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Abstract: Currently, the operational performance assessment system in the power market primarily focuses on power generation and electricity retail companies, lacking a system tailored to the operational characteristics of power generation/selling integrated companies. Therefore, this article proposes an assessment index system for assessing the operational performance of a power generation/selling integrated company, encompassing three dimensions: basic capacity, development potential, and external environment. A dynamic proportional adjustment coefficient is designed, along with a subjective and objective weighting model for assessment indexes based on a combined weighting method. Subsequently, the operational performance of an integrated company is assessed using extension theory. The results in the case study demonstrate the feasibility and effectiveness of the proposed dynamic proportional adjustment coefficient.
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1  Introduction

Driven by recent electricity reform policies, power generation companies have actively expanded into electricity sale by leveraging their existing power generation capacity and accumulated customer resources, leading to the formation of power generation/selling integrated companies. Unlike standalone power generation or electricity retail companies, power generation/selling integrated companies consist of two organization levels: parent companies and subsidiaries. Subsidiaries handle specific power generation or electricity sales operations, while the parent company is tasked with assessing the overall operational performance of the integrated company.

The integrated resource structure has facilitated the growth of these integrated companies, allowing them to capture significant market share. According to the bilateral negotiation transaction results from a provincial power center for 2021 and 2022, these integrated companies accounted for 80% of the electricity sales in the province. Notably, large power generation companies such as Huadian, Huaneng, and Datang have established power generation/selling integrated companies, dominating the top three trading positions [1]. Therefore, assessing the operational performance of these power generation/selling integrated companies and identifying areas for improvement is crucial for ensuring stable operations and promoting the healthy development of the electricity market.

Scholars worldwide have researched the assessment of the operational performance of electricity market participants. For power generation companies, several methods have been employed to assess market power and their size, leading to the development of performance evaluation index systems for conventional and auxiliary service transactions, particularly in the Guangdong and North China regional markets [2–4]. These systems have often been evaluated using a combination weighting method-matter-element model with a fixed proportional adjustment coefficient [5]. In response to national carbon reduction policies, low-carbon operational performance assessment systems have been developed for both thermal and renewable energy generation companies [6–7], also evaluated using the combination weighting method-matter-element model with the fixed proportional adjustment coefficient [8]. A comprehensive assessment system encompassing economic, social, and other metrics had been constructed to assess the investment benefits of various types of power generation companies [9–10], employing a combination weighting method-matter-element model with a fixed proportional adjustment coefficient [11].

For electricity retail companies, a core competitiveness evaluation method incorporating non-price factors and based on value chain analysis was proposed [12–13]. An assessment system for their operational performance was developed to assess business and transaction activities [14], using a combination weighting method-matter-element model with a fixed proportional adjustment coefficient [15]. Acknowledging the varying operational characteristics of different electricity retail companies, a comprehensive assessment system was constructed, examining operational, sales, and management metrics [16]. This system was evaluated using an improved matter-element model with a combination weighting method and a fixed proportional adjustment coefficient [17]. Furthermore, an integrated evaluation index system was developed to assess investment and operational benefits during the different stages of electricity retail company establishment and operation [18], evaluated using a combination weighting method-matter-element model with a fixed proportional adjustment coefficient [19].

The above analysis reveals that while the existing literature extensively explores the operational and investment performance of power generation and electricity retail companies, it predominantly focuses on each type separately, lacking a comprehensive study on the performance assessment of power generation/selling integrated companies. Power generation/selling integrated companies, which manage both generation and sales operations, exhibit operational characteristics that are more complex than the mere aggregation of their components. The dual-level organizational structure, consisting of parent and subsidiary entities, and the presence of internal transactions between power generation and retail units further complicate their operations. Existing performance assessment index systems are inadequate for comprehensively and objectively assessing the operational performance of integrated companies. Additionally, the fixed proportional adjustment coefficient models used in existing literature fail to capture the real-time effects of changing evaluation objectives and sample data on the coefficient value and, consequently, on the assessment results. Thus, there is a need to develop an operational performance assessment index system tailored to the unique organizational and operational characteristics of these companies and to enhance the current fixed-proportion adjustment coefficient model.

Therefore, this article proposes a comprehensive assessment index system for the operational performance of power generation/selling integrated companies, encompassing three dimensions: basic capabilities, development potential, and external environment, with a total of 23 assessment indexes across three levels. A dynamic proportional adjustment coefficient, accounting for varying objective requirements of the assessment system, is designed. A dynamic adjustment model for the subjective and objective weight proportions of assessment indexes is also established, integrating the fuzzy analytic hierarchy process (FAHP) and entropy weight method (EWM). On this basis, matter-element extension theory is applied to assess the operational performance of power generation/selling integrated companies. The feasibility and effectiveness of the dynamic proportional adjustment coefficient design are verified through case analysis.

2  Preparation Information for the Construction of an Assessment Index System for Power Generation/Selling Integrated Company

2.1 Definition and Operational Characteristics of Power Generation/Selling Integrated Company

Unlike foreign companies, which consolidate their power generation and selling functions into a single legal entity and participate in market transactions using an integrated decision-making model, Chinese independent power generation and electricity retail companies operate separately, each focusing solely on power generation or sales and making decisions independently to maximize their own interests. However, the current Chinese power generation/selling integrated company is organized as a parent-subsidiary enterprise cluster, based on a corporate system linked by equity relationships and covering both power generation and sales. At present, the parent company exercises absolute control over the board of its subsidiary power generation or electricity retail companies by holding a majority equity stake. While subsidiaries retain decision-making authority for power generation or sales transactions, this authority is influenced by the resolutions of the boards of directors, which are controlled by the parent company.

For example, in cooperative game scenarios between internal power generation and electricity retail companies, the parent company influences transaction decisions through the boards of the subsidiaries it controls. These decisions aim to maximize the overall profit of the integrated group, but may not optimize the individual profits of each subsidiary. At this stage, each subsidiary’s transaction profit is ensured to be at least at the Nash bargaining breakdown point, representing the maximum transaction profit achievable under non-cooperative conditions.

