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Abstract: In response to the global momentum toward carbon neutrality, the concept of “zero carbon” parks has gained significant attention in the energy and construction sectors. While existing research primarily focuses on optimizing standalone energy systems, a comprehensive methodological framework for evaluating the planning and management of integrated energy systems (IES) within zero-carbon parks remains underexplored. This study addresses this gap by examining the challenges inherent in the zero-carbon transformation of parks and proposing a multi-dimensional assessment index system tailored to IES. The evaluation framework encompasses five critical dimensions: environment, technology, economy, energy, and sustainability. To accurately determine the relative importance of these dimensions, the Analytic Hierarchy Process (AHP) and the Criteria Importance Through Intercriteria Correlation (CRITIC) method are employed for initial weight assignment, which is subsequently refined through game theory optimization. The fuzzy comprehensive evaluation method is then utilized to rigorously assess the benefits of IES across the planning, construction, and operational phases of zero-carbon parks. The findings highlight that the planning and operational stages are of greater significance than the construction phase. Specifically, the planning stage prioritizes environmental impact and technical advantages, while the operational phase emphasizes the equilibrium between economic benefits and ecological responsibilities. This research provides a scientific basis for the strategic planning and management of IES in zero-carbon parks, offering valuable insights for project managers and decision-makers in prioritizing resources across different project stages to achieve sustainable development. By addressing the current research gap, the study not only advances the understanding of IES in zero-carbon parks but also contributes practical guidance for achieving global carbon reduction goals. 
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1 Introduction

Against the zero-carbon strategy and the “14th Five-Year” modern energy system planning, achieving the double carbon goal has become a vital driving force for energy transformation and social development. Facing this global challenge, the simplification of the traditional park energy system is no longer adapted to the requirements of low-carbon development [1]. As a consequence, it is of considerable value and significance to construct a comprehensive energy planning framework with zero carbon as the objective to encourage the decoupling of economic growth from carbon emissions in the park and enhance the zero carbon transformation of urban parks [2]. 

With financial support, capital has been directed to low-carbon and zero-carbon initiatives in international communities, especially in developed countries [3, 4]. The Chinese government has explicitly decided to support the

“dual carbon” target in the “carbon peak action plan by 2030.” It has recommended supporting 100 representative pilot cities and parks in terms of policy, capital, and technology to further the goal of reducing peak carbon dioxide emissions. 
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In China, constructing a ‘zero carbon’ park is a strong response to the purpose of ‘double carbon’. Nevertheless, the park’s ‘zero-carbon’ transformation is now confronted with challenges in many ways, such as technology, planning, and policy [5]. Existing industries and energy infrastructures are still highly dependent on traditional fossil fuels, which makes it hard to adapt to the transition to clean energy and low-carbon technologies. Furthermore, the park’s

‘zero carbon’ transformation entails the overall design of each unit’s growth, which necessitates extensive top-level design and scientific decision-making. 

IES plays a pivotal role in accomplishing the objectives of safe energy usage, environmental protection, and zero-carbon by offering clean, efficient, and dependable energy supply and energy management services. Additionally, IES helps establish a “zero-carbon closed loop.” On the other hand, most of the research now available focuses on the green and low-carbon renovation of structures as well as striking a balance between the park economy [6, 7], and emission reduction [8, 9]. Relatively little research has been done on the use of energy-efficient systems (IES) and their benefits in zero-carbon parks. These studies concentrate primarily on how IES can decrease carbon emissions and promote energy efficiency in parks. Furthermore, the research is mainly focused on optimizing a particular energy system; it does not evaluate the full advantages of IES, nor does it assess its applicability and benefits in different types of parks. 

Therefore, the innovation of this paper is applying IES to the evaluation of the operational benefits of zero-carbon parks for the first time and making up for the excessive attention to optimizing a single energy system. Based on the game theory combination weighting-fuzzy comprehensive evaluation model, the IES evaluation method as well as the evaluation index system of environment, technology, economy, energy, and sustainability, which is established in this paper, will scientifically evaluate the operation benefits of the three stages of planning, construction, and operation of a zero-carbon park. Moreover, game theory is applied to integrate the objective weight of CRITIC and the subjective weight of the AHP to overcome the drawbacks of single weighting. To guarantee that the combination weighting in every phase is reasonable, a sensitivity analysis of the model is performed, strengthening the evaluation’s accuracy and scientific rigor. This research will offer theoretical and practical recommendations for planning, constructing, and operating zero-carbon parks. It will also provide decision support for policymakers and park managers and encourage the establishment and growth of zero-carbon parks. 

The rest of this paper is organized as follows: A literature review is done in the second Section to assess the state of research on zero-carbon parks and IES both domestically and internationally. The evaluation index system is built in the third Section using the following five criteria: environmental impact, technical benefit, economic benefit, energy benefit, and sustainability. The steps and methods of the evaluation model used in this paper are presented in the fourth part. In Section 5, IES is evaluated during the zero-carbon park’s planning, construction, and operation stages. 

Sensitivity analysis serves to verify the model’s accuracy. The summary and prospect are addressed in Section 6. 

2 Literature Review

In the last few years, since worldwide climate change has become more severe and the energy crisis has loomed large, the imperative to foster an energy revolution and construct an energy framework that is clean, low-carbon, secure, and efficient has become paramount to meeting the goals of ‘carbon peak and carbon neutrality’ [10, 11]. As a crucial means of achieving carbon neutrality, the imperative to actualize a ‘net-zero emissions’ transformation within the park is both pressing and essential. 

As the vanguard of sustainable urban development, zero-carbon parks incorporate sophisticated environmental strategies and leading-edge technologies, intending to reduce carbon emissions to a minimum or zero carbon emissions [12]. Its development goes through the stages of low carbon emission, near-zero emission, and net zero emission, and finally realizes the self-balance of carbon emission and absorption within the park. To accomplish this goal, the construction and management of zero-carbon parks should consider energy efficiency, renewable energy utilization, carbon capture and storage technologies, and sophisticated energy management systems [13]. At the same time, the development of zero-carbon parks also needs joint efforts in many aspects, such as policy support, technological innovation, capital investment, and public participation. These parks are pivotal in facilitating the shift to a low-carbon economy on a global scale and aligning with international environmental objectives exemplified by the Paris Agreement. Additionally, there are notable examples of such parks both domestically and internationally, as depicted in Table 1 [14, 15]. 

Internationally, the research and development of zero-carbon parks has made groundbreaking progress in various regions [16]. The obstacles associated with the development of zero-carbon industrial parks are examined and forecasted. North American researchers concentrate on improving energy efficiency and decreasing carbon emissions with digital technology while researching policies and incentives to support low-carbon industrial transformation [17]. 

Domestic research mainly emphasizes exploring the balance between emission reduction and the economic benefits of the park, as well as the green and low-carbon transformation of park buildings. Concerning policies, the Chinese government has issued China’s National Program on Climate Change and China’s Carbon Market Development Plan. The European Union has also set a goal of becoming carbon neutral by 2050 through the Green Deal. It has 83

introduced policies such as the European Climate Act to encourage the creation of zero-carbon parks. 

Table 1. Overview of typical zero-carbon park cases

Case

Domain

Main Content

The world’s first zero-carbon community, with all community buildings London Beddington

adopting passive and integrated design concepts, realizing the

Zero Carbon

Construction

transformation of buildings from “energy-consuming” to

Community [14]

“energy-producing”. 

