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ABSTRACT: The integration of wind power and natural gas for hydrogen production forms a Green and Blue
Hydrogen Integrated Energy System (GBH-IES), which is a promising cogeneration approach characterized by multi-
energy complementarity, flexible dispatch, and efficient utilization. This system can meet the demands for electricity,
heat, and hydrogen while demonstrating significant performance in energy supply, energy conversion, economy, and
environment (4E). To evaluate the GBH-IES system effectively, a comprehensive performance evaluation index system
was constructed from the 4E dimensions. The fuzzy DEMATEL method was used to quantify the causal relationships
between indicators, establishing a scientific input-output assessment system. The DEA model was then employed for
preliminary performance evaluation of the hydrogen storage system, followed by the entropy weight TOPSIS method
to enhance the accuracy and reliability of the assessment results. The study also conducted a comprehensive benefit
evaluation and sensitivity analysis for different cases involving blue hydrogen, green hydrogen, and their synergistic
effects under varying carbon emission factors (CEFs) and hydrogen blending ratios (HBRs). The results indicate that
combining green and blue hydrogen can achieve higher comprehensive benefits for the hydrogen storage system,
providing valuable insights for hydrogen storage development and demonstrating the effectiveness of the multi-criteria
decision-making methods used.
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1 Introduction
With the increasing severity of global energy security, climate crisis, and environmental pollution

issues, the Sustainable Development Goals (SDGs) and hydrogen energy are dedicated to promoting the
sustainable development of a clean energy system [1]. Hydrogen storage technology, as a key player in the
transition to sustainable, low-carbon, and net-zero energy systems, plays a central role. Hydrogen, as a
crucial part of the future energy system, is steadily gaining in usage due to its advantages in reducing carbon
emissions and its acceptance by the public and industry [2,3]. Numerous scholars have been exploring the
potential of hydrogen energy [4,5]. Currently, wind power and photovoltaics (PV) are typical representatives
of renewable energy, but their power output is uncertain. This characteristic poses many serious challenges
to the safe, stable, and efficient operation of power systems when wind power and PV are integrated on a
large scale [6,7]. Xiao et al. established a stochastic-dominance-constrained operation strategy for flexible
resources to overcome the difficulty of quantitatively controlling the risks arising from intermittent renewable
energy in industrial integrated energy systems (IIES), and revealed that increasing the trading account’s
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financial resources by 33.33% effectively lowers the fixed investment cost of installed storage by 92.59% [8].
Wessel et al. developed a risk-averse intertemporal arbitrage strategy in response to increasing renewable
generation uncertainty and intensified electricity price volatility, and validated the effectiveness of integrated
market participation through a case study on the Belgian power market [9]. Xiao et al. constructed a
risk-aware decision-making framework to tackle the price volatility and operational challenges induced by
renewable intermittency, formulated an integrated bi-level optimization model to quantify the impact of
strategic bidding on day-ahead and real-time markets, and effectively bridged the critical gap in managing
profitability and stability during the energy transition [10]. Beraldi and Khodaparasti developed a stochastic
bi-level method under dynamic electricity pricing that explicitly accounts for the intrinsic uncertainty
affecting input parameters, conducted extensive computational experiments on a real-world case study, and
effectively enhanced the robustness of the decision-making process [11].

Beyond the aforementioned bi-level optimization frameworks that integrate risk factors and system-
wide risk awareness, hydrogen energy—characterized by its zero-carbon footprint and versatile conversion
pathways—is extensively leveraged to convert surplus renewable electricity into storable hydrogen, which
can be subsequently released on demand to satisfy both electrical and thermal loads, thereby generating
pronounced economic and environmental co-benefits [12]. Hydrogen energy, as a good way to store electric-
ity, can eliminate the uncertainty of renewable energy through electro-hydrogen coupling and promote the
consumption of renewable energy. Blue hydrogen, produced by natural gas reforming combined with carbon
capture and storage (CCS) technology, can significantly reduce carbon emissions; green hydrogen, produced
by electrolyzing water with renewable energy, achieves true zero-carbon emissions [13]. The blue-green
hydrogen hybrid energy storage system combines these two hydrogen production methods, not only fully
utilizing the cleanliness of renewable energy but also compensating for the intermittency of green hydrogen
production through the stable supply of blue hydrogen. Therefore, in-depth research and promotion of the
blue-green hydrogen hybrid energy storage system are indispensable for optimizing the energy structure and
achieving sustainable development.

The current research on hydrogen energy storage systems mainly focuses on system integration and
operational optimization. In terms of system integration, Liang et al. developed an integrated energy
system that combines electricity, heat, and hydrogen, and conducted scheduling to improve the system’s
accommodation rate and economic efficiency [14]. Wang et al. constructed a biomass-photovoltaic-hydrogen
integrated energy system (BPH-IES) model, analyzed the impact of economic indicators such as energy
supply revenue and energy supply costs, and effectively enhanced the system’s energy-use-economic-
environmental (4E) performance by expanding the scale of system supply and demand, thereby increasing
the penetration rate of clean energy and hydrogen in the system [15]. Saha et al. have conducted an in-depth
investigation into the technical and economic feasibility of photovoltaics (PV), biogas, wind energy, and
hydrogen energy within net metering programs in developing countries, and concluded that electric vehicles
are considered more economical than hydrogen fuel cell vehicles for green transportation in developing
countries [16]. Liu and Qin considered the coupled operation of photovoltaics and electrolysis hydrogen
production equipment in the planning of a new park’s integrated energy system, which promoted the
utilization of photovoltaics and reduced carbon emissions [17]. Zhou et al. built a novel IES model that
integrates hydrogen with natural gas and electricity, and analyzed the impact of different hydrogen blending
modes on system operation [18]. The above studies have verified various strategies for coupling hydrogen
in integrated energy systems, considering the use of renewable energy sources such as wind power and
photovoltaics for hydrogen production to ensure system stability. However, these studies are generally
biased towards green hydrogen, which, due to its high production cost, lacks market competitiveness. Many
scholars have studied the coordination of green and blue hydrogen to achieve the feasibility of reducing
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current hydrogen costs and gradually transitioning to a green hydrogen energy system. Novotny believes
that blue hydrogen can serve as a green energy source during the decarbonization period [19]. Durakovic
et al., through sensitivity analysis of electrolyzer costs and natural gas prices, analyzed the degree of
complementarity or competitiveness between blue and green hydrogen, and concluded that in the long run,
green and blue hydrogen can coexist in the European market without negatively impacting each other [20].
Cavalcante et al., through the assessment of blue hydrogen energy technologies, found that the United States,
the United Kingdom, and Republic of Korea are prominent in the number of blue hydrogen publications
and citations, indicating significant global contributions to the application research and development of blue
hydrogen, which is gradually increasing and also shows that the importance of blue hydrogen in the global
energy transition is growing [21]. It is evident that during the current period, the coordinated production
and utilization of green and blue hydrogen have certain research value.

In terms of operational optimization, Liu et al. proposed a two-layer optimization method for an
electricity-hydrogen integrated energy system (EH-IES) with seasonal hydrogen storage, which is used
to coordinate the joint optimization problem of equipment capacity and configuration in the proposed
system. The results show that this method can utilize the seasonal complementary benefits to promote the
consumption of new energy, improve the system’s operational efficiency, and effectively reduce the total
operating cost and carbon emissions of the EH-IES [22]. Liu et al. considered the seasonal fluctuation char-
acteristics of renewable energy and the capacity configuration problem of the electricity-hydrogen coupling
system (EHCS), and constructed an adaptive time granularity optimization planning model to coordinate
the equipment capacity configuration and operation strategy in the system [23]. Dong et al. developed a
detailed modeling and collaborative configuration method for an electricity-hydrogen-heat-gas integrated
energy system (EHTG-IES) with a hybrid energy storage system (HESS), aiming to optimize the system’s
operational characteristics and reduce the annual total cost [24]. Zhou et al., considering the optimal design
of a solar-hydrogen hybrid system, constructed a comprehensive energy control framework model and
used an improved harmony search algorithm to optimize the system’s size and reliability while minimizing
costs [25]. Li et al. established an integrated energy system model and pointed out that effectively achieving
the coordinated optimization scheduling of multiple energy sources, including blue hydrogen, to improve
energy utilization efficiency and reduce carbon emissions, is an important direction for future research [26].
Concurrently advancing the state of the art, Khosravi and Abdolmohammadi recently introduced the dual-
d-q (DDQ) grid-connected control paradigm and a hierarchical voltage/frequency (V/F) scheme based on
HDL-RCNN. These innovations raise the power-flow efficiency of hydrogen-electric hybrid energy storage
to 98% and simultaneously attenuate microgrid voltage oscillations and frequency excursions to 0.004
and 0.007 pμ, respectively [27,28]. Collectively, these contributions provide a rigorous foundation for the
integration design and operational optimization of hydrogen-based systems, and they set the technical stage
for the present study to further corroborate their comprehensive benefits within the proposed 4E assessment
framework. However, due to the inherent complexity of hydrogen-containing energy systems and their
comprehensive benefits spanning multiple dimensions, the above studies have not fully addressed these
issues, and thus there are certain limitations in the practical application and promotion of the systems. In
these studies, the main focus has been on a few objectives such as economy and environment, which is not
sufficient for a comprehensive evaluation of the integrated benefits of hydrogen-containing energy systems.
Therefore, some scholars are increasingly paying attention to the related comprehensive benefit evaluation.