2.2 Basic Principles for Constructing an Index System

Developing an operational performance assessment index system for a power generation/selling integrated company should adhere to principles of comprehensiveness, objectivity, rationality, representativeness, development potential, foresight, and operational simplicity. Additionally, the indexes must account for the overall impact of internal/external potential and uncertain factors on the operational performance of the power generation/selling integrated company. In addition, the assessment system must also consider the organizational and operational characteristics of the power generation/selling integrated company. Firstly, the parent company manages its subsidiary power generation and electricity retail companies indirectly through their boards of directors. The alignment of their objectives and the extent of their involvement in subsidiary management impact the group’s overall operational performance. Secondly, since intermediate income and costs generated from transactions between the subsidiary power generation and electricity retail companies are considered fictitious, the associated generation costs and transaction income with end users are recorded in the operational performance of the integrated company.

2.3 Assessment Process of Index System

The assessment process for the operational performance of power generation/selling integrated companies is shown in Fig. 1.
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Figure 1: Assessment process for operation performance of the power generation/selling integrated company

3  Assessment Index System for Operational Performance of Power Generation/Selling Integrated Companies

3.1 Selection of Assessment Indexes

Following the principles outlined in Section 2.1 and considering the operational characteristics of the company, this study conducts a detailed analysis of typical power generation/selling integrated companies in a provincial electricity market from 2021 to 2023, collecting various factors that directly and indirectly impact their operational performance. Experts are consulted to rate and rank the degree of impact of various factors on operational performance, and important factors are selected based on the “80–20 principle”. A comprehensive assessment index system is developed, comprising 23 indexes across three dimensions: basic capacity, development potential, and external environment (calculation formulas for each index are omitted here). This system covers the full spectrum of research and development, production, sales, management, and service, while accounting for the timing, source attributes of the assessment indexes, and diverse perspectives within the electricity market. Among these, all secondary and tertiary indexes under basic capability, and all tertiary indexes under the technical and equipment capability indexes (all secondary indexes) under development potential, are quantitative. The remaining indexes are qualitative. A detailed list of all indexes is provided in Table 1.
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In line with the approaches used for independent power generation or electricity retail companies, each assessment index is designed to fully reflect its relevance to the operational performance of integrated power generation and sales companies, and its alignment with the evolving development trajectory of the power industry [6]. Operational performance here refers to an organization’s comprehensive abilities in production and business activities, encompassing profitability, debt repayment ability, organizational efficiency, service capability, technical proficiency, creditworthiness, environmental impact, and more [7].

The indexes A11, A12, A13, A14, A21, A22, A23, and A24 assess the overall and incremental profitability levels of power generation/selling integrated companies, respectively. The indexes A31 and A32 assess long-term and short-term solvency [1], while indexes B11 and B12 measure the alignment of parent-subsidiary goals and actual organizational collaboration levels [1]. The index B21 assesses the service level [16], and index B41 assesses the response to market emergency transaction demands [5], such as upward/downward adjustment transactions, ancillary services, and orderly electricity consumption. The indexes B41, B42, and B43 examine the input and output technical levels considering the “dual carbon target” [6], and index B51 measures the level of renewable energy generation. Unlike conventional projects, which might assess metrics such as the ratio of research and development (R&D) funds to total funds, R&D personnel to total employees, and equipment loss rates [17–18], the indexes B41, B42, B43, and B51 are aligned with current electricity market trends, focusing on the “dual carbon goals” and renewable energy to provide a forward-looking assessment of operational performance [6]. The index B61 examines the overall credit level [16]; and indexes C11, C21, C31, and C32 examine market competition, government regulation, and bank credit tightness [20].

Of the indexes mentioned above, B31, B41, B42, B43, B51, B61, C11, C21, C31, and C32 are specifically tailored to power generation/selling integrated companies to foster healthy and stable development in the electricity market, accounting for 43.48% of the total indexes. B31 assesses the contribution to market stability, while B41, B42, B43, B51, B61, C11, C21, C31, and C32 evaluate contribution to market health. These assessment indexes enable a comprehensive, objective, forward-looking, and effective assessment of the operational performance of integrated companies and their contribution to the electricity market’s healthy and stable development.

It is important to note that, unlike independent power generation or electricity retail companies that transact solely with external entities, integrated power generation and sales companies engage in transactions both internally (between their own power generation and retail subsidiaries) and externally (with outside companies). Given the unique operational characteristics of integrated power generation and sales companies, specific indexes have been established to compare and analyze the impact of internal and external transactions on their operational performance, allowing for targeted improvements. These include internal profit scale indexes (A11, A13), external profit scale indexes (A12, A14), internal profit growth rate indexes (A21, A23), and external profit growth rate indexes (A22, A24). Among them, the profit scale index measures the total profitability of a power generation/selling integrated company, while the profit growth rate index indicates incremental profitability. Additionally, unlike standalone power generation and electricity retail companies whose operational performance is solely determined by their factors, the operational performance of power generation/selling integrated companies is also influenced by the alignment of parent and subsidiary goals and the extent of the parent company’s involvement in subsidiary decision-making. To address this, the consistency index for parent and subsidiary operating goals (B11) and the index measuring the extent of the parent company involvement in subsidiary decision-marking companies (B12) have been established.

3.2 Assessment Index System Architecture and Index Level Division, Interval Range

Building on the selection of assessment indexes in Section 3.1, this section specifically establishes a three-level assessment index system architecture for assessing the operational performance of power generation/selling integrated companies. Drawing from research on important influencing factors (23 specific indexes) and a statistical analysis of their distribution concerning the operational performance of typical power generation/selling integrated companies in a provincial electricity market from 2021 to 2023, this section also references existing literature [5,6] regarding the number of assessment indexes for power generation and electricity retail companies, as well as the categorization of index levels. To balance accuracy and complexity in the calculation, the levels within the operational performance assessment index system for power generation/selling integrated companies are defined, the numerical ranges for each level are set, as detailed in Table 1.

