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Editorial on the Research Topic
The impact of global industrial manufacturing and the development
strategy of new energy and new technologies under the action of
carbon reduction

Introduction

In 2023, the Conference of the Parties (COP28) of the United Nations Framework
Convention on Climate Change (UNFCCC) will continue to discuss the issue of carbon
emission reduction. The international community expects all parties to effectively fulfill
their commitments to reduce carbon emissions and take joint actions to respond effectively
to the crisis and challenges posed by climate change. Carbon dioxide will cause the global
average temperature to warm up year by year.

The significant factors contributing to global warming are the use of coal, oil, and
natural gas, the reduction of plants due to deforestation, and the emission of exhaust gases.
Under this circumstance, various countries have joined the carbon emission reduction
initiatives one after another. As shown in Figure 1, the carbon emissions of the European
Union and the United States have shown a specific downward trend. Japan and Russia have
maintained lower carbon emissions, and India’s carbon emissions have grown relatively
more, yet China has shown a relatively significant increase.
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Main body

Rising temperatures will lead to other changes that will cause sea
levels to rise, inundating land and eroding coasts, leaving coastal
countries devastated. Moreover, coastal cities and countries are the
most economically and socially developed areas of the countries and
have a higher concentration of population, which has the most
severe impact on the economy and society. A study by Kaur et al.
(2023) found a positive correlation between carbon dioxide,
methane, and greenhouse gas emissions and the financial
expenditures needed to implement climate change mitigation
strategies. A study by Liu et al. (2017) showed that China is
expected to reach peak carbon emissions around 2030 and
reduce per unit of GDP carbon dioxide emissions by 60%–65%
compared to 2005. Semenov (2023) analyzed the similarities and
differences between the modern long-term trends of atmospheric
CO2, CH4, and N2O concentrations and the intra-annual (inter-
monthly) fluctuations.

The problem of calculating the enhancement of the
anthropogenic greenhouse effect with modern spectral data using
a one-dimensional horizontally homogeneous radiation model is
discussed. It is shown that the estimation of the greenhouse effect by
CO2, CH4, and N2O obtained using the radiative model is different.
Mikhaylov et al. (2020) used the energy balance method to simulate
the projected trends in greenhouse gas emissions by industries up to
2030. Using sensitivity analyses, we found that reducing
anthropogenic CO2 emissions from humans (cars and
households) would mitigate the consequences of significant
climate change.

To respond effectively to the challenges of global climate change,
countries are working together to achieve carbon peaking and
carbon neutrality and accelerate the green development of
industrial carbon reduction. So far, carbon emissions have
peaked in 54 countries around the world. The primary source of
carbon emissions in the United States is energy activities. The
carbon emissions from the industrial production process is only
5.32%, and after the carbon emissions peaked in 2007, the carbon

emissions showed a declining trend in the proportion. When the EU
peaked in 1990, the proportion of its industrial production process
was 9.24%. From 1990 to 2018, the carbon emissions from the EU’s
industrial production decreased relatively. Japan’s carbon emissions
peaked in 2013, with per capita carbon emissions below the EU per
capita level of 8.66 per cent, and the UK had already achieved peak
carbon as early as 1991, with a decline of 42.26 per cent in
2018 compared to 1991. Sikarwar et al. (2021) used a model
based on input-output table data that includes energy
consumption and related industrial production to analyse
anthropogenic carbon emissions and their drivers.

The United States, the 28 member states of the European
Union (EU), China, and India, which contribute nearly 60 per
cent of total anthropogenic carbon emissions, are considered
benchmarks for assessing global impacts, from which
corresponding trends are derived. Wang et al. (2023) find that,
under a formal environmental management system, the impact of
foreign direct investment (FDI) on industrial carbon emissions in
China is not apparent. This implies that individual cities’ standard
environmental management systems could be more efficient in
formulating or implementing policies. Li et al. (2019) found that
energy intensity, economic output effect, and energy consumption
structure are the main influencing factors through regression
analysis of the factors affecting carbon emissions from
electricity and heat supply industries. In various scenarios, we
also predicted the carbon emissions of the power and heat supply
industry and estimated their reduction possibilities. Xu et al.
(2017) argued that the only way to achieve carbon emissions in
the region is by adjusting the industrial structure and the energy
structure, reducing energy consumption, and optimizing the
industrial structure.

Contribution of the study

This Research Topic main contribution is exploring the
business transition to low carbon after COP26. In particular,

FIGURE 1
World carbon emission trends by country, source: (JRC, 2022).
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it is hoped that the paper will focus on the unique national
circumstances of each country and examine how to optimize each
country’s own industrial manufacturing, transport, agricultural
production, and renewable energy application efforts and
business to reduce carbon emissions in the context of
multilateral cooperation between governments. Xie points out
that businesses are wasting a lot of energy in their production and
operations and producing a large amount of CO. The large
amount of emissions is different from the economic benefits
of the enterprise. Therefore, the immediate task of the enterprise
is to use energy scientifically and reasonably and significantly
improve the energy efficiency of the enterprise rate, thus reducing
the excessive consumption of energy by the firms. Jiang selects
firms from the financial point of view. Performance indicators
were analyzed to help enterprises save energy in a low-
carbon economy.