Wu et al. proposed a hybrid evaluation framework that integrates the Best-Worst Method (BWM)
and an enhanced entropy weight method, using the coefficient of variation to assess the performance of
integrated energy systems that include hydrogen production processes [29]. Zhang et al. introduced a
decision-making model combining Z-AHP and Z-TOPSIS, utilizing intuitionistic fuzzy numbers and α-cut
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techniques to evaluate and prioritize alternatives, and demonstrated its effectiveness through a case study on
hydrogen energy storage technology selection [30]. Tang et al. comprehensively evaluated the sustainability
of Port Integrated Multi-Energy Systems (PIMES) by introducing an innovative multi-criteria dynamic
sustainability assessment framework, employing diverse indicators, a combination weighting method based
on game theory, cloud models, and sensitivity analysis [31].

Although the aforementioned multi-criteria decision-making (MCDM) studies have considered some
factors such as energy, economy, and environment, the selection of specific indicators and the applicability
of the methods still need further exploration. Regarding the analysis of hydrogen-containing integrated
energy systems, the following points are summarized: Existing hydrogen storage systems mainly rely on
renewable energy sources such as wind power and photovoltaics, which are significantly affected by natural
conditions and have high costs for green hydrogen. Despite the great potential of green hydrogen due to
its low-carbon and environmentally friendly nature, the coupling of blue and green hydrogen should be
fully valued under realistic conditions. Blue hydrogen is cost-effective and, when combined with carbon
capture technology, becomes low-carbon. Its coupling with green hydrogen can balance cost and low-carbon
characteristics, promoting the sustainable development of hydrogen-containing integrated energy systems
(IES). However, in existing hydrogen-containing energy systems, the coupling of blue and green hydrogen
has not been fully considered. Current research on hydrogen-containing IES mostly focuses on operational
optimization. But with the increasing proportion of renewable energy, the complementary characteristics
of hydrogen-containing IES give it significant advantages in economy, environment, energy, and energy
efficiency. Although some studies have considered economic and environmental benefits during operational
optimization or used different methods to evaluate their economic, environmental, and energy efficiency
performance, there has been less attention to the comprehensive benefits of hydrogen-containing energy
systems. A wide range of evaluation methods have also been used in the assessment of hydrogen storage.
However, there are complex interrelationships between the various aspects of the comprehensive benefits of
hydrogen storage. The applicability of traditional MCDM methods needs to be enhanced, and there is a need
to construct a more targeted MCDM method system that meets the 4E benefits of hydrogen-containing IES.

Building on this foundation, this paper proposes a Green and Blue Hydrogen Integrated Energy System
(GBH-IES) that integrates wind power, natural gas, and other resources for hydrogen production. The
performance of the GBH-IES is evaluated from a novel 4E perspective, filling the gap in previous research. By
introducing the structure of the GBH-IES, a 4E evaluation index system is constructed from four dimensions:
economy, technology, environment, and society. Based on this, an integrated multi-criteria decision-making
model is developed. The model employs a fuzzy DEMATEL method composed of triangular fuzzy numbers,
centroid fuzzy C-means, and DEMATEL to quantify the causal relationships between indicators and establish
a scientific input-output evaluation index system. The DEA model is used to preliminarily assess the
performance of the system indicators, and the entropy weight TOPSIS method is introduced to rank the
better solutions. Finally, the applicability and effectiveness of the model are verified through case analysis.

Overall, the contributions of this paper are primarily manifested in three aspects. First, considering
the economic advantages of blue hydrogen relative to green hydrogen, this paper integrates wind power
and natural gas for hydrogen production and storage to construct the Green and Blue Hydrogen Integrated
Energy System (GBH-IES) and analyzes its system structure. This system is capable of simultaneously
meeting the demands for electricity, heat, and hydrogen. Second, the paper examines the comprehensive
benefit characteristics of the GBH-IES from four aspects: economy, technology, environment, and society,
and designs a 4E comprehensive benefit evaluation index system for the GBH-IES, which includes 11
indicators. Finally, by combining triangular fuzzy numbers, centroid fuzzy C-means, DEMATEL method,
DEA, and entropy weight TOPSIS decision-making methods, a hybrid MCDM model for evaluating the
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4E performance of the GBH-IES is constructed. This model examines the causal relationships between
indicators and the efficiency ranking, ensuring the stability and interpretability of the evaluation results.

To analyze the performance of blue and green hydrogen in the GBH-IES, a comprehensive benefit
assessment and sensitivity analysis are conducted for nine cases under different CEFs and HBRs, considering
three cases: solely blue hydrogen, solely green hydrogen, and the synergistic effect of blue and green
hydrogen. In addition, a comparison of evaluation methods is carried out to verify the advantages of the
proposed hybrid model.

The structure of this paper is organized as follows. Section 2 presents the structure of the GBH-IES
and constructs a system performance evaluation index system from a 4E perspective. Section 3 introduces
the hybrid MCDM model. Section 4 conducts a comprehensive benefit assessment and sensitivity analysis
for nine cases under different CEFs and HBRs, considering three cases: solely blue hydrogen, solely green
hydrogen, and the combination of blue and green hydrogen. It also compares the hybrid MCDM model with
the DEA evaluation method. Section 5 concludes the paper with a summary of the findings.

2 Structure of GBH-IES and Analysis of 4E Indicator Selection

2.1 Structural Analysis of GBH-IES
The structure of the GBH-IES is shown in Fig. 1. The GBH-IES can meet diverse energy demands

by optimizing the production, conversion, and storage of various types of energy, including electricity,
hydrogen, gas, and heat. Electrolyzers utilize electrical energy to split water into hydrogen and oxygen. The
produced hydrogen can be stored in hydrogen storage tanks or directly transported to hydrogen-blended gas
turbines and hydrogen loads. Gas-to-hydrogen units convert natural gas into hydrogen through processes
such as steam methane reforming or partial oxidation, further enriching the hydrogen supply of the system.
Hydrogen-blended gas turbines, one of the key conversion devices in the system, use hydrogen-enriched
natural gas as fuel to generate electricity and heat. The generated electricity can be fed into the higher-level
grid or directly supplied to electrical loads, while the generated heat is transferred to thermal storage tanks
via a heat recovery system for later use. Electric boilers and the thermal storage system further enhance the
supply capability of thermal energy, ensuring the stable satisfaction of thermal loads. In terms of energy
demand, the system is designed with three main output ports for electrical, thermal, and hydrogen loads to
adapt to different energy consumption cases. Electrical loads are met by the higher-level grid, wind power,
hydrogen-blended gas turbines, and electrolyzers; thermal loads are provided by hydrogen-blended gas
turbines, electric boilers, and the thermal storage system; and hydrogen loads are supplied by electrolyzers,
gas-to-hydrogen units, and hydrogen storage tanks. The operation of the entire system follows the principles
of multi-energy complementarity and cascaded utilization. By dynamically adjusting the conversion and
storage of different types of energy, the system adapts to the constantly changing load demands, achieving
efficient energy conversion and utilization. The electricity flow is mainly transmitted and converted through
the higher-level grid, wind power, hydrogen-blended gas turbines, and electrolyzers; the hydrogen flow
is produced, stored, and used through electrolyzers, gas-to-hydrogen units, hydrogen storage tanks, and
hydrogen-blended gas turbines; the heat flow is generated, stored, and released through hydrogen-blended
gas turbines, electric boilers, heat recovery systems, and thermal storage tanks; and the natural gas flow
is utilized through gas-to-hydrogen units and hydrogen-blended gas turbines. Overall, the GBH-IES can
improve energy efficiency and energy supply reliability through energy cascading, and it has significant
economic and environmental benefits.
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Figure 1: Structure of GBH-IES

2.2 Analysis of the 4E Indicator Selection for GBH-IES
The GBH-IES exhibits significant 4E characteristics. Compared with traditional green hydrogen energy

storage, the system not only possesses features such as cleanliness, economic viability, and high energy
utilization efficiency but also offers advantages like multi-energy complementarity, cascaded utilization,
strong operational flexibility, and high reliability. The coupling and optimization among energy, economy,
environment, and society fully reflect the comprehensive performance of the GBH-IES. Based on the intro-
duction of the GBH-IES system structure, this paper constructs a 4E performance evaluation index system
for GBH-IES from four dimensions: economy, technology, environment, and society. The construction of the
evaluation index system is based on the principles of systematicness, scientificity, simplicity, and operability.
In the economic dimension, this paper selects total cost, energy purchase cost, and marginal hydrogen
production electricity price as economic benefits. In the technological dimension, this paper selects the
fluctuating power of electrolyzers and the average depth of energy storage release as technological benefits.
In the environmental dimension, this paper selects the wind curtailment rate, carbon emissions, and energy
conversion efficiency as environmental benefits. In the social dimension, this paper selects employment
security, public acceptance, and industrial chain promotion as social benefits. Detailed information of each
index is shown in Table 1.