In Table 1, A, B, C represent the basic capabilities, development potential, and external environment of power generation/selling integrated companies, respectively. A1, A2, and A3 correspond to the profit scale, profit growth rate, and debt paying ability of these companies. B1, B2, B3, B4, B5, and B6 represent the organizational characteristics, customer service capabilities, response capabilities, technical capabilities, equipment capabilities, and credit capabilities, respectively. C1, C2, and C3 denote the market environment, regulatory environment, and financial environment faced by these integrated companies, respectively. A11 and A21 represent the revenue and revenue growth rate from electricity transaction between internal power generation companies and internal electricity retail companies. A12 and A22 reflect the revenue and revenue growth rate from electricity transaction between internal companies and external companies. A13 and A23 represent the profit and profit growth rate from internal transactions between power generation and electricity retail companies. A14 and A24 indicate the profit and profit growth rate from transactions involving internal power generation or electricity retail companies and external companies. A31 denotes the asset liability ratio, while A32 indicates the quick asset ratio of power generation/selling integrated companies. B11 measures the consistency between the operating objectives of parent and subsidiary companies, and B12 assesses the extent of the parent company’s involvement in subsidiary business decision-making. B21 evaluates customer satisfaction, while B31 counts the frequency of emergency transaction responses in the market. B41 indicates the proportion of research and development funds allocated to the “dual carbon target” relative to the total research and development funds. B42 measures the proportion of technical personnel capable of designing “dual carbon products”, and B43 reflects the achievement rate of “dual carbon” stage goal. B51 measures the ratio of renewable energy generation to the total power generation, and B61 indicates the credit rating score. C11 assesses the level of market competition freedom, C21 evaluates the extent of regulatory standardization by the government, C31 measures the flexibility of bank loan policies, and C32 assesses the leniency of government tax policies towards these companies.

Establishing an assessment index system architecture for the operational performance of integrated power generation and sales companies addresses the lack of a suitable performance assessment system that aligns with their unique operational characteristics in the electricity market, providing a guiding framework for future assessments.

4  Assessment of Operational Performance of Power Generation/Selling Integrated Companies Using Combination Weighting Method-Extension Theory

4.1 Design of Dynamic Proportional Adjustment Coefficient for Combination Weighting Method

4.1.1 The Shortcomings of Proportional Adjustment Coefficient in the Current Combination Weighting Method

The combination weighting method, a recent development, integrates subjective weighting methods (such as fuzzy analytic hierarchy process, ordinal relationship method, etc.) with objective weighting methods (such as principal component method, entropy weighting method, etc.) for scoring. Compared to using a single subjective or objective weighting method–where the former focuses solely on assessment indexes and overlooks data factors, and the latter relies only on data while ignoring the significance of assessment indexes–the combination weighting method balances both, enhancing the objectivity of assessment results. Because it balances the influence of assessment indexes and data, the combination weighting method has been increasingly applied in many fields, such as electricity, transportation, and geology [21–23].

The proportional adjustment coefficient model of the current combination weighting method is:

{αC,S=aαC,O=1−a(1)

where αC,S represents the proportional adjustment coefficient of the subjective weighting method; αC,O represents the proportional adjustment coefficient of the objective weighting method; are presents the proportional adjustment coefficient of the subjective weighting method with a fixed value (note: when using the combination weighting method to calculate weights, regardless of the number of assessment indexes, the number of proportional adjustment coefficients for subjective and objective weights of the same assessed object is unique, that is, they are independent of the number of assessment indexes of the assessed object, and the sum of proportional adjustment coefficients for the subjective and objective weights is 1). In literature, this value is usually taken as 0.5 [24].

The current fixed proportion adjustment coefficient model in the current combination weighting method is simple to calculate, but does not account for the impact of different idealized goals and sample data of the assessed object. In the current model, because the effects of idealized goals and sample data on the allocation of proportional adjustment coefficients are not considered, the coefficients for subjective and objective weights remain the same across different scenarios. This often leads to inconsistencies between the assessment results for operating costs and benefits of integrated power generation and sales companies under the fixed proportion adjustment model and the actual results obtained using nationally recognized standard assessment methods (i.e., the assessment may be too high or too low). Therefore, improving the current fixed proportional adjustment coefficient mode is necessary.

4.1.2 Design of Dynamic Proportional Adjustment Coefficient for Combination Weighting Method

To address the limitations of the current fixed proportional adjustment coefficient model, a new coefficient must be developed that considers the idealized goals of the evaluated object and the influence of sample data. Given that system evaluation typically focuses on maximizing benefits or minimizing costs, the proportional adjustment coefficient derived from modeling the optimal conditions of the assessed object’s idealized goals, based on existing sample data, is theoretically more robust. Considering the different idealized goals in the assessment of operational benefits and costs for integrated companies, this study proposes a dynamic proportional adjustment coefficient model (2) and (3). The model uses the fuzzy analytic hierarchy process (FAHP) for subjective weighting and the entropy weighting method (EWM) for objective weighting. By solving the model, optimal proportional adjustment coefficients for different idealized goals are determined. The dynamic proportional adjustment coefficient is updated according to the idealized goals and sample data of the assessment system, ensuring that the resulting assessed results are more logically sound.

When the assessed subject is operational benefits, its idealized goal is to maximize the assessment results, considering existing conditions. The model for maximizing the operational benefits, under a specific assessment cycle using the dynamic proportional adjustment coefficient, is:

Benefit=max{At[αD,S,tWt′+(1−αD,S,t)Wt]}(2)

When the assessment subject is operational costs, its idealized goal is to minimize the assessment results, considering existing conditions. The model for minimizing the operational costs, under a specific assessment cycle using the dynamic proportional adjustment coefficient, is:

Costs=min{At[αD,S,tWt′+(1−αD,S,t)Wt]}(3)

Among:

At=[a1,a2,…,aj](4)

aj=aR,j−μR,jaR,j,max−aR,j,min(5)

Wt′=[ωS,1,ωS,2…,ωS,j](6)

Wt=[ωE,1,ωE,2…,ωE,j](7)

where A represents the normalized data matrix of each assessment index for the assessment scheme, and j=1,2,⋯,n represents the number of assessment indexes; t represents the assessment cycle, which refers to a certain period, such as a month or year; aj represents the sample data of the assessment index j for the assessment scheme after normalization, aR,j represents the original sample data of the assessment index j before normalization, μR,j represents the average of upper and lower limits of value interval corresponding to the original sample data of assessment index j before normalization, aR,j,max,aR,j,min represent the upper limit and the lower limit of value interval corresponding to the original sample data of assessment index j before normalization, respectively; αD,S represents the dynamic proportional adjustment coefficient of FAHP (subjective weighting method), αD,S∈[0,1]; W′,W represents the weight matrix of each assessment index obtained by FAHP, EWM, respectively.