Wan and Yu used ten financial warning indicators to construct
a risk prediction model from four aspects: financing risk,
investment risk, capital operation risk, and growth risk and
included “low carbon” in the financial risk warning indicator
system, which is expected to provide reference and reference to
the financial risks faced by the low-carbon economy. Zhu et al.
proposed that the fuzzy control evaluation algorithm of a regional
economy based on the SDMmodel can better predict the economic
growth of Beijing-Tianjin-Hebei. They proposed the low-carbon
development strategy of Beijing-Tianjin-Hebei, and the economic
integration further promotes the integration of the development of
Beijing-Tianjin-Hebei and promotes China’s economy to optimize
its structure. These papers are of contribution and reference value
in analyzing the impact of carbon emission reduction on industrial

production and economic development from different
perspectives.
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The concept of low-carbon economic development has led to changes in the

business environment and financial environment of enterprises, leading to

increased financial risks faced by enterprises. How to help enterprises better

warn, prevent and control financial risks from the perspective of low-carbon

economy has become a hot issue worth studying. Based on this, this paper is

based on the perspective of low carbon economy, on the basis of analyzing the

financing risk, investment risk, capital operation risk and growth risk faced by

enterprises under the requirements of low carbon economy development. A set

of financial risk management framework with clear hierarchy and strict vertical

logic has been constructed. Ten financial early-warning indicators are

constructed from four aspects. The risk prediction model of the indicator

system is established using the research method of BPNN (Back Propagation

Neural Network). The model is trained and simulated through the MATLAB

neural network toolbox. After 10 indicators passed Bartlett’s correlation test, the

BPNN financial early warning model was programmed using MATLAB software.

The accuracy rate was 84.3%. The neural network training results show that

when the layer node is 8, the best correct recognition rate can be obtained.

Incorporate “low carbon” into the financial risk early warning indicator system

that meets the requirements of low carbon economic development in the

design of enterprise financial risk early warning indicators. This paper is

expected to provide reference and reference for low-carbon economy

enterprises to deal with financial risks under the new situation.

KEYWORDS

back propagation neural network, financial risk, enterprise, early warning model, low-
carbon economy

1 Introduction

The core feature of developing a low-carbon economy is low carbon emissions. The

so-called low carbon economy is an economic model based on low energy consumption,

low pollution and low emissions, which corresponds to the high carbon economy

characterized by high energy consumption, high pollution and high emissions. The

essence of low carbon economy is to maintain economic and social development while
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realizing efficient utilization of resources and low-carbon or

carbon free development of energy. Under the advocacy of

green environmental protection and low-carbon development,

all economic entities around the world actively assume

environmental responsibility to promote low-carbon

development. The financial market plays an important role in

promoting the transition to a low-carbon economy. Low carbon

green development will play a key role in helping the financial

market in the process of transition to a low carbon economy

(Louche et al., 2019). Under the impact of “economic

globalization”, the market competition is intensifying, and

enterprises are facing enormous pressure for survival and

development. Among them, there are many cases of

mismanagement caused by the financial crisis, which directly

put these companies in trouble, or even led to their bankruptcy.

Therefore, it is very practical to establish a scientific data model

to analyze and forecast the financial data of enterprises. It can not

only monitor the financial situation of enterprises in real time,

but also play an effective role in financial early warning (Kuang

et al., 2022). Several indicators and single variable ratios can be

used to measure the robustness reflected in the company’s

balance sheet (leverage, profitability, liquidity ratio, etc.).

However, each indicator cannot measure the overall financial

risk or financial distress level of a company separately (Colak,

2021). The combination of quantitative financial indicators with

macroeconomic variables, industry factors and corporate non-

financial standards can be used for robust and balanced risk

analysis. Based on enterprise risk management (ERM) theory, it

can be used as an important aspect of risk management to

analyze the possibility of company failure (Tan et al., 2022).

In a normal economic environment, the main predictor of

financial failure is to distinguish between healthy and failed

SMEs. Autonomous ratio, interest and sales, asset turnover,

days of accounts receivable and period of accounts payable

are variables that increase the probability of financial failure,

while repayment ability and return on assets reduce the

probability of failure (Zizi et al., 2020). The transition to a

low-carbon economy will lead to large-scale structural

changes. Some industries will have to expand their relative

economic weight, while others, especially those directly related

to fossil fuel production and consumption, will have to decline.

This systemic change may have a significant impact on the

stability of the financial system, including sudden asset

revaluation, debt default and foam in emerging industries

(Semieniuk et al., 2021). Traditional machine learning needs

data representing feature target relationship, and relies on the

development, maintenance and modification of handmade

features, which are usually costly. Therefore, modeling highly

variable heterogeneous patterns is a challenge. Deep learning is

expected to remedy. The hierarchical and distributed

representation of data is learned automatically, which reveals

the generation features that determine the target, avoids artificial

feature engineering, and is more robust to changes (Kim et al.,

2020). The SEM model results show that risk management and

tenure of CEO have a significant positive impact on financial

performance and corporate capital. Through risk management,

FIGURE 1
Types of corporate financial risks.
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CEO duality and board size have a significant positive impact on

financial performance (Hamid and Purbawangsa, 2022). We will

actively fulfill our social responsibilities by establishing a low-

carbon and environment-friendly business model, and build the

green core competitiveness of enterprises.