Table 1: 4E Performance Evaluation Indicators and Information of GBH-IES

Objective Attribute layer Indicator layer Indicator
sign

Indicator
nature

Unit

Economic
benefit

Total cost (I1) − Quantitative Yuan

Energy purchase cost (I2) − Quantitative Yuan
Hydrogen production marginal

electricity price (I3)
− Quantitative Yuan

(Continued)
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Table 1 (continued)

Objective Attribute layer Indicator layer Indicator
sign

Indicator
nature

Unit

GBH-IES
comprehen-

sive

Technical
benefit

Electrolyzer fluctuating
power (I4)

− Quantitative kW

evaluation Average energy release
depth (I5)

+ Quantitative –

Wind curtailment rate (I6) − Quantitative %
Environmental

benefit
Carbon emissions (I7) − Quantitative kg

Energy conversion
efficiency (I8)

+ Quantitative –

Social benefit Employment security (I9) + Qualitative –
Public acceptance (I10) + Qualitative –

Industrial chain promotion (I11) + Qualitative –

3 Performance Evaluation Model of 4E for GBH-IES

3.1 Framework of the 4E Performance Evaluation Model for GBH-IES
The framework of the 4E performance evaluation model for GBH-IES proposed in this paper is

shown in Fig. 2. The model consists of three modules: the fuzzy DEMATEL module, the DEA evaluation
module, and the entropy weight TOPSIS method module. In the fuzzy DEMATEL module, the input-output
evaluation index system is determined by integrating triangular fuzzy numbers, the CFCS method, and
the DEMATEL method. DEMATEL calculates the causality and centrality of each factor through matrix
operations, clarifying the interrelationships among factors and their positions in the system, and revealing
the interactions among internal elements of the system [32,33]. However, the traditional DEMATEL method
is only applicable to the real number domain and is not capable of handling complex fuzzy relationships.
To address this, some scholars have extended it to the fuzzy domain, achieving accurate analysis of complex
fuzzy relationship evaluation systems [34–36]. Triangular fuzzy numbers effectively solve the problem of
fuzzy boundaries by calculating membership degrees, reducing the subjective influence in the weighting
of indicators [37–39]. After converting the experts’ linguistic evaluations into numbers, the CFCS method
is used for defuzzification, with its centroid-based fuzzy C-means calculation being more accurate and
capable of reflecting the true values of the indicators, thus making the evaluation results more scientific and
objective. The constructed fuzzy DEMATEL model can scientifically determine the input-output evaluation
index system.

In the DEA evaluation module, traditional DEA technology is employed. DEA is a multivariate analysis
tool used to assess the relative efficiency of multiple homogeneous decision-making units (DMUs) [40,41]. By
inputting the input-output indicators determined by the fuzzy DEMATEL into this module, a more objective
reflection of the relative efficiency of each decision-making unit can be achieved. However, the traditional
DEA model can only provide efficiency values between 0 and 1, and it is unable to further rank DMUs with
an efficiency value of 1, making it difficult to identify the optimal unit. Therefore, we have introduced an
entropy weight TOPSIS optimization module.
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Figure 2: 4E performance evaluation model

In the entropy weight TOPSIS module, the entropy weight TOPSIS method is adopted. This method
can effectively solve the problem of being unable to further rank when the efficiency value is 1, thereby
determining the best decision-making unit. The entropy weight TOPSIS method is a ranking method based
on entropy weight and the ideal solution, introducing entropy weight to calculate the weights of each
indicator, thus forming a comprehensive evaluation system that takes into account the differences among
indicators. It reflects the merits and demerits of each scheme based on the full consideration of indicator
differences, making the evaluation results more scientific and objective.

3.2 Description of the Evaluation Methods
3.2.1 Fuzzy DEMATEL Method

Triangular fuzzy numbers effectively address the imprecision of traditional methods when dealing
with fuzzy boundaries, reducing the subjectivity in the weighting process of indicators. The CFCS method,
through centroid-based fuzzy C-means calculation, compensates for the inaccuracy of traditional defuzzifi-
cation methods in reflecting the true values of indicators. The DEMATEL method overcomes the limitation
of revealing the complex interrelationships within a system through single-factor analysis alone, clarifying
the interactions among factors and their positions in the system through matrix operations. The fuzzy
DEMATEL model constructed by integrating these three approaches not only makes up for the shortcomings
of traditional methods in handling complex fuzzy relationships but also enhances the scientific nature and
reliability of the evaluation results.

Step 1: Invite k experts to form an expert evaluation panel, denoted as D = {D1 , D2, . . . , Dk}. Each
expert independently constructs a semantic direct influence matrix X based on the direction and degree of
mutual influence between indicators, and then converts it into a triangular fuzzy direct influence matrix in
accordance with Table 2. The direct influence matrix is as follows:

X =

⎡⎢⎢⎢⎢⎢⎢⎢⎣

0 xk
12 ⋅ ⋅ ⋅ xk

1 j
xk

21 0 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅
⋮ ⋮ ⋱ ⋮
xk

i1 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 0

⎤⎥⎥⎥⎥⎥⎥⎥⎦

, (1)
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In the formula, xk
i j = (l k

i j , mk
i j , rk

i j) denotes the triangular fuzzy number of the influence degree of factor
i on factor j provided by the k-th expert.

Table 2: Five-level evaluation semantic term set

Linguistic evaluation Influence value Symbol Triangular fuzzy number
No influence 0 NO (0, 0, 0.25)

Very low influence 1 VL (0, 0.25, 0.5)
Low influence 2 L (0.25, 0.5, 0.75)
High influence 3 H (0.5, 0.75, 1.0)

Very high influence 4 VH (0.75, 1.0, 1.0)

Step 2: Defuzzify matrix X using the CFCS method. Normalize the aforementioned triangular fuzzy
numbers. The normalization process for the triangular fuzzy numbers of each expert’s ratings is carried out
as follows:

xl k
i j =

l k
i j −min l k

i j

Δmax
min

, (2)

xmk
i j =

mk
i j −min l k

i j

Δmax
min

, (3)

xrk
i j =
(rk

i j −min l k
i j)

Δmax
min

. (4)

In the formula, Δminmax =max rk
i j −min l k

i j.
Step 3: Calculate the normalized values on the left and right sides, as well as the total normalized value,

using the following formula:

xlsk
i j =

xmk
i j

1 + xmk
i j − xl k

i j
, (5)

xrsk
i j =

xrk
i j

1 + xrk
i j − xmk

i j
, (6)

xk
i j =
[xlsk

i j (1 − xlsk
i j) + xrsk

i j ⋅ xrsk
i j]

1 − xlsk
i j + xrsk

i j
. (7)

Step 4: Calculate the defuzzified values of the evaluations by each expert:

zk
i j =min l k

i j + xk
i jΔ

max
min . (8)

Step 5: Integrate the evaluations of all experts to obtain the defuzzified direct influence matrix:

zi j =
1
k
(z1

i j + z2
i j + ⋅ ⋅ ⋅ + zk

i j) . (9)
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Step 6: After obtaining the defuzzified direct influence matrices from all experts, proceed with the
DEMATEL calculations. First, normalize the influence matrix. The normalization is performed using the
row maximum method. Sum each row of the matrix and identify the maximum value among these sums.
Divide all elements of the matrix by this maximum value to obtain the normalized influence matrix.

B =
xi j

max(
n
∑
j=1

xi j)
. (10)

Step 7: Construct the comprehensive influence matrix. The composite system matrix reflects the
aggregate effects of the interactions among all elements within the system.

T = (B + B2 + ⋅ ⋅ ⋅ + Bk) =
∞

∑
k=1

Bk = B (I − B)−1 . (11)

In the formula, I denotes the identity matrix.
Step 8: Calculate the influence degree, influence-receiving degree, centrality, causality, and weights of

each element.
The influence degree refers to the sum of each row in the matrix, representing the total influence of each

element on all other elements, denoted as Di .

Di =
n
∑
j=1

xi j , (i = 1, 2, . . . , n). (12)

The influence-receiving degree refers to the sum of each column in the matrix, representing the total
influence received by each element from all other elements, denoted as Ci .

Ci =
n
∑
j=1

x ji , (i = 1, 2, . . . , n). (13)

Centrality indicates the position of a factor in the evaluation system and the magnitude of its role. The
centrality of a factor is the sum of its influence degree and influence-receiving degree, denoted as Mi .

Mi = Di +Ci. (14)

The causality is obtained by subtracting the influence-receiving degree from the influence degree of a
factor, denoted as Ri .