Under established conditions, where the scheme to be assessed and its sample data are all known quantities, the normalized data matrix, subjective weight matrix, and objective weight matrix for each assessment index are constants. Based on the idealized goals of maximizing operational benefits and minimizing operational costs, models (2) and (3) can be solved to determine the optimal dynamic proportional adjustment coefficients.

4.1.3 Dynamic Proportional Adjustment Coefficient Solving Process

Here, further explain the solution process of dynamic proportional adjustment coefficient models (2) and (3), as shown in Fig. 2.
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Figure 2: Dynamic proportional adjustment coefficient solving process

4.1.4 Comparison of Fixed and Dynamic Proportional Adjustment Coefficient Modes

The difference between the dynamic proportional adjustment coefficient mode and the current fixed proportional adjustment coefficient mode is shown in Table 2.
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Contribution of the dynamic proportional adjustment coefficient mode: unlike the fixed proportional adjustment coefficient, the dynamic proportional adjustment coefficient design drives the coefficient by incorporating an optimization model that integrates the idealized goals of an assessment object and the sample data of the assessment scheme. This mode effectively captures the real-time impact of changes in the idealized goal and sample data on the proportional adjustment coefficient, thereby optimizing system assessment outcomes and providing a more theoretically sound approach.

4.2 Weight Modeling of Combination Weighting Method Based on Dynamic Proportional Adjustment Coefficient

Given the simplicity and computational efficiency of FAHP and EWM [24], the study uses FAHP as the subjective weighting method and EWM as the objective weighting method. Since both FAHP and EWM are mature theories, the weighting modeling process for these two methods in the operational performance assessment index system integrated companies are omitted here. For details on the weight modeling processes and procedures for FAHP and EWM, refer to the relevant literature [22–23]. Only the comprehensive weight calculation model of index j based on dynamic proportional adjustment coefficient is listed:

ωj=αD,SωS,j+(1−αD,S)ωE,j(8)

where ωj represents the comprehensive weight of index j in the operational performance assessment index system of power generation/selling integrated companies.

4.3 Modeling of Operational Performance Assessment for Power Generation/Selling Integrated Companies Using Combinatorial Weighting Method-Extension Theory

Extension theory is an assessment method that employs extension distance to quantitatively assess a company’s operational performance characteristics, values, and changes. It is widely used in assessing company operational performance in many industries [25]. Here, extension theory is used to evaluate the operational performance of the power generation/selling integrated company, while the combination weighting method allocates the weights of each assessment index.

Building on the combinatorial weighting method and extension theory, and drawing on the extension model construction process from existing literature [26], the following process is established to assess the operational performance of power generation/selling integrated companies:

(1) Determine the assessment index system for the operational performance of the power generation/selling integrated company, and establish a classical domain element matrix for a specific assessment level (note: the classical domain element of the assessment level is related to the value ranges of each assessment index for the power generation/selling integrated company).

Ri=(Ei,Cj,Vij)=[EiC1(ai1,bi1)C2(ai2,bi2)⋮⋮Cn(ain,bin)](9)

where Ei represents the evaluation level i of the operational performance; Cj represents the dimensional j assessment index for the operational performance; Vij represents the set of the value ranges for the assessment level i of the dimensional j assessment index of the operational performance, where j=1,2,⋯,n.

(2) Establish the segment domain matter-element matrix for the operational performance assessment index system of the power generation/selling integrated company (note: the segment domain matter-element is related to the upper limit of the value of a range of the highest assessment level and the lower limit of the value of a range of the lowest assessment level of each assessment index).

Rp=(Ep,Cj,Vpj)=[EpC1(ap1,bp1)C2(ap2,bp2)⋮⋮Cn(apn,bpn)](10)

where Ep represents all assessment levels of the operational performance; Vpj represents the set of the upper limit of the value of a range of the highest assessment level and the lower limit of the value of a range of the lowest assessment level for each assessment index.

(3) Establish the matter-element matrix for assessing the power generation/selling integrated company (note: the matter-element to be assessed represents the sample data of the operational performance scheme for the power generation/selling integrated company discussed in this article; the matter-element matrix to be assessed is the sample data matrix of the operational performance scheme of the power generation/selling integrated company to be assessed, which is related to the sample data of corresponding scheme for each assessment index).

Rx,t=(P0,Cj,Vj)=[EiC1ν1C2ν2⋮⋮Cnνn](11)

where P0 represents the matter-element to be assessed; Vj represents the sample data of the scheme corresponding to the dimensional j assessment index.

(4) Determine the extensibility distance between the dimensional j assessment index sample data of the matter-element matrix Rx,t to be assessed of the power generation/selling integrated company and the classical domains Ri, segment domain Rp separately.

{D(νj,Vij)=|νj−(aij+bij)2|−(bij−aij)2D(νj,Vpj)=|νj−(apj+bpj)2|−(bpj−apj)2(12)

where D(νj,Vij) represents the extension distance between the dimensional j assessment index sample data of matter-element matrix Rx,t to be assessed and the classical domain matrix Ri; D(νj,Vpj) represents the extension distance between the dimensional j assessment index sample data of matter-element matrix Rx,t and the segment matrix Rp.

(5) Calculate the correlation function between the dimensional j assessment index sample data of the matter-element matrix Rx,t to be assessed of the power generation/selling integrated company and the assessment level i.

Kj(Vij)={D(νj,Vij)D(νj,Vpj)−D(νj,Vij)νj∉Vij−D(νj,Vij)|Vij|νj∈Vij(13)

where Kj(Vij) represents the correlation degree between the dimensional j assessment index of the matter-element matrix Rx,t to be assessed and the assessment level i.

(6) Since the assessed object of this article is operational performance, the idealized goal is to maximize the operational performance of the corresponding power generation/selling integrated company. Therefore, the dynamic proportional adjustment coefficient model using Formula (2) is adopted. Furthermore, based on the solution results of Formulas (8) and (13), calculate the total correlation between the matter-element matrix Rx,t to be assessed of the power generation/selling integrated company and the assessment level i under dynamic proportional adjustment coefficient mode.