The integrated wind-solar-storage clean energy system, employing a Oros Zero Carbon

Source of energy

‘self-consume surplus, feed excess online’ strategy, achieves a 100%

Industrial Park

clean energy supply. 

The ‘power generation-cogeneration-agriculture’ system was devised to Kalenburg Industrial

Ecology

achieve the multifaceted use of energy and enhance the park’s overall Park, Denmark [15]

development efficiency. 

A gas station transformation, in terms of energy, terminal, operation, Lin Orui Fu Zero

environment, and other aspects, fully realizes the industrial low-carbon, Carbon Technology

Gas plant renovation

is the world’s first zero-carbon park, but also become a milestone in the Park

history of carbon neutrality in Germany. 

To promote the development of zero-carbon parks, researchers at home and abroad have researched the optimal operation of IES to meet the energy efficiency and development needs of zero-carbon parks. It mainly focuses on three core areas: model construction, algorithm development, and mechanism design, to improve the accuracy of prediction models, the efficiency of optimization algorithms, and the flexibility of market mechanisms [18]. 

Regarding model construction, Irham et al. [19] proposed a multi-level optimization model based on model predictive control (MPC) to achieve multi-objective optimal energy management in IES. To improve equipment coordination ability and operation economy in IES [20], a multi-time scale optimal scheduling approach based on distributed model predictive control (DMPC) is suggested, which decreases costs while increasing economy and reliability. In terms of algorithm development [21], thinking about the complexity of multi-energy trading and the uncertainty of renewable energy output, an improved coyote optimization algorithm is proposed. Its usefulness in increasing income for operators, lowering energy expenditures, and improving energy usage economics has been demonstrated via case studies of industrial parks in northern China [22]. Aiming at the demand response and renewable energy uncertainty in IES, an interval optimal scheduling method based on soft actor-critic (SAC) deep reinforcement learning (DRL) is proposed, which improves the decision-making ability of IES optimal scheduling and effectively deals with the constraints of related equipment. With market mechanism design [23], a near-zero carbon IES (NZC-IES) optimization scheduling strategy is proposed. Through the establishment of a demand response and ladder carbon trading model, a new perspective is provided for the low-carbon operation of NZC-IES, and the case study results demonstrate the effectiveness of achieving waste-to-energy and low-carbon emissions while maintaining economic performance. 

On this basis, IES has been widely used in many fields, such as industry, agriculture, and campus [24]. Aiming at the problem of relatively rough hydrogen energy storage modeling in traditional planning of IES in industrial parks, an IN-IES planning model was established to effectively improve the economic benefits of the system and reduce carbon pollution and power abandonment [25]. Aiming at the optimal scheduling model of multi-energy coupling agricultural IES, the low-carbon economic scheduling of agricultural IES is effectively optimized [26]. Aiming at the operation optimization of the IES of the school, the SIES technical and economic evaluation model based on the G1-anti-entropy weight TOPSIS method is proposed to effectively evaluate the IES of the school scientifically. 

This shows that the combination of IES and zero-carbon parks in in-depth research and optimization is an important direction for future research. 

3 IES Evaluation Index

3.1 IES Structure

An IES is a platform for integrating multiple energy forms and technologies, with significant features such as source-grid-load-storage integration, multi-energy complementarity, and supply-demand coordination [27]. The central element of the system is the “source-network-load-storage” paradigm, which encompasses the full cycle of energy generation, conveyance, utilization, and conservation, ensuring a fluid interconnection of essential stages. 

Embedding the IES within the zero-carbon parks, offers the parks a clean, efficient, and dependable source of energy and energy management, while also making a notable contribution to the park’s sustainability objectives, particularly in the realms of low-carbon energy consumption and ecological preservation [13]. There are different roles in the IES

of a zero-carbon park. 
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“Source” refers to the point of origin of energy and relates to the generation and provision of clean energy, including solar, wind, hydro, and biomass, to reduce the use of fossil fuels and lower the carbon footprint of the zero-carbon park. 

The “network” element of the system pertains to the infrastructure for energy conveyance and dissemination, encompassing a variety of interconnected networks, including electrical, thermal, gaseous, and hydrogen conduits. 

Engineered to augment energy efficiency and sophistication, these networks aim to refine the distribution of resources and uphold the consistency and dependability of the energy supply chain. 

The “load” aspect signifies the demand side of energy usage, encompassing a range of sectors including industrial, commercial, and residential. By implementing demand-side management strategies and enhancing energy efficiency, the goal is to streamline energy utilization, maintain equilibrium in energy demand, and elevate overall energy efficiency. 

“Storage” refers to energy storage facilities and technologies, such as battery energy storage, thermal energy storage, and water energy storage. Energy storage systems are critical to maintaining a balance between energy supply and demand, by buffering the intermittency of renewable energy, improving energy efficiency, and enhancing system stability. 

The “source-net-charge-storage” model of the IES emphasizes the integration and collaborative optimization of the energy system. Through the effective management and technological innovation of these four links, the zero-carbon park can improve energy efficiency and promote the sustainable development of the environment. 

3.2 Quantitative Model of Evaluation Index

The study follows the principles of science, operability, representativeness, and relevance as the basis for screening and identifying evaluation indicators. By analyzing the dynamic change of the operating parameters of the IES in the zero-carbon park and predicting future development demand, the paper aims to select the key system evaluation indicators and build a comprehensive energy system evaluation framework [28, 29]. The indicator selection process is shown in Figure 1. 

Figure 1. Indicator selection flow chart

Following the aforementioned principles, this study initially gathers pertinent indicators of the IES utilizing sources such as the Web of Science, CNKI, and government official websites [30, 31]. Subsequently, the collected indicators were preliminarily screened by combining theoretical analysis and frequency statistics to ensure the relevance and importance of the indicators. On this basis, the Delphi method was adopted to carry out two rounds of expert consultation, aiming to extract key indicators through expert consensus, and finally build a comprehensive evaluation index system of the IES low-carbon operation efficiency of zero-carbon parks, as shown in Figure 2. 
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Figure 2. Index system of IES in zero-carbon park

3.2.1 Energy efficiency index

Energy efficiency is one of the core indicators used to measure the operating efficiency of IES in zero-carbon parks. This paper will show how IES can optimize energy use, reduce energy waste, and improve the overall efficiency of energy utilization by evaluating indicators such as energy conversion efficiency, energy intensity, and clean energy consumption rate in the park. Table 2 describes the specific indicators. 

Table 2. Interpretation of energy efficiency indicators

Calculation

Index Name

Meaning Interpretation

Formula

In the process of converting one form of energy into

Energy conversion

another, the ratio of the actual output energy to the input

η = Eoutput

efficiency

Einput

energy [32]. 

Comprehensive

The ratio of the total energy output of the system to the

λ = W

energy utilization rate

primary energy consumption [33]. 

Q

The comprehensive energy consumption per unit area, 

Energy intensity

qualitative

population, or output value of IES in the park [30]. 

Clean energy

The percentage of renewable energy power generation to

consumption rate in

β = ER × 100%

total load power consumption in a certain period [34]. 