Ri = Di −Ci, (15)

by normalizing the centrality, the weight of the indicator can be obtained.
The centrality of an indicator reflects its position and significance within the indicator system, while

the causality of an indicator reflects its net impact on the system. A causality greater than zero indicates that
the indicator’s influence on other indicators outweighs the influence of other indicators on it, and such an
indicator is termed a causal indicator (input indicator). Conversely, a causality less than zero signifies that
the indicator’s influence on other indicators is less than the influence of other indicators on it, and this type
of indicator is referred to as an effect indicator (output indicator). When the causality equals zero, it means
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that the indicator’s influence on other indicators is equal to the influence of other indicators on it, suggesting
that the indicator could potentially be excluded.

Step 9: Construct the causal diagram. Plot the causality diagram with centrality on the x-axis and
causality on the y-axis. Factors above the x-axis are causal factors, while those below are effect factors, thereby
identifying the input and output indicators.

3.2.2 DEA Model
The DEA method assesses the DEA efficiency of each decision-making unit (DMU) by analyzing their

input-output efficiency. For a multi-input and multi-output indicator system, the CCR (Charnes Cooper
Rhodes) model is employed to conduct the system analysis [42]. The CCR model is a DEA efficiency
evaluation model based on constant returns to scale.

Assuming there are n DMUs, each with m types of inputs and r types of outputs. The optimization model
aimed at maximizing the relative efficiency of the system is as follows [43]:

min ρ

s.t.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

n
∑
j=1

X j λ j + S− = ρXo

n
∑
j=1

Yj λ j − S+ = Yo

λ j ≥ 0, j = 1, 2, . . . , n
S−, S+ ≥ 0

. (16)

In the formula: ρ represents the composite efficiency value of the decision-making unit (DMU), x j is
the input vector, and y j is the output vector. x0 and y0 are the input and output samples, respectively. λ j
denotes the weight coefficients; S− and S+ are the slack variables for inputs and outputs, respectively.

The optimal solutions obtained from the above model are ρ, S− and S+, with the following specific
meanings:

(1) When ρ = 1, S− = 0, and S+ = 0, the DMU is said to be DEA efficient, meaning that the system has
achieved optimal output with the given inputs.

(2) When ρ = 1, but S− and S+ are not both zero, the DMU is said to be weakly DEA efficient.
(3) When ρ < 1, the DMU is said to be DEA inefficient.

3.2.3 Entropy Weight-TOPSIS Model
For the ranking of the results calculated by the above model, the effective decision-making units with

an efficiency value of “1” are further ranked to determine the best decision-making unit. The principle is
to use the DEA model to measure efficiency, and when the efficiency value is not 1, exclude it from the set
of decision-making units. When the efficiency value is 1, the entropy weight TOPSIS method is used for
ranking, compensating for the shortcomings of DEA.

Step 1: Arrange the matrix of efficiency values equal to 1 into an n ×m matrix:

X =

⎡⎢⎢⎢⎢⎢⎢⎢⎣

x11 x12 ⋅ ⋅ ⋅ x1m
x21 x22 ⋅ ⋅ ⋅ x2m
⋮ ⋮ ⋱ ⋮
xn1 xn2 ⋅ ⋅ ⋅ xnm

⎤⎥⎥⎥⎥⎥⎥⎥⎦

. (17)
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In the formula, n represents the number of objects, and m represents the number of indicators.
Step 2: Use the range method to normalize and standardize the original matrix in a positive direction,

resulting in the standardized matrix Z. The standardized matrix Z is as follows:

(1) Positive indicators:

z′i j =
xi j − xmin

j

xmax
j − xmin

j
. (18)

(2) Negative indicators:

z′i j =
xmax

j − xi j

xmax
j − xmin

j
, (19)

Z =

⎡⎢⎢⎢⎢⎢⎢⎢⎣

z11 z12 ⋅ ⋅ ⋅ z1m
z21 z22 ⋅ ⋅ ⋅ z2m
⋮ ⋮ ⋱ ⋮
zn1 zn2 ⋅ ⋅ ⋅ znm

⎤⎥⎥⎥⎥⎥⎥⎥⎦

. (20)

Step 3: Calculate the proportion Pi j of the value of the i-th object under the j-th indicator.

Pi j =
zi j

n
∑
i=1

zi j

, ( j = 1, 2, . . . , m) . (21)

Step 4: Calculate the entropy value E j of the j-th indicator. When Pi j = 0, Pi j ln Pi j = 0.

E j = −
1

ln n

n
∑
i=1

Pi j ln Pi j , ( j = 1, 2, . . . , m) . (22)

Step 5: Calculate the difference coefficient G j of the j-th indicator using the formula:

G j = 1 − E j . (23)

Step 6: Calculate the weight Wj of the j-th indicator:

Wj =
G j

∑m
j=1 G j

. (24)

Step 7: Multiply each column of the standardized matrix Z by its corresponding weight to construct the
weighted matrix:

Z =

⎡⎢⎢⎢⎢⎢⎢⎢⎣

ω1 ⋅ z11 ω2 ⋅ z12 ⋅ ⋅ ⋅ ωm ⋅ z1m
ω1 ⋅ z21 ω2 ⋅ z22 ⋅ ⋅ ⋅ ωm ⋅ z2m
⋮ ⋮ ⋱ ⋮
ω1 ⋅ zn1 ω2 ⋅ zn2 ⋅ ⋅ ⋅ ωm ⋅ znm

⎤⎥⎥⎥⎥⎥⎥⎥⎦

. (25)
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Step 8: Determine the positive and negative ideal solutions. The positive ideal solution is composed of
the maximum values of each column in the weighted standardized matrix, while the negative ideal solution
is composed of the minimum values of each column. The weighted standardized matrix Z is as follows:

Z =

⎡⎢⎢⎢⎢⎢⎢⎢⎣

z11 z12 ⋅ ⋅ ⋅ z1m
z21 z22 ⋅ ⋅ ⋅ z2m
⋮ ⋮ ⋱ ⋮
zn1 zn2 ⋅ ⋅ ⋅ znm

⎤⎥⎥⎥⎥⎥⎥⎥⎦

. (26)

(1) Positive ideal solution:

Z+ = (Z+1 , Z+2 , ⋅ ⋅ ⋅ , Z+m)
= (max {z11 , z21 , ⋅ ⋅ ⋅ , zn1} , max {z12 , z22, ⋅ ⋅ ⋅ , zn2} , ⋅ ⋅ ⋅ , max {z1m , z2m , ⋅ ⋅ ⋅ , znm}) . (27)

(2) Negative ideal solution:

Z− = (Z−1 , Z−2 , ⋅ ⋅ ⋅ , Z−m)
= (min{z11 , z21 , ⋅ ⋅ ⋅ , zn1} , min{z12 , z22, ⋅ ⋅ ⋅ , zn2} , ⋅ ⋅ ⋅ , min{z1m , z2m , ⋅ ⋅ ⋅ , znm}) . (28)

Step 9: Calculate the distances between each object and the positive and negative ideal solutions using
the Euclidean distance:

D+i =
�
���

m
∑
j=1
(Z+j − zi j)

2
, (29)

D−i =
�
���

m
∑
j=1
(Z−j − zi j)

2
. (30)

Step 10: Calculate the relative closeness to the negative ideal solution and rank them. The relative
closeness ranges from 0 to 1, with a higher value indicating a greater distance from the negative ideal solution,
which is better.

Si =
D−i

D+i + D−i
. (31)

Step 11: Integrate the decision-making units with efficiency values not equal to 1 from the DEA model
with those ranked by the compensatory model to derive the overall evaluation ranking.

4 Case Analysis
To verify whether the combined use of blue and green hydrogen in the GBH-IES energy storage

system yields good economic benefits, this paper comprehensively evaluates nine cases each for green
hydrogen only, blue hydrogen only, and the co-operation of blue and green hydrogen under different grid
CEFs and gas turbine HBRs. Additionally, the impact of varying grid CEFs and gas turbine HBRs on the
energy storage system is analyzed. During the comprehensive evaluation, the first eight indicators (I1–I8)
were quantified through high-fidelity simulations executed on the Matlab–CPLEX platform. A mixed-
integer linear programming (MILP) formulation was employed to capture the multi-vector coupling among
electricity, hydrogen, heat and natural gas, while explicitly incorporating a carbon-trading mechanism and
the full set of operational constraints of each unit. The optimisation horizon was set to 24 h, and three
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strategic scenarios—green hydrogen only, blue hydrogen only, and combined green–blue hydrogen—were
systematically investigated under varying grid carbon-emission factors (0–0.581 kg kWh−1) and gas-turbine
hydrogen-blend ratios (10%, 20%, 40%). All numerical outputs were extracted from the open data reported
in Table 7 of Reference [26], thereby guaranteeing repeatability and authoritative sourcing. The final three
indicators were elicited through a two-round Delphi exercise conducted among eight carefully selected
experts: three professors, two senior industry engineers, and three practitioners each with more than eight
years of direct experience in hydrogen-based energy systems. After receiving an identical briefing document
that detailed the scenarios and indicator definitions, the panellists provided anonymous ratings. In the first
round, mean scores, standard deviations and coefficients of variation (CV) were calculated and fed back to the
group; consensus was pre-defined as CV ≤ 0.20. During the second round, experts were permitted to revise
their judgements in light of the aggregated feedback, and iteration continued until every scenario-specific
CV for the three indicators had fallen between 0.10 and 0.19. The arithmetic mean of the second-round
ratings was then adopted as the definitive indicator value. All data, both simulated and expert-derived, were
collated into a single dataset; the resulting operational metrics for green-hydrogen-only, blue-hydrogen-only
and combined green–blue-hydrogen deployments are reported in Tables 3–5, respectively.