K(Ei)=∑j=1nωjKj(Vij)(14)

where K(Ei) represents the total correlation degree between the matter-element matrix Rx,t to be assessed and the assessment level i; ωj represents the comprehensive weight of the dimensional j assessment index (that is, the index j of the operational performance assessment index system of the power generation/selling integrated company in Formula (8)) of the matter-element matrix Rx,t to be assessed. The greater the correlation, the higher the degree of conformity of the matter-element matrix Rx,t to be assessed of the power generation/selling integrated company to the assessment level i.

(7) Based on Step (6), determine the assessment level of the matter-element matrix Rx,t for the power generation/selling integrated company to be assessed (i.e., the assessment level of the sample data matrix of its operational performance scheme). Note: This assessment level corresponds to the maximum total correlation value E(Ei) between the matter-element matrix Rx,t to be assessed of the power generation/selling integrated company and the assessment level i.

E(Ei)=max[K(Ei)](15)

where E(Ei) represents the total correlation degree between the assessment matrix Rx,t and the assessment level i.

5  Simulation and Numerical Results

5.1 Parameter Setting

To verify the feasibility and effectiveness of the proposed method, a survey of the operational status of power generation/selling integrated companies in a specific province’s electricity market are conducted, selecting three companies of varying sizes typical research subjects. An empirical analysis is performed using their actual operational data from June 2023 as the matter-element samples for assessment. Company 1 is large-sized, Company 2 is medium-sized, and Company 3 is small-sized (company names and other details are omitted for confidentiality). The operational sample data for the three power generation/selling integrated companies, collect during on-site investigations in June 2023 are shown in Table 3.
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5.2 Determination of Subjective and Objective Weights for Operational Performance Assessment Index

Since Companies 1, 2, and 3 use the same index system for assessment, the subjective weight values derived through FAHP are solely dependent on the configuration of the assessment indexes. Therefore, the subjective weight values for each assessment index of Companies 1, 2, and 3 are identical. Given these characteristics and the need for easy comparison, the subjective and objective weight values for the operational performance assessment indexes of Companies 1, 2, and 3 are represented on the same graph (with the subjective weights represented by the same curve for each company). The subjective and objective weight values of the operational performance assessment indexes of Companies 1, 2, and 3 are shown in Fig. 3:
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Figure 3: Assessment index subjective and objective weighting result for every company

Fig. 3 shows that the subjective weight values of the assessment indexes for Companies 1, 2, and 3, obtained using FAHP, are consistent; while the objective weight values derived from EWM differ significantly among the companies. At the same time, there are significant differences among the subjective and objective weight values for each company.

5.3 Comparison of Proportional Adjustment Coefficient Values in Two Modes

Fig. 4 illustrates the fixed and dynamic proportional adjustment coefficient values for June, under the idealized goal of operational performance, for three integrated power generation and sales companies of different sizes: Companies 1, 2, and 3. In the fixed proportional adjustment coefficient model, the subjective and objective weight coefficients for all three companies are set to 0.5, resulting in overlapping curves in Fig. 4.
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Figure 4: Results of proportional adjustment coefficient values in two modes

Fig. 4 shows that the line representing the fixed proportional adjustment coefficient values for subjective and objective weights of Companies 1, 2, and 3 (with different sample data values for each company’s assessment index) is a horizontal line; In contrast, the line representing the dynamic proportional adjustment coefficient values for subjective and objective weights of Companies 1, 2, and 3 is a fluctuating curve (Note: Since the sample data values differ each month, the line representing the dynamic proportional adjustment coefficients for different months of the same company also fluctuates. This curve is not displayed here). Moreover, the dynamic proportion adjustment coefficient values for the objective weights of each company are all greater than those for the subjective weights. (Note: when the assessment object is operating costs, with the idealized goal of minimizing the result value, the dynamic proportion adjustment coefficients for subjective and objective weights, derived from the same sample data, differ from the values shown in Fig. 4. But the fixed proportional adjustment coefficients of the subjective and objective weights of Companies 1, 2, and 3 are still 0.5. Considering that the focus of this study is on operational performance, not operational costs, the comparison graph of the two proportional adjustment coefficients under the idealized objective of operational costs is not shown).

Based on the analyses above, it can be concluded that, compared to the fixed proportional adjustment coefficient model, the dynamic proportional adjustment coefficient model effectively captures the comprehensive impact of factors, such as the company’s assessment index sample data and the idealized goals of the assessment system on the proportional adjustment coefficient.

5.4 Determination of Comprehensive Weights of Operational Performance Assessment Index under Two Proportional Adjustment Coefficient Modes

Fig. 5a–c show the comprehensive weight results for each assessment index of the three companies under two proportional adjustment coefficient modes.
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Figure 5: (a): Evaluation index comprehensive weight result for Company 1; (b): Evaluation index comprehensive weight result for Company 2; (c): Evaluation index comprehensive weight result for Company 3

Fig. 5a–c show that the comprehensive weight curves for the assessment indexes of Companies 1, 2, and 3 differ significantly under the dynamic proportional adjustment coefficient model compared to the fixed model. Further analysis indicates that the dynamic model significantly enhances the comprehensive weight assignment of the assessment indexes and can substantially maximize the operational performance assessment results for each company. Conversely, under the fixed model, there may be varying degrees of decline.

Based on the analyses above, it can be concluded that, the proposed dynamic proportional adjustment coefficient mode meets the design requirements.

5.5 Comparison of Operational Performance Assessment Levels under Different Weighting Modes

Compare the operational performance assessment levels of the following methods: single subjective weighting mode, single objective weighting mode, fixed proportional adjustment coefficient with combined weighting mode, dynamic proportional adjustment coefficient with combined weighting mode (as proposed in this article), and existing index correction coefficient with a single subjective weighting mode. The first four methods are assessed based on extension theory, while the fifth method is assessed using government regulations and the efficiency coefficient method. This comparison aims to confirm the advantages and disadvantages of the dynamic proportional adjustment coefficient with combined weighting mode proposed in this study. The mode of adjusting coefficients for each index with a single subjective weighting mode is derived from the guidance document “Operating Rules for Enterprise Performance Evaluation (Revised)” [27] issued by the Ministry of Finance, in collaboration with the Development and Reform Commission, the Ministry of Human Resources and Social Security, the Ministry of Commerce, and other ministries. This is a standard assessment mode recognized by the government, characterized by strong credibility and widespread application. In practice, its results are used as the actual assessment level and serve as a benchmark to assess the accuracy of assessment levels obtained from other modes. However, this method requires first calculating the comprehensive correction coefficients of each index, and then substituting these coefficients and the sample data into the assessment model to obtain the final score. The operation process is complex and time-consuming [27].