Financing risk analysis of enterprises from the perspective of

low-carbon economy financing risk refers to the lack of sufficient

cash flow to pay the principal and interest, which makes

enterprises suffer losses. During the financial crisis, the

prediction ability of all traditional financial distress prediction

models will decline. Therefore, it is necessary to develop a model

by identifying variables that have a greater impact on the

financial distress of companies operating in developed and

developing markets (Ashraf et al., 2019). From the perspective

of low-carbon economy, the impact on corporate financing risk is

mainly manifested in two aspects: on the one hand, in order to

respond to the requirements of national environmental

protection policies, enterprises must update or even discard

traditional high energy consumption and high pollution

equipment or technologies. Traditional econometric models in

economic forecasting mainly have the problem of understanding

the model and using deviation. At present, there are many

estimation methods in econometric modeling, especially under

the guidance of machine learning ideas, new AI research has

obtained more estimation methods. However, most of the errors

caused by these algorithms and random interference errors are

uncontrollable. The use and purchase of new environmental

protection equipment forced the total debt of enterprises to

increase, and the increase in the amount of financing

naturally increased the risk and pressure of enterprise debt

repayment. In order to detect and deal with the systematic

risk of the increasing amount of data generated in financial

markets and systems, many researchers have increasingly

adopted machine learning methods. Machine learning

methods are used to study the outbreak and contagion

mechanism of systemic risks in financial networks and

improve the supervision of current financial markets and

industries (Kou et al., 2019). On the other hand, corporate

debt is mainly used for energy-saving and environmental

protection equipment or technology research and

development, which cannot directly improve the economic

benefits of enterprises. It also increases the operating costs of

enterprises. Force the fund supplier to raise the enterprise

financing threshold or financing cost under the influence of

green credit. This also increases the constraints and difficulties

of enterprise financing. To sum up, the environmental

requirements of low-carbon economy on enterprises have

increased the pressure on enterprises to raise funds and

financial burden. The principle of financial risk control of

small and medium-sized enterprises needs to conform to the

general objective of the enterprise. The general objective of an

enterprise is the starting point and destination of all business

FIGURE 2
Financial risk early warning indicator system.
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activities of the enterprise. The principle of combining local risk

with overall risk prevention and control. The business results of

an enterprise are the result of a number of interrelated business

activities. Therefore, under the original financing risk

management, enterprises should also focus on indicators such

as carbon asset liability ratio and carbon current liability ratio,

and timely reveal the financial risks related to carbon assets and

liabilities. Establish a financial risk monitoring and prediction

index system. It has a standardized, comprehensive, sensitive,

complementary and operable financial risk monitoring and early

warning indicator system. There should also be indicators

reflecting changes in the financial system and the external

environment of the region. Some financial relative quantity

estimation indicators closely related to economic operation

and reflecting changes in the financial system should be set.

Because the neural network method can enable the model to

have the self-learning ability with the changing complex

environment, the BP neural network model is widely used to

make the enterprise financial dynamic early warning possible.

The basic idea of establishing the financial crisis early warning

model with BP neural network is to take the financial evaluation

index as the input value, and first give a weight. The output value

is transferred to the output value through the hidden layer, and

the output value after the function operation is compared with

the expected value. If the error is large, the error will return along

the original path in reverse, and the weight of each layer node will

be modified for iterative calculation. After each operation, the

weight distribution of the sample data is updated according to the

error structure. After several iterations. When the error accuracy

requirements are met, a group of optimal weights will be

obtained, which are the parameters of the prediction model.

In this paper, BP neural network is used as the financial early

warning model, and the improved indicators are used as input

variables. Compared with the traditional financial indicators as

input variables, the low error rate shows that the improved input

variables are more effective.

This paper first analyzes the types of enterprise risks, and

then constructs an enterprise early warning model based on the

basic principles of BPNN. Secondly, it points out the advantages

of using BPNN to take advantage of enterprise financial risk early

warning. The author believes that the biggest feature of early

warning is pre control and quantitative management, and from

the perspective of quantitative management, enterprise risk is

more quantified from the perspective of financial risk. The

enterprise dynamically monitors the important factors that

affect the enterprise’s finance, makes statistical analysis of

financial data, and through data statistics and analysis,

reasonably and scientifically evaluates the company’s financial

situation, and timely reflects the risks found. It can quickly

respond to the operating conditions of the enterprise,

FIGURE 3
Basic process of financial early warning model based on BPNN.
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especially the hidden risks of the enterprise. It is helpful for

enterprise managers to allocate resources and analyze the causes

of enterprise risks in combination with enterprise financial data.

According to the early warning indicator system, obtain relevant

data from the company’s external and enterprise information

systems. The data are processed and condensed into independent

principal component factors, which are used as input values of

BPNN, and then used for early warning. Finally, according to the

early warning results, send an alarm, return it to the enterprise

information system, link it with the management procedures,

analyze the reasons of the financial crisis, and propose control

strategies for the financial crisis.

The contributions of this research and innovation are as

follows:

1 The definition of rating results can reflect the financial

situation of the institution more comprehensively and truly,

and can improve the accuracy of the early warning model.

Avoid blind low-carbon investment and reduce the economic

benefits of enterprises.

2 Collect data in various ways and verify each other. The lost

data shall be processed at different levels to ensure that the

data can be mutually verified, so as to minimize information

distortion.

3 Include non-financial indicators closely related to the

financial status of green low-carbon enterprises into the

selection range. So that the indicator system can more

accurately reflect the actual financial situation of

enterprises. It effectively warns against the investment risks

brought by blind low-carbon investment.

This article is divided into six sections from the

organizational structure.

The first section is the introduction. Firstly, it introduces the

research background and significance of financial risk research.

Secondly, it introduces the research status, the organizational

structure and main content of this paper. It summarizes the

research results from the perspective of financial early warning,

and then puts forward the innovation in this research. The

second section mainly introduce the research on financial

management in various countries and the existing deficiencies.

The third section introduces the types of enterprise financial risks

and the functions of early warning system in detail, and the basic

process of the financial early warning model based on BPNN.

The fourth section introduces the algorithm. The fifth section is

application of model design. The sixth section is the conclusion,

which summarizes the results of the full text.