EL

the park

Energy distribution

Energy loss in the process of energy transmission from

and transmission

qualitative

the production site to the consumption end [29]. 

losses

User-side energy

Reflecting user-side energy quality, such as thermal

qualitative

quality

sensory index, indoor air quality satisfaction, etc. [35]. 

3.2.2 Technical benefit index

In terms of technical benefits, the innovative application of IES in zero-carbon parks is discussed to ensure that indicators can reflect the efficiency and reliability of energy systems. Indicators such as equipment operating life, load shedding probability, and mature technology are taken to show how IES brings significant advantages at the technical level to the park. The specific indicators are shown in Table 3. 

3.2.3 Economic benefit index

The economic benefit is an important dimension in evaluating the operation of IES in Zero Carbon Park. This paper selects the system equipment investment cost, return on investment, and other indicators to explain the value and potential economic benefits of IES for the park at the financial level, see Table 4. 

3.2.4 Environmental impact index

Environmental impact is an indispensable consideration in the construction of zero-carbon parks. In this part, this paper evaluates the positive impact of IES on the environment and its role in promoting the park’s development through the primary energy utilization rate, pollutant discharge rate, and carbon emission change rate, see Table 5. 
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Table 3. Technical benefit index interpretation Index Name

Meaning Interpretation

Calculation Formula

The period from when the equipment is

Equipment operating

used until its performance no longer meets

L = Tfact

life

the predetermined standards or reaches the

Tinitiate

established replacement cycle [36]. 

The average value of the failure duration of

Equipment failure

PN

hi

each type of energy equipment compared

i=1 Si

rate

FN =

N

to the total duration of use in IES [37]. 

Assess the technology maturity of different

Technology maturity

technologies or components in the IES

qualitative

system [38]. 

Reliability of power

The ratio of the average failure time of the

δ

× 100%

supply, heat, and cold

system to the total energy supply time [39]. 

i = 1 − xi

Ni

To maintain the stability of the power grid, 

Load shedding

IES can actively implement the probability

qualitative

probability

of load reduction or interruption [40]. 

The proportion of the total number of

Comprehensive

facilities meeting N-1 requirements to the

η

energy N-1 pass rate

pr = NN

Nal

total number of facilities [39]. 

Table 4. Economic benefit index interpretation

Index Name

Meaning Interpretation

Calculation Formula

The total cost of acquisition and

System equipment

installation of all necessary

I

investment cost

eq = I×(1+r)n

(1+r)n−1

equipment in IES [39]. 

After the project is operational, 

Energy system

TDP P

the economic benefits fully

X

investment payback

0 =

(Acin (a) − Acout (t)) · (1 + i)−a

cover the time span required for

period

a=0

the initial investment [30]. 

TAP P

X

0 =

Acin (a) − Acout (a)

a=0

Environmental

Environmental taxes for the

protection tax on

C = T

production of pollutants [6]. 

N mN + TC mC + TS mS

pollutant discharge

Due to the economic benefits

brought by emission reduction, 

Income

Net emission

the input costs paid to achieve

= (R

reduction revenue

Carbon rights + Rsubsidy + Reconomize ) −

emission reduction targets are

(Cinvest + COperation + Cchance )

deducted [36]. 

The cost of each unit of energy

Energy supply unit

consumption for the system to

C

cost

u = Cp+Ct×η+Cd+Cc

E

provide energy [30]. 

The cost of various fuels

Fuel purchase cost

None

purchased by the park. 

3.2.5 Sustainability index

Finally, the potential for long-term application of IES in zero-carbon parks is explored from a sustainability perspective. The environmental load rate, long-term operation, and maintenance capability, and sustainability index of the system are selected to analyze how IES can provide long-term stable energy solutions for the park and support its sustainable development goals, see Table 6. 
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Table 5. Interpretation of environmental impact indicators Index Name

Meaning Interpretation

Calculation Formula

The share of electricity generated from

Proportion of green

renewable resources in total electricity

qualitative

electricity use

consumption [22]. 

Primary energy

The ratio of total energy output to primary

η =

utilization rate

energy consumption [41]. 

Ec,yλc+EH1,yλH +Ee,yλc

P

(W

i

i λi )

The ratio of the emission of gas pollutants

Pollutant reduction

reduced by the use of clean energy in the

∆CE

rate

system to the total emission of gas

0 = P Lfi

pollutants in the park [31]. 

The ratio of the CO

Rate of change in

2 emissions reduced by

the use of renewable energy in the system

CE

CE

CE

carbon emissions

C = Eb

ηP

u + Qh

f

ηQ

to the total CO

T

T

2 emissions of the park [31]. 

The operation of multiple energy supply

Noise effect

equipment may lead to an increase in

qualitative

environmental noise [42]. 

Table 6. Sustainability indicators explained

Index Name

Meaning Interpretation

Calculation Formula

The proportion of non-renewable resource

Ambient load factor

consumption and the sum of external social

ELR = N+F

R

inputs to renewable resources. 

Quantify the characteristics of systems

Sustainability index

such as energy efficiency, environmental

ESI = EY R/ELR

impact, and organizational capacity [31]. 

Recycle rate of waste

The ratio of recovered waste heat energy to

E



ϑ(%) =

recycle

× 100

heat

total waste heat [22]. 

ETotal

It reflects the reliability, maintenance cost, 

Long-term system

technology updating, and upgrading ability

operation and

of the IES system in the long-running

qualitative

maintenance

process, as well as the adaptability to

capability

external changes [43]. 

Exhaust gas cycle

Indicators of waste recovery and reuse

qualitative

rate

efficiency. 

4 Index Weight Calculation Method

4.1 AHP

The AHP is a decision support tool that enables decision-makers to synthesize qualitative and quantitative indicators and calculate the weight of each evaluation indicator through hierarchical processing and paired comparison of indicators. When assessing the operational advantages of a zero-carbon park’s IES, AHP adeptly consolidates mea-surable and difficult-to-quantify indicators, offering a structured analytical approach to devising an all-encompassing assessment framework. The detailed computational procedures are outlined below. 

(1) Utilizing the hierarchical structure depicted in Figure 1 for the IES framework of the Zero Carbon Park, the 1-to-9 scale is applied for pairwise comparison of indicators, leading to the formulation of the respective judgment matrix. The significance of each scale value is detailed in Table 7. 

(2) Computed weight vector

The judgment matrix of each level is normalized, and the arithmetic mean value of each factor is used as the ranking weight of the factor of the level. 

(3) Consistency test of the judgment matrix

The consistency index CI of the n-order matrix is calculated. The larger the value is, the more inconsistent the results of pairwise comparison of matrix elements are CI. The formula for calculating the CI value is as follows: λmax − n

CI =

(1)

n − 1
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where, λmax is the maximum eigenvalue of the matrix; n is the order of the matrix. The matrix consistency ratio is as follows:

Table 7. 1 - 9 scaling method

Scale Value

Implication

1

Factor Ua is equally important than Ub

3

Factor Ua is slightly more important than Ub

5

Factor Ua is significantly more important than Ub

7

Factor Ua is very much more important than Ub

9

Factor Ua is extremely more important than Ub

2, 4, 6, 8

Take the intermediate degree value of two adjacent judgment matrices Remark

aij = 1/aji; aii = 1

CI

CR =

(2)

RI

In the formula, RI is the average random consistency test index, and different matrix orders have different values. 