Firstly, calculate the operational performance assessment level results for each of the three power generation/selling integrated companies in June under the five weighting modes (due to the complexity of the calculation process, intermediate results are not presented). For each weighting mode, the subjective and objective weightings are consistently determined using FAHP and EWM. The results of assessment for each of the five weighting modes are as follows:

(1) Single subjective weighting mode

Under the single subjective weighting mode, the total correlation between the matter-element Rx,t to be assessed and the assessment level i of the three integrated companies, as shown in Table 4(A).
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Table 4(A) shows that the operational performance of Company 1 is at level V (with the highest degree of membership at 0.0816), Company 2 is at level IV (with the highest degree of membership at 0.0897), and Company 3 is at level III (with the highest degree of membership at 0.0778).

(2) Single objective weighting mode

Under the single objective weighting mode, the total correlation between the matter-element Rx,t to be assessed and the assessment level i of the three integrated companies is presented in Table 4(B).

Table 4(B) shows that the operational performance of Company 1 is at level Ⅲ (with the highest degree of membership at 0.1035), Company 2 is at level Ⅱ (with the highest degree of membership at 0.0954), and Company 3 is at level Ⅰ (with the highest degree of membership at 0.0986).

(3) Fixed proportional adjustment coefficient with combined weighting mode

Under the fixed proportional adjustment coefficient with combined weighting mode, the total correlation between the matter-element Rx,t to be assessed and the assessment level i of the three integrated companies is shown in Table 4(C).

Table 4(C) shows that the operational performance of Company 1 is at level Ⅳ (with the highest degree of membership at 0.0835), Company 2 is at level Ⅱ (with the highest degree of membership at 0.1120), and Company 3 is at level Ⅰ (with the highest degree of membership at 0.1075).

(4) Dynamic proportional adjustment coefficient with combined weighting mode

Under the dynamic proportional adjustment coefficient with combined weighting mode, the total correlation between the matter-element Rx,t to be assessed and the assessment level i of the three integrated companies is shown in Table 4(D).

Table 4(D) shows that the operational performance of Company 1 is at level Ⅳ (with the highest degree of membership at 0.0914), Company 2 is at level Ⅲ (with the highest degree of membership at 0.1169), and Company 3 is at level Ⅱ (with the highest degree of membership at 0.1116).

(5) Index correction coefficient with a single subjective weighting mode

Under the index correction coefficient with a single subjective weighting mode, the final rating values of the three integrated companies are 73.57, 57.89, and 38.43, respectively. The corresponding rating ranges for each assessment level are as follows: level I is [0, 20), level II is [20, 40), level III is [40, 60), level IV is [60, 80), and level V is [80,100]. Based on the final rating values of each company and the numerical range of each assessment level, the actual assessment level is shown in Table 4(E).

Table 4(E) shows that the operational performance of Company 1 is at level IV, Company 2 is at level III, Company 3 is at level II.

Secondly, compare the operational performance assessment results of the three power generation/selling integrated companies under the five different weighting modes, based on the previously obtained assessment levels. For simplicity, the single subjective weighting mode, single objective weighting mode, fixed proportional adjustment coefficient with combined weighting mode, dynamic proportional adjustment coefficient with combined weighting mode, and index correction coefficient with a single subjective weighting mode are referred to as weighting modes 1, 2, 3, 4, and 5, respectively. Table 5 presents the comparison of operational performance assessment levels for each power generation/selling integrated company in June under different weighting modes:
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Table 5 shows that the assessment results of the operational performance levels for Companies 1, 2, and 3 under mode 5, which serve as the benchmark for assessment, are completely consistent with those under mode 4 but differ from the results under modes 1, 2, and 3. The assessment results for operational performance levels under modes 1, 2, and 3 also differ from each other. Among them, mode 1, based on a single subjective weighting mode, yields an overall higher rating; mode 2, based on a single objective weighting mode, produces an overall low rating; and mode 3, based on a fixed proportional adjustment coefficient with combined weighting, shows partially lower results for Company 1 (although the assessment results of Company 1 in modes 3, 4, and 5 are all at level IV, the total correlation degrees for levels Ⅲ and Ⅳ in mode 3 are 0.0827 and 0.0835, respectively, showing only a slight numerical difference).

As shown in Table 4(D), when the sample data of the overall assessment index for Companies 1, 2, and 3 is considered as the sample data for Company 1 under different scenarios, the following inference can be drawn: When the sample data for each assessment index changes significantly, the correlation degree and total correlation degree for each assessment level, as determined by extension theory, will also change significantly, resulting in different assessment level outcomes for the assessment scheme. Conversely, when the sample data for each assessment index only slightly, the assessment level result of the assessed scheme remains unchanged (the proof for this inference under scenarios with minor data changes is omitted). From the above two inferences, it can be inferred that there is a moderate correlation between the overall assessment index sample data and the assessment level result, indicating a moderate sensitivity between the two.

To verify the continuous consistency between the dynamic proportional adjustment coefficient with combined weighting method (mode 4) and the index correction coefficient with a single subjective weighting method (mode 5), the above five modes will be used to compare the assessment level results of Companies 1, 2, and 3 for each month in 2023. The comparison results are shown in Tables 6(A)–(C).
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Tables 6(A)–(C) show that, based on continuous tracking of the assessment levels of Companies 1, 2, and 3 over the 12 months of 2023, the assessment results under mode 4 and 5, which serve as the benchmark for assessment methods, are completely consistent. However, the assessment results of the operational performance level for Companies 1, 2, and 3 under mode 5 differ from those under mode 1, 2, and 3. Therefore, there is continuous consistency between the dynamic proportional adjustment coefficient with combined weighting method (mode 4) and the index correction coefficient with a single subjective weighting method (mode 5).