2 Related work

Traditional investment risk refers to the uncertainty of

future investment income in the process of investment. The

possibility of making enterprises suffer financial losses. From

the perspective of low-carbon economy, enterprise investment

risk refers to the transformation of enterprises from “high

carbon” to “low carbon”. The cost of investment

reconstruction or re purchase of operating equipment or

technology is greater than the economic benefits of low-

carbon investment in the future. Due to the large amount

of operating funds required for the purchase of low-carbon

equipment or newly developed environmental protection

technologies by enterprises. And as a fixed asset or

intangible asset, it needs to increase the economic benefits

of the enterprise through value transfer for a long time in the

future. Therefore, enterprises will carry out feasibility

demonstration before upgrading or purchasing low-carbon

equipment or technology, so as to avoid blind low-carbon

investment to reduce the economic benefits of enterprises.

That is to evaluate and calculate the initial cost of low-carbon

investment and the economic benefits it will bring to the

enterprise in the future. In order to effectively warn the

investment risks arising from blind low-carbon investment,

enterprises need to carry out targeted management of carbon

TABLE 1 Corresponding indicators of the input layer.

Output layer Name of financial indicators

Node 1 Net profit rate of total assets

Node 2 Current ratio

Node 3 Inventory turnover rate

Node 4 Turnover rate of fixed assets

Node 5 Growth rate of total assets

Node 6 Equity ratio

Node 7 Net profit Net cash content

TABLE 2 Rotated composition matrix.

Variable Component

1 2 3 4 5

Current ratio 0.668 0.117 0.669 0.543 0.458

Quick ratio 0.371 0.104 0.857 0.489 0.676

Asset liability ratio 0.851 0.119 0.227 0.94 0.719

Inventory turnover rate 0.143 0.273 0.149 0.721 0.492

Turnover rate of fixed assets 0.663 0.96 0.128 0.889 0.98

Return on net assets 0.922 0.964 0.49 0.594 0.893

Sales growth rate 0.798 0.127 0.672 0.258 0.302

Cash turnover 0.323 0.319 0.121 0.727 0.414

Turnover rate of total assets 0.977 0.622 0.424 0.118 0.379
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investment under the original investment risk management.

The hidden carbon investment risks of enterprises are

revealed by measuring the economic benefits and cost rate

of carbon investment in the future. The emergence of financial

crisis is a gradual process and the result of deterioration of a

series of factors. The reasons are divided into two categories:

internal and external, namely, systematic risk and

unsystematic risk. It is a common risk that changes in

external risk factors of the company cause the uncertainty

of the entire financial environment, thus affecting the financial

operation of all companies in the whole society. In nature,

systematic risk is environmental risk. The main factors that

cause systematic risk are economic environment, legal

environment and financial environment. The economic

environment mainly includes: Economic cycle, economic

development level and macroeconomic policies. The legal

environment mainly includes: organizational form, relevant

provisions of corporate governance and tax regulations; The

financial environment is the most important external

environmental influence factor of the company. At present,

most models generally conduct financial early warning based

on single type features, lacking early warning analysis based

on multi type features. The accuracy and robustness of early

warning of models also need to be further improved. On the

premise that financial indicators and non-financial indicators

are used to construct multiple types of financial features,

Xuefeng et al. (2022) integrates multiple CART trees to

construct CFW Boost by combining the causal relationship

of features. It is found that CFW Boost has higher accuracy

and more stable early warning performance than other

models. The demonstration conforms to the market law,

which can provide useful reference for enterprises and

market supervision departments. Zeng analyzed the

traditional financial risk early warning model based on

accounting information. Based on this, an enterprise risk

early warning model is proposed from the perspective of

cash flow, and a financial risk early warning indicator

system is established. After preprocessing, the data is input

into the model according to the type of financial risk early

warning indicators to obtain the company’s financial risk

prediction results (Zeng, 2022). The concept of low-carbon

development involves several interrelated tasks: improving

energy efficiency, using renewable energy, etc. Kapitonov used

statistical analysis, mathematical modeling and standard

TABLE 3 Collinearity diagnosis.

Dimension Characteristic value Conditional index

1 7.398 8.19

2 7.293 4.57

3 5.29 7.04

4 4.265 9.15

5 0.715 .27

6 0.571 9.32

7 0.915 10

8 0.406 4.85

9 0.681 9.08

10 0.91 2.14

FIGURE 4
Number of training steps and mean squared error.

Frontiers in Energy Research frontiersin.org06

Wan and Yu 10.3389/fenrg.2022.1087526

12

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.1087526


estimation methods to analyze the most important factors of

development. It is the first time to put forward the sustainable

development structure of energy security (Kapitonov, 2021).

With the intensification of competition among enterprises,

investors and enterprises pay more and more attention to the

role of financial crisis early warning in enterprise

management. Shang et al. (2021) selected multiple financial

indicators based on big data mining of the Internet of Things.

It is found that the rules among all financial indicators select

more representative financial risk indicators. Then, FCM

(fuzzy clustering method), parallel rules and parallel

mining algorithm are used to determine frequent fuzzy

option sets, so as to obtain fuzzy association rules

satisfying the minimum fuzzy credibility. The financial risk

of listed companies is a problem that needs attention. The

financial crisis of e-commerce companies is a complex and

gradual process, and its unique reasons may be many.

E-commerce companies are facing financial risks or

difficulties, and bankruptcy and liquidation are also

increasing. Cao et al. (2022) studied from the perspective of

establishing a financial early warning model based on deep

learning and building an early warning mechanism for

financial risks of e-commerce companies, and analyzed and

predicted the financial risks of listed companies. Through the

construction of the financial security early warning system,

crisis signals can be diagnosed as early as possible, and crisis

signals can be timely and effectively prevented and resolved.