CR < 0.1 is required to ensure the consistency of the judgment matrix; Otherwise, adjust the judgment matrix until the consistency test is met. 

4.2 CRITIC Algorithm

As an objective weighting technology, the CRITIC algorithm can effectively deal with the comparison and conflict between multi-dimensional evaluation indexes of IES in zero-carbon parks, and then comprehensively determine the objective weight of each index. In addition, the algorithm also considers the variability and correlation of the indicators and makes full use of the intrinsic objective attributes of the data for scientific evaluation. The calculation steps are as follows:

Assuming that there are m evaluation objects and n evaluation indexes, the evaluation matrix can be expressed as:



x



11

x12

· · ·

x1m

x



21

x22

· · ·

x2m 

X = 

. 

. 

. 



(3)



. 

. 

. 





. 

. 

· · ·

. 



xn1

xn2

· · ·

xnm

Step 1: Dimensionless treatment of evaluation index. The aim is to eliminate the potential impact of the difference in the dimension and numerical range of the original data on the evaluation results. This process involves converting all indicators into dimensionless values and achieving dimensional unity through appropriate mathematical transformation to ensure that different indicators can be effectively compared consistently. 

xmm − min (xm)

x′

=

mm

(4)

max (xm) − min (xm)

max (xm) − xmm

x′

=

mm

(5)

max (xm) − min (xm)

Step 2: Determine the index variability. The standard deviation is used to quantify the fluctuation of the index value. The larger standard deviation usually indicates a higher index fluctuation and information content. Therefore, the corresponding index should obtain a higher weight in the comprehensive evaluation. 

n

1 X

¯

xj =

xij

(6)

n i=1

s

Pn

(xij − ¯

xj)2

S

i=1

j =

(7)

n − 1

where, Sj is the standard deviation of the j-th index. 

Step 3: Determine the index conflict. By calculating the correlation coefficient, the relationship between the evaluation indexes can be quantified. Highly relevant indicators tend to show lower conflict, which reflects that they 89

can provide more abundant information in the evaluation system, thus effectively reducing unnecessary repetition in the evaluation process. The calculation formula is as follows:

p

X

Rj =

(1 − rij)

(8)

i=1

where, rij is the correlation coefficient between evaluation indexes i and j. 

Step 4: Calculate the objective weight:

p

X

Cj = Sj

(1 − rij) = SjRj

(9)

i=1

Cj

βi =

(10)

Pp

C

j=1

j

where, Cj is the amount of information contained in the j-th evaluation index; βj is the objective weight of the index. 

4.3 Game Theory Combinatorial Weights

Game theory has many forms of evaluation models for the common planning and scheduling problems of IES, such as the game theory model, the non-cooperative game theory model, and the Stackelberg game theory model [44]. 

There are obvious limitations to applying subjective and objective weighting methods alone, and their combined use can significantly improve the effect. Therefore, this study adopts the game theory combination weighting method, combining the AHP and the CRITIC method to determine the index weight. This method takes NASH equilibrium as the coordination goal to ensure that in the scoring decisions of all experts, the scoring behavior of any single expert will not have an advantage over its decision weight, achieving a stable decision equilibrium. Through this method, we can minimize the sum of the deviations between the combined weights and the basic weights and then obtain more accurate combined weights. 

The basic weight vector set ωk is constructed. Assuming that G weight calculation methods are used, the n evaluation indexes in the index evaluation system are combined and weighted based on the game theory, and the corresponding weight vectors are obtained. 

ωk = ωk1, ωk2, . . . . . . ωkn(k = 1, 2, . . . , G), 

(11)

Further, an arbitrary linear combination of weight sets of n weights is obtained: G

X

W =

αkωT (α

k

k > 0, k = 1, 2, . . . , G)

(12)

k=1

where, αk is the weight coefficient. 

By optimizing the weight coefficient, an optimal linear combination is constructed to minimize the deviation between the target weight vector W and each candidate weight vector ωk. Construct the optimal linear combination. 

G

X

W =

αkωT (α

k

k > 0, k = 1, 2, . . . , G)

(13)

k=1

Using the differential characteristics of the matrix, the optimal first derivative condition can be obtained as follows: G

X αk · ωi · ωT = ω

k

i · ωT

k

(14)

k=1

The corresponding system of linear equations is:

 ω

 







1

·

ωT

ω

· · ·

ω

α

ω

1

1

·

ωT

2

1

·

ωT

G

1

1

·

ωT

1

· · ·

α

 ω2

·

ωT

ω

ω

ω

1

2

·

ωT

2

2

·

ωT

G 

2 



2

·

ωT

1 



. 

. 

. 

. 

. 

. 

.   .  =  . 

. 

(15)



. 

. 

. 

. 

. . 

. 

.   . 

 . 

. 



. 

·

. 

. 

·

. 

. 

·

.   . 

 . 

·

. 

ωG

·

ωT

ω

· · ·

ω

α

ω

1

G

·

ωT

2

G

·

ωT

G

G

3

·

ωT

1
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The optimal linear combination is (a1, a2, · · · , aG) and normalized. 

αk

α∗ =

(16)

PG

α

k=1

k

Solve for the final portfolio weights:

G

X

ω =

α∗ · ωT , k = 1, 2, . . . , G

k

(17)

k=1

4.4 Fuzzy Comprehensive Evaluation

Considering the challenges of acquiring precise data and the presence of incomplete indices, the study employs a fuzzy comprehensive evaluation approach to assess the operational advantages of the IES within zero-carbon parks. 

Utilizing fuzzy mathematics, this approach adeptly addresses the inherent uncertainties within the system, proving particularly apt for evaluating complex systems [45]. By constructing a membership function to quantify the benefit of each evaluation index, and combining the index weight, a fuzzy synthesis algorithm was applied to synthesize the scores of each index, to obtain the overall operating benefit score of IES. Using the fuzzy comprehensive evaluation method, the main steps of IES system operation benefit evaluation are as follows: Step 1: Construct a comprehensive factor set encompassing all pertinent factors, followed by the establishment of an evaluation set comprising the factors designated for assessment. By applying normalization techniques, the raw data is transformed into dimensionless numerical values. The specific evaluation criteria are delineated in Table 8. 

Table 8. Index influence degree and rank set relationship Level of Influence

Very large

Large

Moderate

Small

Very Small

Mark

5

4

3

2

1

Normalization

0.5

0.4

0.3

0.2

0.1

Step 2: Calculate the membership degree and construct the membership matrix R. 

This paper uses the membership function in fuzzy logic to quantify each index. Specifically, the membership of each indicator is calculated based on the scores of experts in the relevant field, and the formula is as follows: 1

µA(x) =

(18)

1 + (x − x0)2

where, x is the score of respondents in different professional fields, and x0 is the optimal score. 

Step 3: The third step is to use the sum product operator in fuzzy logic to synthesize the fuzzy weight vector and fuzzy relation matrix, then calculate the comprehensive evaluation value F. 

F = B∗V T

(19)

5 Comprehensive IES Benefit Analysis of Zero Carbon Park

Located in North China, the park is rich in renewable resources and smart grid systems and is equipped with digital infrastructure, including wind turbines, photovoltaic panels, energy storage batteries, and other hardware facilities. 