Table 3: Indicator data for operation cases using only green hydrogen

Case CEFs HBRs I1 I2 I3 I4 I5 I6 I7 I8 I9 I10 I11
1 0.581 10 14,819.33 6643.16 0.35 1366.11 0.62 1.4 4600.28 0.932 4.55 5.1 4.1
2 0.5 10 14,627.05 6643.57 0.39 1622.01 0.62 1.41 1853.79 0.932 6.4 5.16 8.6
3 0.4 10 14,759.43 6643.16 0.37 1366.11 0.62 1.4 3744.66 0.898 5.22 4.29 6.51
4 0.3 10 14,726.34 6643.16 0.37 1366.11 0.62 1.4 3271.94 0.898 5.3 4.26 7
5 0.2 10 14,693.25 6643.57 0.38 1597.69 0.62 1.41 2799.44 0.898 5.99 5.26 6.49
6 0.1 10 14,660.15 6643.57 0.39 1467.83 0.62 1.41 2326.62 0.898 6.5 6 8.13
7 0 10 14,627.05 6643.57 0.39 1622.01 0.62 1.41 1853.79 0.898 6.74 6.45 7.56
8 0.581 20 15,139.18 6930.31 0.35 1634.11 0.63 0.88 4774.65 0.93 5.6 5 4.99
9 0.581 40 15,991.03 7747.4 0.35 1638.21 0.6 0.88 5307.86 0.919 6 7.24 7.2

Table 4: Indicator data for operation cases using only blue hydrogen

Case CEFs HBRs I1 I2 I3 I4 I5 I6 I7 I8 I9 I10 I11
10 0.581 10 14,434.33 6164.12 0.35 0 0.43 5.22 3674.19 0.924 5.45 6.59 8.43
11 0.5 10 14,417.22 6164.12 0.36 0 0.43 5.22 3429.8 0.924 4.32 5.3 6.49
12 0.4 10 14,396.1 6164.12 0.37 0 0.43 5.22 3128.08 0.924 3.44 5.96 7.4
13 0.3 10 14,374.98 6164.12 0.37 0 0.43 5.22 2826.37 0.924 4.55 4.85 6.44
14 0.2 10 14,353.86 6164.12 0.38 0 0.46 5.22 2524.65 0.924 4.78 6.23 5.89
15 0.1 10 14,332.74 6164.12 0.39 0 0.43 5.22 2222.93 0.924 5.23 7.11 7.62
16 0 10 14,311.37 6163.54 0.39 0 0.46 5.2 1911.38 0.924 5.5 5.66 8.26
17 0.581 20 14,518.18 6185.9 0.35 0 0.49 5.22 3610.26 0.922 5.58 4.98 7.99
18 0.581 40 14,729.45 6239.61 0.35 0 0.32 5.2 3462.19 0.917 5.89 5.66 8.49
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Table 5: Indicator data for operation cases using blue and green hydrogen

Case CEFs HBRs I1 I2 I3 I4 I5 I6 I7 I8 I9 I10 I11
19 0.581 10 14,237.97 5933.37 0.35 883.78 0.35 1.41 3656.42 0.944 6.78 7.2 8.46
20 0.5 10 14,220.87 5933.37 0.36 876.72 0.37 1.41 3412.03 0.944 7.26 7.64 8.2
21 0.4 10 14,199.75 5933.37 0.37 883.78 0.35 1.41 3110.31 0.944 7.35 5.99 7.16
22 0.3 10 14,178.63 5933.37 0.37 876.72 0.37 1.41 2808.59 0.944 7.11 8.16 7.55
23 0.2 10 14,157.23 5969.99 0.38 896.86 0.34 1.41 2561.19 0.942 8.49 6.99 6.29
24 0.1 10 14,133.79 5969.99 0.39 896.86 0.34 1.41 2226.44 0.942 8.16 8 8.46
25 0 10 14,110.36 5969.99 0.39 810.88 0.56 1.41 1891.69 0.942 7.43 6.75 8.6
26 0.581 20 14,309.24 5937.3 0.35 842.43 0.45 1.08 3589.6 0.943 7.15 7.3 8.44
27 0.581 40 14,511.75 5973.25 0.35 736.36 0.66 0.88 3413.21 0.94 6.99 6.45 8.16

4.1 Fuzzy DEMATEL Determination of Input-Output Indicator System
Eight domain experts—three from the National Energy Group, three from universities and two from

industry—were invited to perform pairwise comparisons of the indicators under equal weighting. Each
expert assigned semantic judgements to every pair, thereby constructing a linguistic direct-influence matrix;
these linguistic terms were then converted into triangular intuitionistic fuzzy numbers according to Table 2,
yielding an individual triangular intuitionistic fuzzy direct-influence matrix for every expert. Taking Expert
1 as an illustration, the linguistic matrix is presented in Table 6 and its triangular intuitionistic fuzzy
counterpart in Tables 7 and 8. The linguistic direct-influence matrices for the remaining seven experts are
given in Tables A1–A7 of Appendix A.

Table 6: Expert 1’s linguistic direct-influence matrix

I1 I2 I3 I4 I5 I6 I7 I8 I9 I10 I11
I1 NO L H L VL VL H L H VL H
I2 L NO L VL VL H H H L NO L
I3 H VL NO VL VL L VH H L L H
I4 L VL VL NO L NO H L VL VL L
I5 VL L H L NO VL L VL VL VL VL
I6 L NO H NO L NO H H L VL L
I7 L L L VL VL NO NO VH H L H
I8 L VL H L L H NO NO VH VL H
I9 VL NO L L VL H H VH NO L H
I10 VL NO VL L VL NO NO L L NO VL
I11 VL VL VL L VL L L L L VL NO

Table 7: Triangular intuitionistic fuzzy direct-influence matrix

I1 I2 I3 I4 I5 I6
I1 (0, 0, 0.25) (0.5, 0.75, 1.0) (0.5, 0.75, 1.0) (0.25, 0.5, 0.75) (0, 0.25, 0.5) (0, 0.25, 0.5)
I2 (0.5, 0.75, 1.0) (0, 0, 0.25) (0.5, 0.75, 1.0) (0, 0.25, 0.5) (0, 0.25, 0.5) (0.5, 0.75, 1.0)

(Continued)
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Table 7 (continued)

I1 I2 I3 I4 I5 I6
I3 (0.5, 0.75, 1.0) (0, 0.25, 0.5) (0, 0, 0.25) (0, 0.25, 0.5) (0, 0.25, 0.5) (0.5, 0.75, 1.0)
I4 (0.5, 0.75, 1.0) (0, 0.25, 0.5) (0, 0.25, 0.5) (0, 0, 0.25) (0.5, 0.75, 1.0) (0, 0, 0.25)
I5 (0, 0.25, 0.5) (0.5, 0.75, 1.0) (0.5, 0.75, 1.0) (0.5, 0.75, 1.0) (0, 0, 0.25) (0, 0.25, 0.5)
I6 (0.5, 0.75, 1.0) (0, 0, 0.25) (0.5, 0.75, 1.0) (0, 0, 0.25) (0.5, 0.75, 1.0) (0, 0, 0.25)
I7 (0.5, 0.75, 1.1) (0.5, 0.75, 1.0) (0.5, 0.75, 1.0) (0, 0.25, 0.5) (0, 0.25, 0.5) (0, 0, 0.25)
I8 (0.5, 0.75, 1.2) (0, 0.25, 0.5) (0.5, 0.75, 1.0) (0.5, 0.75, 1.0) (0.5, 0.75, 1.0) (0.5, 0.75, 1.0)
I9 (0, 0.25, 0.5) (0, 0, 0.25) (0.5, 0.75, 1.0) (0.5, 0.75, 1.1) (0, 0.25, 0.5) (0.5, 0.75, 1.0)
I10 (0, 0.25, 0.5) (0, 0, 0.25) (0, 0.25, 0.5) (0.5, 0.75, 1.2) (0, 0.25, 0.5) (0, 0, 0.25)
I11 (0, 0.25, 0.5) (0, 0.25, 0.5) (0, 0.25, 0.5) (0.5, 0.75, 1.3) (0, 0.25, 0.5) (0.5, 0.75, 1.0)

Table 8: Triangular intuitionistic fuzzy direct-influence matrix (Continued)