The traditional financial risk assessment is inaccurate, and the

adaptive assessment ability is low. To solve this problem, Kang

proposed a financial risk assessment model based on big data.

The adaptive fuzzy weighted control method is used to fuse

the information of financial risk assessment data and big data

classification, and the asset return control and innovation

assessment model are used to carry out linear programming

and square fitting for financial risk. Based on the intervention

factors of financial market participants, a quantitative

regression analysis was conducted. According to the

economic game theory, we have conducted big data

analysis and prediction on financial risk assessment

through regression analysis (Kang, 2019). The SME sector

plays a crucial role in promoting economic growth in

emerging countries. Buchdadi et al. (2020) tested the

determinants of SME performance, namely the financial

literacy of managers. Use financial product access and

financial risk attitude as intermediary variables. Such

studies use quantitative methods and use structural

equation modeling (SEM) to analyze data. Through

multiple regression analysis, Valaskova et al. (2018)

determined significant predictive factors under specific

FIGURE 5
The training results of the solvency index.

FIGURE 6
Training results of operational capability indicators.
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economic environment conditions to estimate the prosperity

and profitability of enterprises. The results obtained in the

study are very important for the company itself, as well as its

business partners, suppliers and creditors, to eliminate

financial and other corporate risks related to the company’s

unhealthy or adverse financial situation. He and Chen aims to

study the application of the construction of the early warning

model of the financing and financial risks of animal breeding

enterprises in the economic transition period, and is

conducive to the early warning of the financial risks of the

animal breeding industry in this country in the economic

transition period. This experimental study shows that

building a financial risk early warning model can make the

financing of animal breeding companies more clearly reflected

in the economic transition period, and improve the financing

probability of enterprises (He and Chen, 2020). Du and Shu

proposed a credit scoring model based on deep learning

network to solve the systemic risk problem caused by the

lack of credit scoring in the existing financial market. Its

purpose is to effectively manage the financial market and

reduce the risk of financial enterprises. The bionic

optimization algorithm is introduced, and an integrated

FIGURE 7
Profitability index training results.

FIGURE 8
Training results of cash flow capability indicators.
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deep learning model is proposed. Finally, a financial credit risk

management system using integrated deep learning model is

proposed (Du and Shu, 2022).

From the perspective of low-carbon economy, the growth

risk of enterprises mainly refers to that the continuous growth of

carbon investment of enterprises fails to effectively promote the

growth of economic benefits of enterprises. That is, the growth

rate of carbon investment is greater than the growth rate of

enterprise economic benefits. This risk reveals that the enterprise

carbon investment fails to give full play to its benefits, and there

are blind investment and waste of investment. From the current

research results, the selection of early warning indicators and

early warning theory are still not perfect. Moreover, at present,

there are few classified models for the same industry in China.

Due to the different characteristics among industries, the factors

affecting the formation of financial crisis are also different.

Therefore, we need to design and establish a financial

management model from a new perspective, and use new

methods and means to improve the rationality and accuracy

of financial management. For example, the combination of

statistical methods and computer software, and the

combination of statistical models and artificial neural

networks can complement each other.

3 Types of enterprise financial risks
and functions of early warning system

From the perspective of financial management, small and

medium-sized enterprises can interpret the causes of bankruptcy

or failure of small and medium-sized enterprises in two aspects:

First, the operating income of enterprises is decreasing until losses

occur. Secondly, the enterprise is short of funds and cannot

effectively pay off the due debts. This is also the realistic

background of the research on the financial risk prediction of

SMEs. A sound and efficient financial early warning system can

help small and medium-sized business owners to understand the

changes in the business operation and financial situation, predict the

risk of business failure, and leave time and space for small and

medium-sized business owners to deal with this crisis. The integrity

principle means that the indicators designed should cover all risk

early warning financial indicators related to low-carbon economy.

We should not only consider the actual economic indicators of

enterprises, but also consider the resources that may be wasted in

economic activities and the damage to the ecological environment

after wasting resources. The principle of comparability means that

the expected users can use these financial early warning indicators to

compare with the financial information of other enterprises. That is,

the indicator design cannot only consider the low-carbon economy.

It is also necessary to consider the financial situation of the

enterprise, so as to achieve the comparison with the financial

statements when the low carbon indicators were not designed

before. Business risk mainly refers to the possibility of adverse

impact on the Company’s objectives due to production and

operation reasons. For example, the supply risks caused by the

changes in the political and economic conditions of the rawmaterial

supply place, the emergence of new materials and other factors.

Production risks caused by unreasonable production organization.

Sales risks caused by sales decision-making mistakes. If a company’s

equity capital is insufficient, or it blindly pursues economies of scale

and financial leverage benefits and becomes excessively indebted, it

will increase its burden of repaying debt principal and interest. At

the same time, the owners and creditors of the company will

demand to increase the distribution of investment income and

FIGURE 9
Training results of developmental ability indicators.
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increase the interest rate due to the increased investment risk, which

will further increase the financial burden. The solvency was further

reduced. If the structure of the company’s assets or liabilities is

unreasonable and the cash flow is poor, which causes difficulties in

short-term debt repayment or turnover, it will also lead to financial

crisis. Modern enterprises are faced with the various business

pressures and risks, the inconsistency between owners and

operators and asymmetric information. In addition, we are faced

with the ever-changing market and the ever-changing international

and environment. Coupled with a series of changes in politics,

economy and society, risks are inevitable. Financial risk is the final

embodiment of many risks. Early warning system can help

enterprises to prevent crises and carry out strategic management.