The Park covers an area of about 0.267 square kilometers and is a typical “zero carbon” park. 80% of the energy demand in the park is directly supplied by wind power, photovoltaic panels, and energy storage systems, while the remaining 20% is optimized by the intelligent Internet of Things, which is balanced by selling electricity to the grid when there is excess power production. In addition, the park also realizes the traceability, analysis, and visualization of carbon emission and energy consumption indicators, and conducts real-time monitoring, early warning, and optimized closed-loop control through a unified data management platform. This study aims to assess the importance of each evaluation indicator in the three stages of planning, construction, and operation of this park. By calculating the weight of each indicator and combining the combination assignment method, this study will use a fuzzy comprehensive evaluation model to quantify the operational benefits of IES in the zero-carbon park. 

5.1 Combinatorial Weighting is Determined

5.1.1 Subjective weight determination of AHP

In our practical research, we established a panel of 15 experts, including energy system planners, economists, architects and urban planners, renewable energy technology specialists, and operations management professionals. 

Using the LIKERT 5-point scale method, experts scored and assigned independently. Based on the evaluation results 91

of each expert, we construct the judgment matrix A of the first-level index to the target layer and calculate the weight. 

Then, the corresponding judgment matrix is also constructed for the secondary indicators, and their weights are obtained. In the end, by multiplying step by step, we get the combined weight of each secondary indicator at the target level. 



1

2

4

3

1





1/2

1

2

1/3

1/2 

A = 





1/4

1/2

1

1/4

1/3 



1/3

3

4

1

1/2 





1

2

3

2

1

Through subjective calculation weight and consistency test, it is concluded that the subjective weight of the first-level index is ω = (0.3557, 0.1027, 0.0513, 0.1911, 0.2991), λmax=5.2565, CI = 0.0573 < 0.1, which passes the consistency test. The subjective weight and consistency test results of the secondary indicators are shown in Table 9. 

Table 9. Design phase subjective weight calculation

Maximum

Consistency

Index Name

Judgment Matrix

ω

Characteristic Root

Check

0.2738



1

2

2

1

2 

0.2143

Environmental

1/2

1

3

1/2

4

5.2288

0.0511

0.0940

impact











1/2

1/3

1

1/3

2 

0.3604



1

2

3

1

4 





0.0576

1/2

1/4

1/2

1/4

1

0.2093



1

2

1

1

3

1/2 

0.1125

Technical

0.2961



1/2

1

2

1/2

3

1/3 

6.3470

0.551

benefit





0.0719



1

1/2

1

1

3

1







0.0427



1

2

1

1

2

2





1/3

1/3

1/3

1/2

1

1/5 

0.2675





2

3

1

1/2

5

1

0.1838



1

2

1

1

3

1/2 

0.1174

Economic

0.1546



1/2

1

2

1/2

3

1/3 

6.4942

0.0784

benefit





0.2349



1

1/2

1

1

3

1







0.0345



1

2

1

1

2

2





1/3

1/3

1/3

1/2

1

1/5 

0.2749





2

3

1

1/2

5

1

0.3468



1

4

1

4

2

2



0.0729

Energy

0.3003



1/4

1

1/2

2

1

1/2 

6.2916

0.0463

efficiency





0.0591



1

2

1

3

2

3







0.1193



1/4

1/2

1/3

1

1/3

1/3 



1/2

1

1/2

3

1

1/3 

0.1788





1/2

2

1/3

3

3

1

0.4119



1

3

1

2

1



0.0866

Sustainability



1/3

1

1/2

2

1/2 

5.2785

0.0622

0.1732







1

2

1

1/2

2



0.2059



1/2

1

2

1

2







0.1224

1

2

1/2

1/2

1

5.1.2 Objective weight determination of CRITIC

In this study, the CRITIC method has been deployed to ascertain the intrinsic weights of the various components within the IES of a zero-carbon park. The experts invited by the previous AHP, based on a standardized quantitative table, which covers the two dimensions of competitiveness and conflict of indicators, score the indicators. To ensure the comprehensiveness and consistency of expert opinions, the collected data were subjected to two rounds of 92

questionnaire surveys, screened and standardized, and sensitivity analyses of different expert opinions were conducted to ensure the robustness of the results. The weights of each secondary indicator on the target layer were then determined through the formula, as shown in Table 10. 

Table 10. Objective weight calculation in the planning stage Primary Index

Weight

Secondary Index

Weight

Noise effect

0.01329

Primary energy utilization rate

0.03648

Environmental impact

0.3160

Pollutant reduction rate

0.01329

Proportion of green electricity use

0.01329

Rate of change in carbon emissions

0.04933

Equipment operating life

0.03859

Equipment failure rate

0.05718

Technology maturity

0.04131

Technical benefit

0.1619

Reliability of power supply, heat, and cold

0.02720

Load shedding probability

0.01321

Comprehensive energy N-1 passing rate

0.03164

System equipment investment cost

0.05123

Energy system investment payback period

0.01329

Environmental protection tax on pollutant discharge

0.06699

Economic benefit

0.2305

Net emission reduction revenue

0.03875

Fuel purchase cost

0.01329

Unit cost of energy consumption

0.05306

Comprehensive energy efficiency

0.02647

Energy distribution and transmission losses

0.01567

Energy conversion efficiency

0.02835

Energy efficiency

0.1102

Energy intensity

0.01354

The clean energy consumption rate of the park

0.01368

User-side energy quality

0.02531

Ambient load factor

0.08427

Sustainability index

0.02881

Sustainability

0.1815

Recycle rate of waste heat

0.07334

Long-term system operation and maintenance capability

0.09143

Exhaust gas cycle rate

0.02770

5.1.3 Determination of combinatorial weights in game theory

Based on the theory of game theory, the subjective weight and objective weight in Table 8 and Table 9 are determined by the formula to determine the weight of each level index to the target layer, and then the correction coefficient of the first level index and the second level index is obtained by the linear equation formula (12-16). 

They are (a11, a21) = (0.70950, 0.29050), (a12, a22) = (0.69708, 0.30292), and then the final optimal combination weight is obtained from Eq. (17). The results are shown in Table 11. 

It can be seen from the weight distribution maps of the first-level and second-level indicators that there is a certain deviation in the weights obtained by the AHP and the CRITIC method, especially the two aspects of economic benefit indicators and sustainability indicators. The subjective weight values of the energy conversion coefficient (0.0974) and the green power use ratio (0.1282) are about 7 times and 10 times the objective weight, respectively. The objective weight of the system equipment investment cost and operation and maintenance cost index is 5 times and 8 times larger than the subjective weight. 

From the comparison of the weights of the three algorithms in Figure 3 and Figure 4, it can be seen that the combined weight algorithm combines subjective and objective weights, and the results obtained are similar to the results of the other two independent methods, thus verifying their credibility. In addition, the weight distribution of the algorithm on technical benefits and sustainability indicators is higher than that of traditional objective algorithms, which better meet the high standards of economic and technical safety in contemporary energy development. Therefore, the proposed comprehensive weight method based on game theory has significant advantages in rationality and accuracy. 
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Table 11. Combinatorial weight calculation based on game theory First-Order Index Weight

Secondary Index Weight

Index Name

ωgroup 1 = a11 × ω11 + a21 × ω21

ωgroup 2 = a12 × ω12 + a22 × ω22

0.0388

0.0485

Environmental impact (A1)

0.3442

0.0194

0.0481

0.0406

0.0334

0.0434

0.0380

Technical benefit (A2)

0.1199

0.0212

0.0105

0.0303

0.0386

0.0111

0.0491

Economic benefit (A3)

0.1034

0.0307

0.0098

0.0413

0.0310

0.0277

0.0371

Energy efficiency (A4)

0.1676

0.0129

0.0164

0.0280

0.0961

0.0279

Sustainability (A5)

0.2650

0.0668

0.0824

0.0304

Figure 3. Comparison of first-level index weights
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Figure 4. Comparison of second-level index weights

5.2 Analysis and Research of Fuzzy Comprehensive Evaluation

The fuzzy comprehensive evaluation method is used to evaluate the benefit of IES operations in zero-carbon parks. 