I7 I8 I9 I10 I11
I1 (0.5, 0.75, 1.0) (0.25, 0.5, 0.75) (0.5, 0.75, 1.0) (0, 0.25, 0.5) (0.5, 0.75, 1.0)
I2 (0.5, 0.75, 1.0) (0.5, 0.75, 1.0) (0.25, 0.5, 0.74) (0, 0, 0.25) (0.25, 0.5, 0.75)
I3 (0.75, 1.0, 1.0) (0.5, 0.75, 1.0) (0.25, 0.5, 0.75) (0.25, 0.5, 0.75) (0.5, 0.75, 1.0)
I4 (0.5, 0.75, 1.0) (0.5, 0.75, 1.0) (0, 0.25, 0.5) (0, 0.25, 0.5) (0.25, 0.5, 0.75)
I5 (0.5, 0.75, 1.0) (0, 0.25, 0.5) (0, 0.25, 0.5) (0, 0.25, 0.5) (0, 0.25, 0.5)
I6 (0.5, 0.75, 1.0) (0.5, 0.75, 1.0) (0.25, 0.5, 0.75) (0, 0.25, 0.5) (0.25, 0.5, 0.75)
I7 (0, 0, 0.25) (0.75, 1.0, 1.0) (0.5, 0.75, 1.0) (0.25, 0.5, 0.75) (0.5, 0.75, 1.0)
I8 (0, 0, 0.25) (0, 0, 0.25) (0.75, 1.0, 1.0) (0, 0.25, 0.5) (0.5, 0.75, 1.0)
I9 (0.5, 0.75, 1.0) (0.75, 1.0, 1.0) (0, 0, 0.25) (0.25, 0.5, 0.75) (0.5, 0.75, 1.0)
I10 (0, 0, 0.25) (0.25, 0.5, 0.75) (0.25, 0.5, 0.75) (0, 0, 0.25) (0, 0.25, 0.5)
I11 (0.5, 0.75, 1.0) (0.25, 0.5, 0.75) (0.25, 0.5, 0.76) (0, 0.25, 0.5) (0, 0, 0.25)

After the above processing had been applied to the opinions of the eight experts, Eqs. (2)–(9) were
employed to defuzzify the triangular fuzzy numbers. The resulting matrices, normalised and defuzzified,
constitute the direct-influence matrix presented in Tables 9 and 10.

Table 9: Defuzzified direct-influence matrix

I1 I2 I3 I4 I5 I6
I1 0 0.645833333 0.555729167 0.584895833 0.5 0.5
I2 0.616666667 0 0.556770833 0.3234375 0.4125 0.5
I3 0.470833333 0.529166667 0 0.3828125 0.354166667 0.558333333
I4 0.529166667 0.325 0.441145833 0 0.383333333 0.266666667
I5 0.4125 0.441666667 0.411979167 0.411979167 0 0.470833333
I6 0.5 0.383333333 0.556770833 0.2953125 0.5 0
I7 0.85 0.7625 0.5859375 0.615104167 0.616666667 0.558333333
I8 0.645833333 0.704166667 0.411979167 0.4703125 0.5 0.5

(Continued)
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Table 9 (continued)

I1 I2 I3 I4 I5 I6
I9 0.558333333 0.529166667 0.615104167 0.441145833 0.645833333 0.441666667
I10 0.441666667 0.325 0.411979167 0.615104167 0.4125 0.616666667
I11 0.558333333 0.616666667 0.527604167 0.644270833 0.645833333 0.529166667

Table 10: Defuzzified direct-influence matrix (Continued)

I1 I2 I3 I4 I5 I6
I1 0.879166667 0.645833333 0.616666667 0.441145833 0.6140625 0.879166667
I2 0.85 0.820833333 0.5875 0.383854167 0.731770833 0.85
I3 0.616666667 0.383333333 0.675 0.440104167 0.584895833 0.616666667
I4 0.704166667 0.5 0.470833333 0.616145833 0.615104167 0.704166667
I5 0.645833333 0.470833333 0.675 0.441145833 0.6453125 0.645833333
I6 0.675 0.441666667 0.441666667 0.616145833 0.4984375 0.675
I7 0 0.675 0.4125 0.381770833 0.322395833 0
I8 0.529166667 0 0.616666667 0.353645833 0.409895833 0.529166667
I9 0.383333333 0.616666667 0 0.527604167 0.4390625 0.383333333
I10 0.325 0.383333333 0.5 0 0.4703125 0.325
I11 0.295833333 0.4125 0.470833333 0.4703125 0 0.295833333

Applying Eqs. (10)–(15), the DEMATEL-derived comprehensive influence matrix was used to quantify
each indicator’s degree of influence and degree of being influenced, from which centrality and causality
were subsequently derived; the resulting influence and centrality values for the 4E indicators are reported
in Table 11.

Table 11: Analysis table of influence degree and centrality for 4E indicators

Factor Influence
degree

Influenced
degree

Centrality Cause
degree

Weight Ranking Factor
attribute

I1 7.961246 7.474847 15.43609 0.486399 0.10052 2 Cause factor
I2 7.740051 7.11223 14.85228 0.627821 0.09672 3 Cause factor
I3 6.716404 6.819398 13.5358 −0.10299 0.08815 7 Result factor
I4 6.519994 6.448092 12.96809 0.071902 0.08445 10 Cause factor
I5 6.739809 6.701346 13.44115 0.038463 0.08753 8 Cause factor
I6 6.582276 6.631935 13.21421 −0.04966 0.08605 9 Result factor
I7 7.736697 7.818827 15.55552 −0.08213 0.1013 1 Result factor
I8 6.943937 7.18788 14.13182 −0.24394 0.09203 5 Result factor
I9 6.928535 7.263262 14.1918 −0.33473 0.09242 4 Result factor
I10 6.021791 6.250814 12.2726 −0.22902 0.07992 11 Result factor
I11 6.88864 7.070749 13.95939 −0.18211 0.09091 6 Result factor
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The calculation results of the causality and centrality of all indicators in Table 11 are plotted into a
centrality-causality scatter diagram, as shown in Fig. 3.
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Figure 3: Centrality-causality scatter plot

In Fig. 3, the plane is partitioned into four quadrants by red solid lines intersecting at the origin, with
the abscissa denoting centrality (D + C) and the ordinate causality (D − C). The upper-right quadrant
(high centrality, positive causality) accommodates high-importance causal factors; the upper-left quadrant
(low centrality, positive causality) identifies low-importance causal factors; the lower-left quadrant (low
centrality, negative causality) signifies low-importance resultant factors; and the lower-right quadrant (high
centrality, negative causality) designates high-importance resultant factors. Indicators I1, I2, I4, and I5 are all
situated in the upper-right quadrant, exhibiting centrality values of 15.44, 14.85, 12.97, and 13.44, respectively,
and corresponding causality values of 0.49, 0.63, 0.07, and 0.04. Owing to their pronounced centrality
and strong driving capacity, these indicators are incorporated into the input indicator set of the GBH-IES
hydrogen energy storage system. All remaining indicators are distributed within the two lower quadrants,
with causality values consistently below zero, implying a predominant reception of influence; consequently,
they are assigned to the output indicator set.

4.2 DEA Evaluation
Following the determination of the input-output indicator system by the fuzzy DEMATEL method, the

DEA processing and calculations were conducted using the SPSSAU software to comprehensively evaluate
the 27 different schemes under varying CEFs and HBRs. The dynamic behavior of the slack variables S+ and
S− under different cases is shown in Fig. 4, and the dynamic analysis of the comprehensive benefits under
DEA evaluation is illustrated in Fig. 5.
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Figure 4: Dynamic behavior of slack variables S+ and S− under different cases
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Figure 5: Dynamic analysis of comprehensive benefits under DEA evaluation

Fig. 4 arrays the 27 operating scenarios on the abscissa and presents, on the left ordinate, the input
slacks (S−) and, on the right ordinate, the output slacks (S+). Specifically, S− quantifies the redundant input
that can still be curtailed under a given output level, whereas S+ measures the unmet output that can yet
be expanded under a given input bundle. Fig. 5 retains the identical scenario ordering and plots the DEA
aggregate efficiency score on the vertical axis; a score of unity denotes strong DEA efficiency, whereas any
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value below unity signifies inefficiency. Notably, the magnitude of deviation from unity in Fig. 5 mirrors
the slack magnitudes displayed in Fig. 4. Scrutiny of Figs. 4 and 5 reveals that green-hydrogen scenarios
2–7 exhibit abrupt S− surges above 625 accompanied by synchronous S+ fluctuations; these translate into
efficiency scores falling within 0.965–0.999 in Fig. 5, unequivocally classifying them as DEA-inefficient.
In contrast, blue-hydrogen scenarios 13 and 14 register S− values approaching zero and S+ values barely
exceeding 2 in Fig. 4, corresponding to an efficiency score of 1 in Fig. 5; the residual micro-slacks nevertheless
intimate a weak-efficient frontier. With the exception of scenario 27, the blue-green co-production pathway
yields S− and S+ values that virtually vanish in Fig. 4, and efficiency scores that cling to unity in Fig. 5, thereby
attesting to pronounced DEA effectiveness. Collectively, the evidence indicates that the green-hydrogen
route still harbours substantial improvement potential, whereas the blue-green hybrid pathway demonstrates
considerable developmental promise.