The main financial risks faced by the company can be splited into

the following categories (Figure 1).

3.1 Market risk

Enterprises may involve a variety of commodities. The prices

of these commodities fluctuate with the fluctuation of market

prices, and their uncertain changes make enterprises face the

uncertainty of losses.

3.2 Legal risks

China’s macro-economic policies often change, and the

pressure of inflation makes the price rise, the project cost

increase, and also brings risks to the company’s operation. In

addition, the relevant regulations formulated by state

institutions or industry organizations to regulate the

financial behavior of enterprises and coordinate the

financial relations between different financial entities will

also implicate enterprises.

3.3 Operational risk

The company faced problems in planning and managing the

operation of investment projects, which led to the return rate of

investment funds being far lower than the borrowing rate, and

even brought debt problems to institutions.

3.4 Risk of natural environment change

The nature is always in a kind of movement and change,

which often has a certain impact on economic activities. Seasonal

changes will produce “off season” and “peak season” of

commodity sales, while natural disasters often have a

destructive impact on the normal operation of enterprises,

which will ultimately be reflected in the financial results of

enterprises.

The establishment of the index system is the most important

link in the whole financial risk early warning system. Early

warning indicators should be the most representative financial

indicators. They should not be too many and should

comprehensively reflect the financial situation and operating

results of the enterprise, so they should not be less. Select

indicators that are highly related to risk early warning to form

an indicator system. The index diagnosis for all aspects of the

enterprise mainly includes the following contents: business

diagnosis, production diagnosis, organizational diagnosis, and

technical diagnosis. In order to help find or judge the main

problems and causes in enterprise management, propose targeted

measures to improve the level of enterprise management. The

indicator system should not only consider the particularity of

each enterprise, but also be designed in combination with the

different characteristics of modern enterprises. In terms of the

selection of specific indicators, considering that the indicators

should complement each other without duplication and give

expression to the financial situation of the company as

comprehensively and comprehensively as possible, each early

warning module takes several representative indicators. Figure 2

shows the warning indicator system studied in this paper.

BPNN has excellent error correction ability and learning

ability. It play a significant role to apply it to enterprise financial

early warning. Its basic principle is that the input layer is

responsible for importing data samples and sending sample

data to the hidden layer. Secondly, the hidden layer processes

data in real time according to the activation function, and

transfers the calculation results to the next layer. Finally, the

output layer is responsible for output. After training, the network

deviation gradually reduces to achieve the desired value.

Therefore, we can establish an expectation function, put all

indicators into the function, and use the discriminant method

to score and classify. Figure 3 shows the basic process of the

financial early warning model based on BPNN.

The establishment steps are as follows: 1) Select an

appropriate analysis mode. To establish a financial early

warning model, the most fundamental thing is to choose an

appropriate analysis mode, that is, first analyze and judge

whether the research object is suitable for single variable

model or multi variable model. 2) Determine the appropriate

sample for analysis. For a discriminant function, it is very

important to focus the discriminant values on two or more

intervals to achieve the effect of discrimination. This requires

starting from the analysis of samples and dividing them into

several obvious categories. 3) Design and further screen out

appropriate financial indicators or financial indicator

combinations. 4) Use the analysis software to calculate the

model parameters (assuming SPSS system is selected to

complete the analysis model). 5) Results inspection. There are
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two main aspects to test the results: One is the accuracy test, the

other is the predictive test.

The implementation steps of the financial early-warning

comprehensive index measurement system. The

implementation steps of the financial early-warning

comprehensive index measurement system are generally as

follows: 1) Design the core indicators and auxiliary indicators

that should be monitored in the financial early-warning

comprehensive index; 2) Measure the “early warning critical

indicator value” of various financial monitoring indicators; 3)

Measure the “actual index value” of various financial monitoring

indicators; 4) According to the “early warning critical value” and

“actual indicator value” of each financial monitoring indicator,

measure the early warning composite index of each financial

monitoring indicator and predict the warning degree; 5) Analyze

and evaluate the financial early-warning comprehensive index.

The efficiency coefficient method refers to comparing each index

to be evaluated with its own standard according to the principle

of multi-objective planning, and according to the weight of each

index. The power function is transformed into measurable

evaluation scores, and then the individual index scores of each

index are summed up to obtain the comprehensive evaluation

scores. The efficiency coefficient method is used to convert

financial indicators into single efficiency coefficients. In fact,

the influencing factors of different industries have been removed,

which should improve the risk prediction.

4 Optimization of back propagation
neural network model

The first step is to set variables and parameters. Assuming

that the number of input and output neurons is M and N.

α � M +N

2
≤ L≤ M +N( ) + 10 � b (1)

Standardization before data input can effectively improve the

convergence speed and effect. This paper analyzes some of the

motivations. If our activation function is sigmoid or TAH, the

maximum gradient interval is around 0. When the input value is

large or small, the change of sigmoid or TAH is basically flat.

That is to say, the gradient tends to zero while the optimization

speed is very slow. The simplest and most useful method is to

carry out z-score, PCA whitening and other standardization

methods, scaling the input to 0 mean and standard variance.

Because of the non-linear dynamics of neural networks, it

is difficult to obtain a simple and general formula to identify

hidden layer units in theory. However, some qualitative

conclusions obtained through extensive and long-term

application process will help to reasonably arrange the

number of hidden layer units. Therefore, the number of

hidden layer units can be determined by referring to the

following formula.

L � ������
n1 +m

√
× a (2)

Among them, L is the number of hidden layer nodes,m is the

number of input layer nodes, n1 is the number of output layer

nodes, and a is a constant between 1 and 10. Therefore, the

number of hidden layer nodes is determined to be 6.