The scores of each index are obtained from relevant people in different fields and questionnaires, and calculated and normalized according to the membership function. A total of 130 questionnaires were distributed, of which 118 were valid, with a recovery rate of 91%. The data in the questionnaire are analyzed and sorted to obtain the fuzzy relation matrix and the normalized fuzzy comprehensive evaluation vector, as shown in Table 12. 

According to the table data and the importance level V = {5, 4, 3, 2, 1} = {very large, large, moderate, small, very small}, the comprehensive evaluation value of IES in the planning stage of zero carbon park operation benefit is calculated. 

FP = B × VT = ωfirst grade indexes × (Y1, Y2, Y3, Y4, Y5) × (5, 4, 3, 2, 1)T = 3.5375

The above is the process of solving for the operational benefits of IES in the zero-carbon park in the planning stage. Similarly, the composite scores for each indicator in the construction and operation phases are obtained, and the results are shown in Table 13 and Table 14. 

5.3 Evaluation and Analysis of IES Zero Carbon Park Operation Benefit 5.3.1 Evaluation and analysis

This study conducted a comprehensive benefit assessment of the three key phases of the IES zero-carbon park’s planning, construction, and operation. The results show that the planning and operation phases are crucial in achieving the park’s low-carbon operation goals. 

(1) Impact analysis of first-level indicators

In the first-level indicator impact analysis, by comparing the data in Figure 5 and Figure 6, we found that the environmental impact and technical benefit scores in the planning stage were the highest, which were 4.3898 and 4.3220, respectively. It is worth noting that the weighted value of environmental impact (1.5109) is significantly higher than the weighted value of technical safety benefits (0.5182). This difference indicates that environmental factors have a higher priority in decision-making at the planning stage. The score of economic benefit was the lowest (3.4068), but the weighted value (0.3522) was not the lowest in the construction stage, the weighted value of environmental impact is still the largest, but it is slightly lower than that in the design stage, and the economic benefit score (4.1441) score becomes the highest, which is significantly higher than that in the planning stage. In the operation stage, the sustainability score (4.2881) and the weighted value (1.1703) are the highest. The energy efficiency (4.2203) score is higher than the economic benefit (3.8559), but the weighted value is 0.1268 (24%) smaller. 
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Figure 5. The score value of each stage of the first-level index Figure 6. The weighted value of each stage of the first-level index 96

Table 12. Fuzzy matrix and fuzzy comprehensive evaluation vector calculation Index Name

Fuzzy Matrix R/ Fuzzy Comprehensive Evaluation Vector Y



0.2034

0.3814

0.2542

0.0763

0.0000 



0.1780

0.3559

0.1949

0.1780

0.0932 

R





1 =  0.5339

0.2542

0.1525

0.0593

0.0000 





Environmental impact (A1)

0.5932

0.2966

0.0508

0.0424

0.0169





0.7034

0.1864

0.0847

0.0254

0.0000

Y1 =

0.4371

0.3062

0.1466

0.0823

0.0278 



0.3220

0.2203

0.2119

0.1864

0.0593 



0.0763

0.1356

0.3559

0.2527

0.1695 



0.2881

0.1949

0.2542

0.2288

0.0339 

R





2 = 



Technical benefit (A2)



0.1102

0.1356

0.3983

0.2373

0.1186 



0.1271

0.0763

0.5000

0.1864

0.1102 





0.2712

0.1610

0.3559

0.1780

0.0339

Y2 =

0.2088

01652

0.3205

0.2189

0.0866 



0.0763

0.2203

0.2542

0.4153

0.0339 



0.1949

0.2797

0.3644

0.0678

0.0932 



0.1525

0.2203

0.2881

0.1949

0.1441 

R





3 = 





0.2219

0.1864

0.4068

0.1695

0.0254 

Economic benefit (A3)



0.1017

0.1186

0.5085

0.1610

0.1102 





0.2881

0.1102

0.3983

0.1525

0.0508

Y3 =

0.1772

0.1875

0.3429

0.2183

0.0741 



0.3390

0.2712

0.2797

0.1102

0.0000 



0.0763

0.1441

0.3051

0.2712

0.2034 



0.2712

0.4153

0.2373

0.0508

0.0254 

R





4 = 



Energy efficiency (A4)



0.0763

0.1271

0.3475

0.2881

0.1610 



0.3220

0.2203

0.2034

0.2458

0.0085 





0.1271

0.2034

0.3220

0.2373

0.1102

Y4 =

0.2170

0.2569

0.2784

0.1745

0.0732 



0.4746

0.2542

0.1780

0.0847

0.0085 



0.2627

0.2034

0.2881

0.1441

0.1017 

R





5 =  0.2966

0.3305

0.1441

0.1610

0.0593 

Sustainability (A5)



0.2458

0.1780

0.2966

0.2373

0.0424 





0.5085

0.1949

0.2203

0.0678

0.0085

Y5 =

0.3579

0.2402

0.2175

0.1470

0.0375 

(2) Influence analysis of secondary index analysis

It can be seen from Figure 7 and Figure 8 that the comprehensive energy utilization rate and technology maturity maintain a high level in all stages. The score (3.7881) and weighted value (0.0524) of energy intensity in the operation stage were significantly higher than those in the planning and construction stage. The weighted value of the clean energy consumption rate (0.0665) and user-side energy quality (0.0851) in the park is the highest in the three stages of the operation stage. The weighted value of the investment cost of system equipment is the highest in the planning stage (0.1115), while the weighted value of the return on investment of the energy system is the highest in the operation stage (0.1575). The three indicators of pollutant emissions, green power use ratio, and carbon emission change rate have significantly improved in the operation stage. The weighted value of pollutant emission environmental protection tax is the highest in the construction stage (0.1816), while the weighted value of long-term operation and maintenance capacity of the system in the operation stage (0.3805) is much higher than that in the design and construction stage. 

(3) Comprehensive evaluation and analysis

Multi-stage consideration: The key to the successful realization of a zero-carbon park is a comprehensive consideration of the planning, construction, and operation stages. This includes in-depth analysis and extensive assessment of multi-dimensional factors such as environmental impact, technological application, economic efficiency, energy efficiency, and sustainability. Throughout the life cycle of the park, environmental impact and energy efficiency, such as the integrated energy utilization rate and the park’s clean energy consumption rate, are always high-priority 97
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considerations, especially during the planning and operational stages. 

Figure 7. Scores of secondary indicators at each stage

Figure 8. The weighted value of each stage of the secondary index Energy efficiency should be a long-term concern: Energy efficiency and environmental benefits are ongoing concerns throughout the life cycle of the park, especially in the design and operation phases, key metrics such as energy intensity, energy conversion efficiency, and energy unit function cost. 