4.3 Results of Entropy Weight-TOPSIS Method
For the DEA strongly efficient cases 1, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, and 24, which

cannot be differentiated in terms of superiority or inferiority, the entropy weight TOPSIS method is employed
for ranking. The calculations based on the formulas yield the dynamic changes in the distances to the positive
ideal solution (D+), the negative ideal solution (D−), and the relative closeness (C), as shown in Fig. 6. The
ranking results for the cases with an efficiency value of 1 under the entropy weight TOPSIS method are
illustrated in Fig. 7.
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Figure 6: Dynamic changes of D+, D−, and C in the entropy weight-TOPSIS model
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Figure 7: Ranking results for efficiency value of 1 under the entropy weight-TOPSIS method

In Fig. 6, the abscissa lists the indices of DEA-strong-efficient scenarios, while the ordinate displays the
dimensionless positive-ideal distance (D+), negative-ideal distance (D−), and relative closeness coefficient
(C). Across all scenarios, the trajectories of C and D− exhibit pronounced concordance, yet marked
fluctuations emerge in the vicinity of scenarios 10 and 20: D+ ascends sharply before a precipitous decline,
whereas C follows an inverse pattern—descending first and then rebounding. These inflections signify a
transient intensification of performance disparities among pure-green-hydrogen, pure-blue-hydrogen, and
blue-green-hybrid solutions, thereby magnifying their relative merits within these narrow bands. Overall,
D+ exerts a marginal influence on scenario ranking, whereas the oscillations of D− and C dominantly govern
the stability of the final prioritization. Fig. 7 arrays all 18 DEA-strong-efficient scenarios along the abscissa
and presents their entropy-weighted TOPSIS ranks on the ordinate, with rank 1 denoting the highest relative
closeness coefficient. Scenarios 26, 1, and 8 occupy the top three positions, whereas scenarios 15 and 16 anchor
the bottom, unequivocally demonstrating that, even along the efficient frontier, discernible performance
gradients persist. Using the entropy weight TOPSIS method, the DEA strongly efficient cases are ranked from
best to worst as follows: case 26, case 1, case 8, case 19, case 20, case 9, case 25, case 22, case 21, case 24, case
23, case 10, case 17, case 18, case 11, case 12, case 16, and case 15.

4.4 Comparison of Traditional DEA and the Evaluation Scheme in This Paper
This study builds upon traditional DEA, addressing the issues of unclear input-output indicators and the

inability to rank strongly DEA-efficient cases. To verify the effectiveness of the improvements, a difference
analysis was conducted between the case rankings of traditional DEA and those obtained using the MCDM
method. The comparison is shown in Tables 12 and 13. The results are also visualized in Fig. 8.
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Table 12: Analysis of case rankings between traditional DEA and MCDM method

Case 1 2 3 4 5 6 7 8 9 10 11 12 13 14
DEA 1 8 3 4 5 6 7 1 1 1 1 1 1 1

MCDM 8 27 22 23 24 25 26 7 5 12 15 17 20 18

Table 13: Analysis of case rankings between traditional DEA and MCDM method (Continued)

Case 15 16 17 18 20 21 22 23 24 25 26 27
DEA 1 1 1 1 1 1 1 1 1 1 1 2

MCDM 16 19 13 14 2 9 4 10 11 6 1 21
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Figure 8: Analysis of differences in case rankings between traditional DEA and MCDM method

Fig. 8 contrasts the ranking outcomes generated by conventional DEA (left panel) with those obtained
through the proposed MCDM framework (right panel). Under traditional DEA, all 27 scenarios registering
an efficiency score of unity are indistinguishably assigned the first rank, precluding any further discrimina-
tion. Conversely, the MCDM approach yields a unique and strictly monotonic ordering, thereby resolving
the tie and enabling continuous rank assignment. These findings substantiate that the MCDM method-
ology markedly outperforms conventional DEA in distinguishing efficient units and in the expeditious
transmission of ranking information.
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4.5 Sensitivity Analysis
Acknowledging that the grid carbon-emission factor (CEF) and the gas-turbine hydrogen blending ratio

(HBR) constitute the most sensitive parameters governing blue–green hydrogen synergies while being sub-
ject to pronounced policy and technological uncertainties, an orthogonal experimental design was adopted.
Seven uniformly spaced CEF levels—0, 0.1, 0.2, 0.3, 0.4, 0.5 and 0.581 kg kWh−1—were selected to span
the full continuum from present high-carbon to prospective zero-carbon electricity mixes. Concurrently,
three technically viable HBR levels—10%, 20% and 40%—were specified within the engineering-feasible
range of 10%–40%. These combinations yield a concise yet representative set of scenarios that encompass all
plausible future power-system decarbonisation pathways while remaining compatible with the anticipated
technology-readiness horizon of hydrogen-fired gas turbines over the next 5–10 years. By obviating the 21
exhaustive permutations, the orthogonal matrix retains statistical power and enables a robust assessment of
green–blue hydrogen synergy benefits without redundant computation.

Firstly, the ranking of the three types of hydrogen under different grid CEFs was investigated, with a
specific analysis of seven cases where the hydrogen blending ratio was 10% and the CEFs were 0, 0.1, 0.2,
0.3, 0.4,0.5, and 0.581, respectively. As shown in Fig. 9, a comparison of the rankings across different cases
revealed that the cases involving the co-operation of green and blue hydrogen were ranked higher than those
with green or blue hydrogen alone. This indicates that, under the trend of low-carbon power generation,
the co-operation of green and blue hydrogen can enable the integrated energy system to achieve higher
comprehensive benefits.
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Figure 9: Comparison of MCDM rankings under different CEFs

The ranking of Case 2 is higher than that of Case 1 because the total cost and the average depth of energy
storage discharge in Case 1 are always higher. Looking at the data in the table, it can be seen that the ranking
of Case 3 drops when the grid carbon emission factor is 0, due to the increase in the average depth of energy
storage discharge. This indicates that, compared to blue hydrogen, the use of green hydrogen is not only
economically disadvantageous but also leads to greater wear and tear of equipment within the integrated
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energy system. Although the co-operation of green and blue hydrogen slightly increases the wear and tear
of equipment within the system, its comprehensive benefits are always higher.

Secondly, this study examines the ranking of the three types of hydrogen (green hydrogen, blue
hydrogen, and the co-operation of green and blue hydrogen) under different HBRs. Specifically, it analyzes
three cases where the carbon emission factor is 0.581 and the HBRs are 10%, 20%, and 40%, respectively.
As shown in Fig. 10, the rankings of the three cases when the gas turbine operates with different HBRs are
as follows: The ranking of Case 1 is always the lowest and decreases further as the hydrogen blending ratio
increases. When the hydrogen blending ratio is 10% and 20%, Case 3 has the highest comprehensive benefit;
whereas at a 40% hydrogen blending ratio, Case 2 has the highest comprehensive benefit. The reason for
this change in ranking is the high cost of electrolysis for green hydrogen, which always results in the highest
equipment life consumption in the green hydrogen energy system. Therefore, the comprehensive evaluation
value of Case 1 is always the lowest. As the scale of hydrogen energy utilization increases, the disadvantages
of Case 1, such as its economic inefficiency and high equipment life consumption, are further exacerbated.
Additionally, when the hydrogen blending ratio increases, Case 3 requires an increase in the charging and
discharging power of energy storage equipment to meet the greater hydrogen demand, leading to increased
life consumption of the energy storage equipment and, consequently, a decrease in comprehensive benefits.
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Figure 10: Comparison of MCDM rankings under different HBRs

5 Conclusions
This study constructs a 4E performance integrated evaluation model for the blue-green hybrid hydrogen

energy system (GBH-IES) based on a hybrid multi-criteria decision-making method, systematically assess-
ing the comprehensive benefits under different CEFs and HBRs for three cases: green hydrogen only, blue
hydrogen only, and the co-operation of blue and green hydrogen. The main conclusions of the study are
as follows:
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(1) Sensitivity analysis indicates that, across varying CEFs and HBRs, the integration of blue and green
hydrogen consistently outperforms the use of either blue or green hydrogen alone. This suggests that, in
the context of low-carbon power generation, the combined utilization of blue and green hydrogen can
significantly enhance the overall performance of the integrated energy system. Specifically, the synergistic
operation of blue and green hydrogen provides greater economic benefits. Although the degree of equipment
wear and tear is slightly higher compared to scenarios involving the use of a single type of hydrogen, the
overall benefits remain superior. In real GBH-IES projects the carbon-emission factor and the hydrogen-
blend ratio are locked by grid topology, pipeline metallurgy and terminal equipment, so they cannot be
tuned as freely as in simulation. Anchored in these stubborn boundary conditions, this study evaluates
the integrated benefits of alternative scenarios and thereby steers clear of resource misallocation and
stranded costs that would otherwise arise from an ill-chosen transition pathway. The derived benchmarks
can be directly translated into quantifiable thresholds for regulators, including upper bounds on the grid
carbon-emission factor, tiered subsidies indexed to hydrogen blending ratios, and priority rankings for
infrastructure investment, thereby guiding the sector toward a blue–green hydrogen synergy pathway at
minimal policy cost.