The second step is to initialize the connection right and

threshold value.

After the training, use the test sample to test the network

accuracy, compare the actual output with the expected output

of the test sample, and select the number of hidden layer nodes

with the highest alert accuracy as the final number of hidden

layer nodes of the alert model in this paper. If the set accuracy

requirements are met, that is, the error is within the allowable

range, the algorithm is terminated and the BPNN model is

obtained. If the error fluctuation exceeds the limited range,

assess the error of the hidden layer node, calculate the error

gradient, adjust the weight and threshold, and adjust the

relevant parameters if essential until the error meets the set

standard.

Ep � 1
2
∑m
i�1

ti − yi( )2 (3)

The output curve of Sigmoid function is relatively flat at

both ends, with sharp changes in the middle part, which is

closer to the signal output form of biological neurons.

Generally, the differentiated S-ray function is continuously

defined as the activation function in the hidden layer node,

namely:

f x( ) � 1
1 + exp −x( ) (4)

In the reverse iteration process of error, determine whether

the adjacent calculation cells need to be iterated in the orthogonal

direction, which will lead to zigzag jump near the extreme value.

Although this can reduce the value of the network performance

function as quickly as possible, it slows down the convergence

calculation of the network and makes the calculation result easy

to approach the local minimum.

wij � w t( ) + ηδpiρpj (5)

For the input layer neurons of the model, the input and

output are the same. The calculation rules for the neurons of the

middle hidden layer and the output layer are as follows:

Ykj � fw ∑n
i�1

k · α − 1( )⎛⎝ ⎞⎠ · λk (6)

In the above formula, f is the sigmoid function.

The output value at the n-th iteration is:

y n( ) � f ∑n
i�1
w n( )xi + ϕ n( )⎡⎣ ⎤⎦ (7)
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The actual output value in the n-th iteration is:

z n( ) � f ∑ v n( )yi n( ) + r[ ] (8)

In order to save the time of training network, partial

connection mode can be used to obtain better accuracy in a

reasonable time, the update amount Δwij of wij is expressed by

the following formula:

Δwij � −μ zE

zwi
(9)

N t( ) � ∑k
i�1
nk +No +Np (10)

N0 and Np represent the number of neurons. These N(t)
excited neurons form the excitation path and realize the

functional distribution. The model is further validated by the

following formula:

RE �
��������������
1
n
× ∑n

i�1
a

p1−p0

δ
( )2

√
(11)

Npj � ∑n
i�1
QijFpi (12)

Take the probability analysis method to measure the degree

of investment risk. The probability analysis method calculates the

standard deviation according to the probability rate of return,

expected rate of return and probability analysis of the investment

scheme under various economic conditions. The standard

deviation refers to the deviation degree between the expected

yield rate and the yield rate. The standard deviation formula is:

ϖ �
������������∑n
i�1

Xi − �X( )2pi

√
(13)

Among them,Xi is the yield rate, �X is the expected yield rate,

and pi is the probability. During the comprehensive evaluation of

the financial situation, due to the different types of financial

indicator data, there is no comparability between indicators.

Before building a model for comprehensive evaluation, these

indicators must be normalized according to a specific formula.

For benefit type indicators, the larger the indicator value, the

better, so that:

yij � xij − bj
ai − bj

(14)

For cost index, that is, the smaller the index value, the

better, let:

Pij � aj − xij

aj − bj
(15)

Moderate indicators require that the indicator value is

determined to be a fixed value as the best, so that:

Rij � 1
1 + t − xij

(16)

5 Analysis of training results of neural
network model

The purpose of back propagation is to achieve optimization

without repeating derivative steps. It refers to a multilayer neural

network that uses error back propagation (BP algorithm for

short) to solve the weight correction problem in the training of

artificial neural network. An algorithm for training some given

feedforward neural networks for a given input pattern when the

classification is known. When each segment of the sample set is

displayed to the network, the network will see its output response

to the sample input mode. Then, the measurement output

response is compared with the expected output and the error

value. Then, we adjust the connection weight according to the

measured error value. In order to train the BP neural network, it

is necessary to calculate the weighted input vector, network

output and error vector of the network, and then calculate the

sum of squares of the errors. When the sum of error squares of

the training vector is less than the error target, the training stops.

In this paper, by increasing the training times and observing the

simulation results to find the best training times, the network has

the best generalization ability. According to the above research

results, it can be seen that the early warning of enterprise

financial risk under the low-carbon perspective has certain

particularity, and the principles, indicator setting and weight

of each indicator must be considered when establishing.

Therefore, this paper proposes the following suggestions for

establishing a low carbon economy enterprise financial risk

early warning system. First, multiple principles should be

considered in the design. When designing the financial risk

early warning system, enterprises should consider the

principles of integrity, comparability and systematization;

Scientific principle, etc. as shown in Table 1.

This paper determines the weight of financial risk early

warning indicators. In the criteria layer, the carbon

profitability index has the highest weight, followed by the

carbon debt repayment index, carbon development index and

carbon operation index. It shows that experts believe that under

the perspective of low-carbon economy, enterprises still aim to

make profits, that is, to make profits by using carbon equipment,

carbon inventory, etc. The important indicator of bank loans to

enterprises is the debt repayment indicator, so we should still pay

attention to the carbon debt repayment indicator when

developing the carbon economy, that is, the indicator is still

important. However, the ultimate goal of carbon development

indicators and carbon operation indicators is to promote the rise

of carbon profitability indicators, which may be the reason why

experts give a lower score. Among the financial factors of an
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enterprise, profitability and solvency have the greatest impact on

the financial crisis in, while growth ability, capital structure and

operating ability and non-financial factors have relatively little

impact. In the final analysis, profitability and solvency are the

ability of enterprises to obtain funds. It is the blood of a capital

enterprise, and the profitability is an important factor to

determine whether the capital is sufficient. The business

activities of an enterprise cannot be separated from financial

support, just as the human body cannot live without blood. But

practice shows that the lack of funds has become an important

factor hindering the survival and development of enterprises.