Based on the above analyses, it can be concluded that, under the dynamic proportional adjustment coefficient mode, the operational performance assessment results of the power generation/selling integrated company, using the combination weighting method-extension theory, are accurate, demonstrating the effectiveness of the dynamic proportional adjustment coefficient mode.

5.6 Sensitivity Analysis between Sample Data of Single Assessment Index and Assessment Level Result

Based on the sensitivity analysis between the overall assessment index sample data and the assessment level results presented in Section 5.5, further analysis is conducted to examine the sensitivity relationship between the sample data of a single assessment index and the assessment level result using the dynamic proportional adjustment coefficient with combined weighting method (mode 4). The sample data for each assessment index in the assessment scheme is categorized into high, medium, and low ratio groups based on its value relative to its range. Due to the significant differences in the ratio of assessment index sample data in Company 1 compared to Companies 2 and 3, Company 1 is selected for sensitivity analysis between the sample data of a single assessment index and the assessment level result.

To effectively identify the impact of various assessment indexes on assessment level results and reduce the workload of identification activities, A12, B51, and B42 are selected as typical indexes of high, medium, and low ratio sample data. The sensitivity relationship between the sample data of these assessment indexes and the assessment level result are analyzed under the same sample data of other assessment indexes. The specific results are shown in Tables 7(A)–(C) (Scenario 1 of each index in each table directly references the corresponding scenario in Section 5.5).
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From Tables 7(A)–(C), it is observed that except for a sharp decrease in the sample data of assessment index A12 in Scenario 4, which will lead to a decrease in the assessment level, the assessment level remains unchanged for slight or moderate decrease in the sample data in Scenarios 2 and 3, and for slight, moderate, or a sharp decrease in the assessment indexes B51 and B42 across all scenarios. This occurs because when there is a sharp decrease in the value of high-ratio sample data, the comprehensive weight corresponding to this assessment index decreases significantly, whereas the comprehensive weights of the other 22 indices do not substantially increase after redistribution and calculation. At this point, the correlation and total correlation between each assessment level, as determined through the theory of extension, undergo significant changes, leading to variations in the assessment level. When the sample data of the assessment index increases, the derived result mirrors the downward scenario; therefore, the analysis process is omitted here.

Based on the above analyses, it can be concluded that when the sample data of a single assessment index is high ratio data, there is a weak correlation between it and the assessment level (i.e., the sensitivity of its correlation is weak). Conversely, the relationship shows no correlation (i.e., the sensitivity of their correlation is zero).

6  Conclusion

This article proposes an assessment index system for assessing the operational performance of a power generation/selling integrated company, addressing the absence of an index system and assessment model suited to its organizational and operational characteristics. The dynamic proportional adjustment coefficient design proposed in this article effectively addresses the limitations of the current fixed proportional adjustment coefficient model, which fails to capture the idealized goals of the assessment system and the impact of sample data changes, leading to assessment results that do not align with reality. Moreover, the assessment results of the operation performance of the power generation/selling integrated company, derived using the combination weighting method-matter-element extension theory method based on the dynamic proportional adjustment coefficient design, are both accurate and straightforward, offering a more suitable approach for future system assessment activities. However, the research in this article is limited to the assessment of operational performance of power generation/selling integrated companies and does not address the assessment of investment performance in the creation stage. To address this limitation, further research in this area will be pursued.
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Table 1: Assessment index system and classification of operational performance for power genera-
tion/selling integrated companies

First-class Second-class Third-classindex Levell  Level IT Level III Level IV Level V. Numerical
index index range
A1l (billion yuan) [0,20) [20,40) [40,60) [60,80) [80,100] [0,100]
Al A12 (billion yuan) [0,20) [20,40) [40,60) [60,80) [80,100] [0,100]
A13 (billion yuan) [0,2) [2,4) [4,6) [6,8) [8,10] [0,10]
Al4 (billion yuan) [-10,0) [0,2.5) [2.5,5) [5,7.5) [7.5,10] [-10,10]
A A21 (%) [—1000,0) [0,250) [250,500) [500,750) [750,1000] [—1000,1000]
A2 A22 (%) [—1000,0) [0,250) [250,500) [500,750) [750,1000] [—1000,1000]
A23 (%) [—1000,0) [0,250) [250,500) [500,750) [750,1000] [—1000,1000]
A24 (%) [—1000,0) [0,250) [250,500) [500,750) [750,1000] [—1000,1000]
A3 A31 (%) [0,20) [20,40) [40,60) [60,80) [80,100] [0,100]
A32 [0,2) [2,4) [4,6) [6,8) [8,10] [0,10]
B1 B11 (%) [0,20) [20,40) [40,60) [60,80) [80,100] [0,100]
B12 (%) [0,20) [20,40) [40,60) [60,80) [80,100] [0,100]
B2 B21 (%) [0,20) [20,40) [40,60) [60,80) [80,100] [0,100]
B3 B31 (%) [0,20) [20,40) [40,60) [60,80) [80,100] [0,100]
B B41 (%) [0,10) [10,20) [20,30) [30,40) [40,50] [0,50]
B4 B42 (%) [0,20) [20,40) [40,60) [60,80) [80,100] [0,100]
B43 (%) [0,20) [20,40) [40,60) [60,80) [80,100] [0,100]
B5 B51 (%) [0,20) [20,40) [40,60) [60,80) [80,100] [0,100]
B6 B61 [0,20) [20,40) [40,60) [60,80) [80,100] [0,100]
Cl Cl11 (%) [0,20) [20,40) [40,60) [60,80) [80,100] [0,100]
C C2 C21 (%) [0,20) [20,40) [40,60) [60,80) [80,100] [0,100]
C3 C31 (%) [0,20) [20,40) [40,60) [60,80) [80,100] [0,100]
C32 (%) [0,20) [20,40) [40,60) [60,80) [80,100] [0,100]
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Table 3: Operational sample data

Serial number Assessment index Company 1 Company 2 Company 3
1 All 0 22.07 5.13
2 Al2 85.36 5.61 0