Technical safety and economic return: Technology maturity and equipment operating life always get high scores 98

and significant weights in the evaluation of the operation stage, which can be seen that technical benefits and economic benefits play a crucial role in the long-term operation of the park. 

Table 13. Comprehensive score of influencing factors of first-level indicators in each stage Planning Stage (3.5375)

Index Name

Comprehensive Valuation

Weight

Weighted Value

Environmental impact (A1)

4.3898

0.3442

1.5109

Technical benefit (A2)

4.3220

0.1199

0.5182

Economic benefit (A3)

3.4068

0.1034

0.3522

Energy efficiency (A4)

4.2034

0.1676

0.7044

Sustainability (A5)

3.3983

0.2650

0.9004

Construction Phase (3.4377)

Index Name

Comprehensive Valuation

Weight

Weighted Value

Environmental impact (A1)

4.0508

0.3548

1.4374

Technical benefit (A2)

3.9407

0.1109

0.4371

Economic benefit (A3)

4.1441

0.0681

0.2820

Energy efficiency (A4)

3.3559

0.1816

0.6096

Sustainability (A5)

3.5085

0.2845

0.9983

Operational Phase (3.5052)

Index Name

Comprehensive Valuation

Weight

Weighted Value

Environmental impact (A1)

3.2881

0.3196

1.0509

Technical benefit (A2)

3.3810

0.1146

0.3874

Economic benefit (A3)

3.8559

0.1682

0.6485

Energy efficiency (A4)

4.2203

0.1236

0.5217

Sustainability (A5)

4.2881

0.2740

1.1750

Table 14. Comprehensive score of influencing factors of secondary indexes in each stage Planning Stage

Index Name

Comprehensive Valuation

Weight

Weighted Value

Noise effect (B1)

3.4576

0.0388

0.1341

Primary energy utilization rate (B2)

3.3475

0.0485

0.1624

Pollutant reduction rate (B3)

4.2627

0.0194

0.0827

Proportion of green electricity use (B4)

4.4068

0.0481

0.2120

Rate of change in carbon emissions (B5)

4.5678

0.0406

0.1854

Operating life of equipment (C1)

3.5593

0.0334

0.1189

Equipment failure rate (C2)

2.6864

0.0434

0.1165

Technology maturity (C3)

3.4746

0.0380

0.1321

Reliability of power supply, heat, and cold (C4)

2.8814

0.0212

0.0611

Load shedding probability (C5)

2.9237

0.0105

0.0308

Comprehensive energy N-1 passing rate (C6)

3.4576

0.0304

0.1050

System equipment investment cost (D1)

2.8898

0.0386

0.1115

Energy system investment payback period (D2)

3.4153

0.0111

0.0379

Environmental protection tax on pollutant discharge (D3)

3.0424

0.0491

0.1494

Net emission reduction revenue (D4)

3.3898

0.0307

0.1039

Fuel purchase cost (D5)

2.9407

0.0098

0.0288

Unit functional cost of energy (D6)

3.4322

0.0413

0.1416

Comprehensive energy efficiency (E1)

3.8390

0.0310

0.1190

Energy distribution and transmission losses (E2)

2.6186

0.0227

0.0594

Energy conversion efficiency (E3)

3.8559

0.0371

0.1432

Energy intensity (E4)

2.6695

0.0129

0.0343

Clean energy consumption rate of the park (E5)

3.6017

0.0164

0.0592

User-side energy quality (E6)

3.0000

0.0280

0.0840

Ambient load factor (F1)

4.1017

0.0961

0.3940

Energy sustainability index (F2)

3.3814

0.0279

0.0944

Recycle rate of waste heat (F3)

3.6186

0.0668

0.2418

Long-term system operation and maintenance capability (F4)

3.3475

0.0824

0.2758

Waste cycle rate (F5)

4.1271

0.0304

0.1255
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Construction Phase

Index Name

Comprehensive Valuation

Weight

Weighted Value

Noise effect (B1)

3.7712

0.0238

0.0898

Primary energy utilization rate (B2)

3.3475

0.0332

0.1111

Pollutant reduction rate (B3)

4.2203

0.0393

0.1658

Proportion of green electricity use (B4)

4.2712

0.0345

0.1473

Rate of change in carbon emissions (B5)

4.3136

0.0643

0.2775

Operating life of equipment (C1)

3.3729

0.0293

0.0988

Equipment failure rate (C2)

2.6864

0.0424

0.1139

Technology maturity (C3)

3.4492

0.0405

0.1397

Reliability of power supply, heat, and cold (C4)

3.0000

0.0220

0.0659

Load shedding probability (C5)

2.9237

0.0102

0.0299

Comprehensive energy N-1 passing rate (C6)

3.2203

0.0319

0.1027

System equipment investment cost (D1)

2.8898

0.0383

0.1107

Energy system investment payback period (D2)

3.4153

0.0141

0.0480

Environmental protection tax on pollutant discharge (D3)

3.2627

0.0570

0.1861

Net emission reduction revenue (D4)

3.3475

0.0321

0.1075

Fuel purchase cost (D5)

2.8475

0.0095

0.0271

Unit functional cost of energy (D6)

2.7881

0.0377

0.1050

Comprehensive energy efficiency (E1)

4.0424

0.0388

0.1567

Energy distribution and transmission losses (E2)

2.6186

0.0223

0.0585

Energy conversion efficiency (E3)

3.2966

0.0234

0.0773

Energy intensity (E4)

2.6780

0.0128

0.0342

Clean energy consumption rate of the park (E5)

3.8475

0.0190

0.0732

User-side energy quality (E6)

3.0000

0.0300

0.0899

Ambient load factor (F1)

3.0254

0.0805

0.2437

Energy sustainability index (F2)

3.3814

0.0394

0.1333

Recycle rate of waste heat (F3)

3.0424

0.0595

0.1810

Long-term system operation and maintenance capability (F4)

3.8983

0.0931

0.3630

Waste cycle rate (F5)

3.1271

0.0245

0.0765

Operational Phase

Index Name

Comprehensive Valuation

Weight

Weighted Value

Noise effect (B1)

3.8051

0.0346

0.1316

Primary energy utilization rate (B2)

3.3475

0.0346

0.1159

Pollutant reduction rate (B3)

4.2627

0.0719

0.3064

Proportion of green electricity use (B4)

4.4068

0.0571

0.2516

Rate of change in carbon emissions (B5)

4.3305

0.0547

0.2371

Operating life of equipment (C1)

3.3729

0.0222

0.0749

Equipment failure rate (C2)

2.6864

0.0265

0.0713

Technology maturity (C3)

3.4746

0.0364

0.1264

Reliability of power supply, heat, and cold (C4)

3.0000

0.0163

0.0488

Load shedding probability (C5)

3.1949

0.0093

0.0296

Comprehensive energy N-1 passing rate (C6)

3.2203

0.0264

0.0851

System equipment investment cost (D1)

3.0339

0.0419

0.1272

Energy system investment payback period (D2)

3.5000

0.0450

0.1575

Environmental protection tax on pollutant discharge (D3)

3.2627

0.0422

0.1376

Net emission reduction revenue (D4)

