methods are provided for the
quantitative indicators. Then, a comprehensive evaluation model
based on fuzzy theory andMCDM theory is constructed. Finally, the
robustness and rationality of the proposed method are verified
through sensitivity analysis and comparative analysis. The main
conclusions derived from this study are as follows:

(1) C11(Investment cost), C31 (Comprehensive energy efficiency),
C12 (Dynamic payback period) and C32 (Energy supply
reliability) are the four most important criteria, with weights
of 7.21%, 7.17%, 7.17% and 7.15% respectively. C11 and
C12 reflect the economic characteristics of HES as an energy
project. C31 and C32, on the other hand, represent the energy
supply characteristics of HES.

(2) A1 is the optimal alternative for the layout of the HES in a
certain industrial park in Gansu. However, A1 has shortcomings
in land occupation, noise, and ES equivalent utilization
coefficient. DMs can optimize this scheme in these three
aspects to maximize the benefits of the HES.

(3) When collecting and processing expert information, the
reasonable use of fuzzy theory can maximize the acquisition
and retention of original decision information, and it can fully
reflect the psychological factors of DMs.

(4) In the application process of the fuzzy VIKOR method, DMs
can change the compromise coefficient to reflect the changes in
decision psychology and influence the final determination of the
scheme.

The comprehensive evaluation framework of the HES
constructed in this article is universal and can serve as a
reference for the layout of HES in places with abundant wind
and solar resources. However, There are still some shortcomings
in this paper:① Since this decision support model has not been used
in real HES, the true performance of the optimal scheme selected
based on this model is still open to question. ② In the VIKOR
method, the combination coefficient of group benefit value and
individual loss value is 0.5, which is the value used in most literature.

Therefore, how to improve the value of coefficient is also an
important direction of optimization model; ③ Comprehensive
evaluation index system of HES is established in the current
development background. When the future socio-economic
situation changes or disruptive technologies emerge, the
indicators should also be adjusted accordingly. Therefore, we will
continue to optimize the model and solve the problems in the above
three aspects in the follow-up research work.
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