3 Al3 0 1.45 0.76
4 Al4 4.55 0.24 0

5 A21 0 3.57 3.64
6 A22 3.42 3.43 0

7 A23 0 3.38 3.61
8 A24 3.78 3.25 0

9 A3l 57.5 65.1 70.7
10 A32 9.77 8.74 7.71
11 Bl11 98.7 97.9 98.3
12 B12 76.5 77.2 77.6
13 B21 98.7 86.5 80.6
14 B31 94.1 83.4 76.3
15 B41 37.5 40.2 45.4
16 B42 35.4 41.3 46.5
17 B43 86.5 89.4 91.2
18 B51 56.7 49.6 47.7
19 Bo6l 95.2 93.1 94.6
20 Cl1 85.4 84.9 85.1
21 C21 90.5 91.3 91.7
22 C31 88.4 79.5 72.6
23 C32 75.8 78.4 81.3

Note: Table 3 shows significant differences in the selection of trading partners among integrated power
generation and sales companies of different sizes. Company 1 (large-sized) leverages its extensive power
generation capacity and customer resources to take the initiative in negotiations with external companies. As a
result, it transacts all its electricity with external companies to maximize trading revenue and profits. Company
2 (medium-sized) has no clear advantages or disadvantages in scale. It adopts a cautious approach, prioritizing
internal transactions and only transacting with external companies if there is surplus electricity. Company 3
(small-sized), limited by its scale, chooses to conduct all transactions internally with power generation and
electricity retail companies to avoid the risk of profit loss from unfavorable cost and income dynamics in
external transactions.
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Table 6: (A) Comparison of monthly operational efficiency assessment levels of Company 1 under
different weighting modes; (B) comparison of monthly operational efficiency assessment levels of
Company 2 under different weighting modes; (C) comparison of monthly operational efficiency
assessment levels of Company 3 under different weighting modes

(A)
Month Weighting mode 1 Weighting mode 2 Weighting mode 3 Weighting mode 4 Weighting mode 5
1 v I v \Y% \Y%
2 \Y% v v \Y% \Y%
3 v I v v v
4 v 111 I v v
5 \Y% I I v v
6 \Y% I v v v
7 \Y% I v \Y% \Y%
8 \Y% v v \Y% \Y%
9 v v v \Y% \Y%
10 \Y% I I v v
11 v 111 I v v
12 v I v v v

B)
Month Weighting mode 1 Weighting mode 2 Weighting mode 3 Weighting mode 4 Weighting mode 5
1 v 111 111 111 I
2 v 111 111 v v
3 v II 11 I I
4 v 11 11 I I
5 v II 11 I I
6 v II 11 I I
7 v I I v v
8 \Y% I I v v
9 v II 111 111 I
10 v 11 11 111 I
11 v 11 11 111 I
12 v 11 111 111 I

©
Month Weighting mode 1 Weighting mode 2 Weighting mode 3 Weighting mode 4 Weighting mode 5
1 111 | 11 11 11
2 111 11 11 I I
3 111 | | 11 11
4 111 | | 11 11
5 111 | | 11 11
6 111 | | 11 11
7 111 11 11 11 11
8 v II 11 I I
9 111 | | 11 11
10 111 | | 11 11
11 111 | | 11 11
12 111 11 | 11 11
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Table 4: (A—E) Evaluation level of operational performance for these companies

(A)
Correlation Company 1 Company 2 Company 3
K(E1) 0.0314 0.0461 0.0052
K(E2) 0.0085 0.0234 0.0753
K(E3) 0.0457 0.0663 0.0778
K(E4) 0.0798 0.0897 0.0345
K(ES) 0.0816 0.0358 0.0279
Max K(E) 0.0816 0.0897 0.0778
Assessment level \Y% v I

B)
Correlation Company 1 Company 2 Company 3
K(E1) 0.0433 0.0347 0.0986
K(E2) 0.0087 0.0954 0.0887
K(E3) 0.1035 0.0898 0.0351
K(E4) 0.0876 0.0113 0.0095
K(ES) 0.0123 0.0216 0.0432
Max K(E) 0.1035 0.0954 0.0986
Assessment level I II |

©
Correlation Company 1 Company 2 Company 3
K(E1) 0.0529 0.0078 0.1075
K(E2) 0.0533 0.1120 0.0814
K(E3) 0.0827 0.1014 0.0030
K(E4) 0.0835 0.0108 0.0217
K(ES) 0.0058 0.0523 0.0534
Max K(E) 0.0835 0.1120 0.1075
Assessment level v II |

(D)
Correlation Company 1 Company 2 Company 3
K(E1) 0.0558 0.0089 0.0839
K(E2) 0.0566 0.1041 0.1116
K(E3) 0.0831 0.1169 0.0041
K(E4) 0.0914 0.0127 0.0284
K(ES) 0.0064 0.0552 0.0560
Max K(E) 0.0914 0.1169 0.1116
Assessment level v I 11

(E)
Correlation Company 1 Company 2 Company 3
Assessment level v I 11
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Table 7: (A) The variation relationship between assessment index with high ratio sample data (A12)
and assessment level result; (B) The variation relationship between assessment index with medium ratio
sample data (B51) and assessment level result; (C) The variation relationship between assessment index
with low ratio sample data (B42) and assessment level result

(A)
Type Scenario 1 Scenario 2 Scenario 3 Scenario 4
Sample data 85.36 83.45 47.79 11.34
Comprehensive weight 0.10 0.098 0.055 0.019
Assessment level v v v 111

(B)
Type Scenario 1 Scenario 2 Scenario 3 Scenario 4
Sample data 56.7 55.5 25.3 6.3
Comprehensive weight 0.042 0.041 0.030 0.016
Assessment level v v v v

©
Type Scenario 1 Scenario 2 Scenario 3 Scenario 4
Sample data 35.4 33.7 17.5 5.6
Comprehensive weight 0.041 0.040 0.029 0.015
Assessment level v v v v
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Table 2: Comparison of fixed and dynamic proportional adjustment coefficient modes

Mode

Value type

Degree of environmental impact Objectivity of
coefficient model

Fixed proportional
adjustment coefficient
Dynamic
proportional
adjustment coefficient

Fixed value

Dynamic value

Not affected by the environment of  Subjective
the evaluated object

Affected by the environment of the Objective
evaluated object, where the internal

environment is its own idealized

goal and the external environment is

sample data
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Table 5: Comparison of operational performance assessment levels under different weighting modes

Weighing mode Company 1 Company 2 Company 3
1 A% v 11

2 111 11 I

3 v II I

4 v 11 II

5 v 11 11
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