3.3898

0.0478

0.1621

Fuel purchase cost (D5)

2.9407

0.0072

0.0211

Unit functional cost of energy (D6)

2.8136

0.0264

0.0743

Comprehensive energy efficiency (E1)

4.0424

0.0275

0.1112

Energy distribution and transmission losses (E2)

2.7034

0.0129

0.0348

Energy conversion efficiency (E3)

3.2966

0.0128

0.0421

Energy intensity (E4)

3.7881

0.0138

0.0524

Clean energy consumption rate of the park (E5)

3.7542

0.0177

0.0665

User-side energy quality (E6)

3.3898

0.0263

0.0890

Ambient load factor (F1)

3.0254

0.0784

0.2372

Energy sustainability index (F2)

3.4915

0.0515

0.1799

Recycle rate of waste heat (F3)

3.3644

0.0402

0.1352

Long-term system operation and maintenance capability (F4)

3.8898

0.0978

0.3805

Waste cycle rate (F5)

3.1271

0.0196

0.0614
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5.3.2 Sensitivity analysis

To verify the influence degree of each main factor on the benefit, so that decision-makers can carry out targeted management, this section has carried out the sensitivity analysis. This paper uses game theory to obtain accurate combination weights, with Nash equilibrium as the goal. However, in practice, due to subjective and objective factors, the decision-making attitude of experts cannot be completely rational. Therefore, this paper changes the combination weights under the five first-level indicators in the operation stage by ± 10%, ± 20%, and ± 30%, respectively, to simulate the deviation from reality and analyze the impact of these changes on the results. The process uses the percentage formula:

wij

w∗ =

ij

(20)

Pn

Pm

w

i=1

j=1

ij

Ensure that the sum of weights is 1, where i is a first-level indicator and j is a second-level indicator. The results are shown in Table 15 and Figure 9. 

Table 15. Benefit scores after changes in tier 1 indicators during the operational phase

−30%

−20%

−10%

+10%

+20%

+30%

Environmental Impact

3.5117

3.5146

3.5172

3.5220

3.5242

3.5263

Technical Benefit

3.5315

3.5274

3.5235

3.5160

3.5124

3.5088

Economic Benefit

3.5344

3.5312

3.5244

3.5151

3.5107

3.5064

Energy Efficiency

3.4961

3.5024

3.5129

3.5271

3.5344

3.5416

Sustainability

3.5248

3.5213

3.5230

3.5199

3.5167

3.5154

Figure 9. Sensitivity analysis chart of comprehensive scoring system Figure 9 shows the changes of the comprehensive benefit caused by the change of different weights in the range of

[-30%, +30%]. Among them, the reduction and increase of environmental weight have almost the same impact on comprehensive benefits. Technology exhibits greater sensitivity to lower weights, whereas energy and economic factors are more responsive to higher weights. Specifically, the energy index score demonstrates an ascending trend 101

in line with the change percentage, increasing from 3.4961 at -30% change to 3.5416 at 30%. This suggests that the energy index is particularly sensitive to substantial weight variations. In contrast, sustainability scores remain relatively consistent, fluctuating minimally from 3.5248 at -10% to 3.5154 at 30%, indicating higher stability within a moderate range of weight changes. However, sustainability may exhibit sensitivity to more extreme weight adjustments. 

These findings underscore the importance of prioritizing energy efficiency within the benefit evaluation framework for zero-carbon park operations while placing a relatively lower emphasis on environmental impact. Decision-makers are thus advised to focus on enhancing energy efficiency, leveraging renewable energy sources, advancing energy technologies, and reducing energy intensity. They should implement effective energy strategies, optimize operational mechanisms, and minimize energy wastage. Notably, the operational efficiency of the IES during the zero-carbon park’s operational phase remains consistently stable, indicating a lack of significant variability and thereby affirming the reliability of the study’s outcomes. 

6 Conclusion

Based on the combination weighting-fuzzy comprehensive evaluation (GRA-FCE) model of game theory, this study evaluates the benefits of IES in the three stages of planning, construction, and operation of zero-carbon parks. 

Using the weighted values in the model, the attention to key indicators at different stages is deeply revealed, and a clear quantitative standard is provided for the evaluation process through its scoring mechanism. It also provides a comprehensive analytical framework for the benefit evaluation of IES in zero-carbon parks. Based on this model, the following are key conclusions:

(1) First of all, we utilized the expert survey approach to develop an IES assessment indicator system for zero-carbon parks, which included five first-level indicators for environmental effect, technical benefits, economic benefits, energy benefits, and sustainability, as well as 28 second-level indicators. The system’s structure is versatile and widely adaptable. 

(2) Secondly, game theory is used to optimize the combination of subjective weights of the hierarchical method and objective weights of CRITIC. It avoids the limitation of a single weight and greatly improves the rationality of the combination of subjective and objective weights, making the evaluation more scientific and accurate. 

(3) Finally, based on the questionnaire and the combination weight data, the sensitivity analysis of the combination weight is carried out to verify the reliability of the model, and the importance degree and influence level of each index are obtained by the fuzzy comprehensive evaluation method. Combined with the case to verify the feasibility of the evaluation model, the evaluation result of the low-carbon benefit of zero-carbon park construction is obtained. Based on the evaluation results, project managers and decision-makers are helped to identify priorities at different stages and allocate resources rationally to achieve the goal of a zero-carbon park. 

Facing a large number of domestic parks and the diversity of types, the IES is confronted with many challenges in the process of helping the park achieve the goal of ‘zero carbon’, such as the difficulty of technology integration, the balance between energy storage and supply and demand, and the difficulty of operation and management. For this reason, in future development, against the different regions and energy carrier characteristics of the park, it is necessary to further study the research and evaluation model of IES to meet the requirements of the optimal design and operation planning of the zero-carbon park at all stages of construction. An intelligent energy system is processing that integrates multiple technologies and optimizes the IES to a greater extent by introducing diversified modeling and simulation of the Internet and digital twin technology to help the park achieve the goal of ‘zero carbon’. 

The evaluation system utilized in this study has not been able to fully capture the complexity of the actual situation. 

During the sustainable development process of zero-carbon parks, this indicator system should be continuously improved in future studies. To effectively address the challenges, future development should focus on formulating comprehensive top-level planning and deeply integrating the concept of carbon neutrality into every stage of park development. Furthermore, due to the lack of a unified standard system for constructing zero-carbon parks, it is a priority to study and construct a comprehensive evaluation system covering multiple dimensions such as technology, market, policy, and environment for in-depth risk assessment and management. Government departments should further complete the operational mechanism of the carbon trading market and utilize market incentives to promote enterprises in the park to achieve carbon emission reduction. 

In summary, this study suggests that project managers should integrate the zero-carbon concept into all aspects of planning, construction, and operation. They should also formulate effective strategies according to the characteristics of each stage to enhance the overall benefits of zero-carbon parks. Additionally, the construction of zero-carbon parks not only offers a wide range of IES application scenarios but also serves as a testing ground for system innovation and progress. Looking ahead, the development of IES requires multi-dimensional joint efforts, including technological innovation, policy support, capital investment, talent training, community participation, and international cooperation. 

Through these comprehensive efforts, IES is expected to become a major driver in achieving the goal of zero-carbon parks and playing a central role in global sustainable development processes. 
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