(2) When the carbon emission factor is 0.581, Case 1 (green hydrogen only) consistently ranks the lowest
among the three cases with HBRs of 10%, 20%, and 40%, and its ranking further decreases as the hydrogen
blending ratio increases. The comprehensive benefits of Case 3 (co-operation of blue and green hydrogen)
are the highest when the hydrogen blending ratio is 10% and 20%, while Case 2 (blue hydrogen only) has the
highest comprehensive benefits at a 40% hydrogen blending ratio. The reason for this change in ranking is the
high cost of electrolysis for green hydrogen, which always results in the highest equipment life consumption
in the green hydrogen energy system. As the scale of hydrogen energy utilization increases, the disadvantages
of Case 1, such as its economic inefficiency and high equipment life consumption, are further exacerbated.
Additionally, when the hydrogen blending ratio increases, Case 3 requires an increase in the charging and
discharging power of energy storage equipment to meet the greater hydrogen demand, leading to increased
life consumption of the energy storage equipment and, consequently, a decrease in comprehensive benefits.

(3) The fuzzy DEMATEL method was utilized to quantify the causal relationships between indicators,
thereby establishing a scientific input-output evaluation indicator system. The DEA model conducted a
preliminary performance assessment of the hydrogen energy storage system, while the entropy weight
TOPSIS method addressed the issue of unrankable assessment results by providing further ranking, thereby
significantly enhancing the accuracy and reliability of the hydrogen energy storage system evaluation. Com-
pared with the traditional DEA method, the improved method proposed in this paper effectively resolves
the issue of being unable to further rank when the efficiency value is 1, thereby significantly improving the
scientific nature and practicality of the assessment results. Moreover, the MCDA framework constructed for
GBH-IES exhibits broad generality and can be transferred wholesale to offshore wind, biomass and urban
power networks. Migration requires only four sequential actions—structural reconfiguration, indicator
supplementation, data substitution and decision evaluation—without the need to redevelop the underlying
algorithm. When system expansion or temporal refinement induces a sharp escalation in the number of
indicators and decision variables, the redundant indicators can first be eliminated via the fuzzy DEMATEL
method to achieve substantial dimensionality reduction; the proposed assessment framework can then be
invoked directly to complete the subsequent evaluation, thereby guaranteeing computational efficiency in
large-scale, high-resolution settings.

(4) Although the proposed 4E performance evaluation model is comprehensive and has been validated
through the case study, the detailed rules governing direct participation of retail consumers in the inter-
provincial spot market remain under formulation, and the quantitative boundaries of policy support and
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market acceptance have yet to be clarified; consequently, these two dimensions could not be incorporated
into the current framework. Future work will integrate these indicators into the evaluation system and will
further investigate how the introduction of dynamic carbon pricing, hydrogen incentives, or other policy
shifts alters the preferred system configuration.
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Glossary
GBH-IES Green and Blue Hydrogen Integrated Energy System
4E Performance Economy, technology, environment, and social benefits
DEMATEL Decision Making Trial and Evaluation Laboratory
DEA Data Envelopment Analysis
TOPSIS Technique for Order Preference by Similarity to Ideal Solution
PV Photovoltaics
CCS Carbon Capture and Storage
HESS Hybrid Energy Storage System
IES Integrated Energy Systems
EH-IES Electricity-Hydrogen Integrated Energy System
BPH-IES Biomass-Photovoltaic-Hydrogen Integrated Energy System
CEF Carbon Emission Factor
HBR Hydrogen Blending Ratio
MCDM Multi-Criteria Decision-Making
CFCS Centroid Fuzzy C-means

Appendix A

Table A1: Expert 2’s linguistic direct-influence matrix

I1 I2 I3 I4 I5 I6 I7 I8 I9 I10 I11
I1 NO L L L L H H H H L H
I2 H H VL NO L L VH VH VH H VH

(Continued)
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Table A1 (continued)

I1 I2 I3 I4 I5 I6 I7 I8 I9 I10 I11
I3 VL VL NO VL VL L L VL H L H
I4 L NO H L VL VL H L H H H
I5 VL L VL L NO VL H H VH H H
I6 L VL VL L VL NO H VL L H L
I7 H L H L H L VL L NO VL VL
I8 H L L VL H H VL NO L VL VL
I9 H L VL L L L NO VL VL VL VL
I10 L VL L L L VH VL VL VL NO VL
I11 H VL H VH H H VL VL H VL NO

Table A2: Expert 3’s linguistic direct-influence matrix

I1 I2 I3 I4 I5 I6 I7 I8 I9 I10 I11
I1 NO L VL L L H H L L L H
I2 L NO L NO L L VH H VL VL VH
I3 VL L NO H VL L L VL L L H
I4 L NO H NO VL VL H L H H H
I5 L L VL VL NO VL H H L L H
I6 H L L VL VL NO H VL H H L
I7 H VH L H H H NO L VL VL VL
I8 L H VL L H VL L NO VL VL VL
I9 L H L L H L NO L NO VL VL
I10 L VL L H L H VL VL NO NO VL
I11 H VH H H H L VL L VL VL NO

Table A3: Expert 4’s linguistic direct-influence matrix

I1 I2 I3 I4 I5 I6 I7 I8 I9 I10 I11
I1 NO H L H L H VH H L L H
I2 H NO H VL L H VH VH H VL VH
I3 L H NO L VL H H L H L H
I4 H VL L NO L L H H H H H
I5 L L VL L NO H H H VH L L
I6 H H H L H NO L VL L H L
I7 VH VH H H H L NO L VL H VL
I8 H VH L H H VL L NO L VL L
I9 L H H H VH L VL L NO H VL
I10 L VL L H L H H VL H NO H
I11 H VH H H L L VL L VL H NO
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Table A4: Expert 5’s linguistic direct-influence matrix

I1 I2 I3 I4 I5 I6 I7 I8 I9 I10 I11
I1 NO H L L VL L VH H L VL H
I2 H NO H VL L VL VH H H L VH
I3 L H NO L VL L H L H VL H
I4 L VL L NO VL VL H L L L H
I5 VL L VL VL NO L H L H L L
I6 L VL L VL L NO H VL L H L
I7 VH VH H H H H NO VH VL L VL
I8 H H L L L VL VH NO H VL L
I9 L H H L H L VL H NO H VL
I10 VL L VL L L H L VL H NO L
I11 H VH H H L L VL L VL L NO

Table A5: Expert 6’s linguistic direct-influence matrix

I1 I2 I3 I4 I5 I6 I7 I8 I9 I10 I11
I1 NO L H L H VL VH L H VL L
I2 L NO L H VL L H VH VL L H
I3 H L NO VL L H L VL VH L VL
I4 L H VL NO L VL H L VL H L
I5 H VL L L NO H L VL L L VH
I6 VL L H VL H NO H L VL H L
I7 VH H L H L H NO H L VL VL
I8 L VH VL L VL L H NO H L VL
I9 H VL VH VL L VL L H NO H L
I10 VL L L H L H VL L H NO H
I11 L H VL L VH L VL VL L H NO

Table A6: Expert 7’s linguistic direct-influence matrix

I1 I2 I3 I4 I5 I6 I7 I8 I9 I10 I11
I1 NO H L H L VL VH H L L VL
I2 H NO H L VL L H VH H VL L
I3 L H NO VL H L L VL H L VL
I4 H L VL NO L VL H L VL H L
I5 L VL H L NO L H VL VH VL H
I6 VL L L VL L NO L H VL L L
I7 VH H L H H L NO L H VL VL
I8 H VH VL L VL H L NO L H L
I9 L H H VL VH VL H L NO L H
I10 L VL L H VL L VL H L NO L
I11 VL L VL L H L VL L H L NO
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Table A7: Expert 8’s linguistic direct-influence matrix

I1 I2 I3 I4 I5 I6 I7 I8 I9 I10 I11
I1 NO VH H H H L VH H H H L
I2 L NO L L L VL H L L L VL
I3 VL L NO VL VL L L VL L VL L
I4 VL L VL NO VL VL L VL VL L L
I5 VL L VL VL NO L L VL L VL H
I6 L VL L VL L NO H L VL L L
I7 VH H L L L H NO H L VL VL
I8 H L VL VL VL L H NO H VL VL
I9 H L L VL L VL L H NO L L
I10 H L VL L VL L VL VL L NO L
I11 L VL L L H L VL VL L L NO
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