The samples selected in this paper are manufacturing

companies listed in Shenzhen and Shanghai stock exchanges,

and the original data are all from Huatai Securities website

www.htzq.com cm. Among them, Bankruptcy companies

selected refer to those specially treated by the stock market in

2017 (There are 27 ST companies in total. The base date is the

earliest occurrence date of financial anomalies. The financial

statement data of these companies before the base date are

selected. In this paper, the same company in different years is

also considered as different companies. After removing the

companies with missing financial data, the total number of

samples used in the final empirical analysis is 138. Among

them, the total number of training samples is 10, and the total

number of generalized tests is 56. For the selected sample data, the

equal scale example is used to reduce In this way, the financial data

can fall into the range [0, 1], so that the neural network can process

the data. K-S test is adopted to test the normality of basic financial

early-warning indicators. S-W inspection and K-S inspection: S-W

inspection is recommended for small samples (less than 50), and

K-S inspection is recommended for large samples (more than 50). It

will be used when using software to solve statistical problems. If the

financial early warning indicators meet the normal distribution,

perform a t-test on the selected basic financial early warning

indicators. If the financial early warning indicators do not meet

the normal distribution, Kruskal Wallis non-parametric test is

performed on the selected basic financial early warning

indicators to obtain the component matrix in Table 2.

Through the significance test of the initial variables, we know

that 10 indicators such as the cash recovery rate of assets have

obvious correlation with the financial situation of the enterprise.

However, some of these indicators have strong collinearity and

contain repeated information, which will have a certain impact

on the accuracy of the experiment. Therefore, continue to use

factor analysis to screen the 10 indicators for the second time to

eliminate the collinearity between indicators, as shown in

Table 3.

From the results of collinearity diagnosis, the eigenvalues of the

first few principal components are larger, while the latter ones are

smaller. At the same time, the conditional index of the latter

principal components far exceeds 8, which also indicates that

there is serious multicollinearity among these variables. We need

to filter the independent variables.

Use the weight of financial risk early warning indicators of low-

carbon economy enterprises studied in this paper. This paper uses

AHP method to calculate the weight of financial risk early warning

indicators. Among them, collect the survey results of each

respondent, and finally take the comprehensive results of three

opinions to scale the importance. It can be seen that this weight is

very effective, so it is recommended that enterprises use this financial

risk early warning indicator weight to warn their financial risks. At

the same time, the consistency check table of financial risk early

warning indicators from the perspective of low-carbon economy

also shows that the weights designed in this paper are appropriate. In

addition, the smaller the final comprehensive weight value of the

research setting, the smaller the contribution to the enterprise. The

weight reflects the importance of each early warning indicator to the

overall evaluation target. The determination of index weight is an

important link in the early warning of SMEs’ financial risk. It can be

said that the determination of indicator weight can affect the

effective play of early warning system functions to some extent.

Comparing 100 randomly selected test results, it is found that the

simulation error of .9984 using the optimized weight and threshold

is far less than the simulation error of 2.13 using the random weight

and threshold (Figure 4).

A single-layer neural network has no hidden layer (input

directly maps to output). For the output layer, which is also

different from other layers in the neural network, neurons in the

output layer generally do not have an activation function (or they

can be considered as having a linear equivalent activation function).

This is because the final output layer is mostly used to represent the

classification score value, so it is a real number of any value.

Compared with a single hidden layer, neural network training

with two hidden layers does not help to improve the accuracy of

prediction. This has actually given us a basic principle for designing

BP neural network. The improvement of error accuracy can also be

achieved by increasing the number of neurons in the hidden layer,

and the training effect is easier to observe and adjust than increasing

the number of layers. Therefore, in general, using a single hidden

layer can meet the research needs, and the key consideration is to

determine the number of neurons in the hidden layer. The most

important inputmode should be determined from a large number of

raw test data. If the two inputs have strong correlation, just take one

of them as the input, which requires statistical analysis of the original

data, test the correlation between them, carry out correlation

analysis, and find out the most important quantity as the input.

The critical value of early warning indicators includes the

determination of satisfactory value, impermissible value and

upper and lower limit value. 1) Positive type variable. The

average value of the industry is selected as the satisfaction value,

but the selection of values is not allowed to be different. 2) Inverse

variable. Its standard value is determined in the opposite way to the

positive variable. The satisfactory value is 0, and the disallowed value

is .3. 3) Stable variable. Add 10 percentage points above the average

value of the industry as the satisfaction value, and take - times and

half of the satisfaction value as the upper and lower limit of the
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unacceptable value. 4) Moderately optimal variable. According to

the industry average value of the ratio, the increase and decrease of

10 percentage points on the basis of the average value is taken as the

upper and lower limit of the satisfactory range of the ratio. The

upper and lower limits of the disallowed range are doubled and

halved on the average value. Establish an early warning indicator

system that can reflect the risk characteristics of the enterprise,

including indicators reflecting five dimensions of debt repayment,

operation, development, profitability and cash flow. In order to

improve the convergence speed and stability of the model,

SPSS25.0 is used to conduct factor analysis on these five

dimensions, select financial indicators that meet the requirements

of themodel, and take the extractedmain factors as the input data of

the model.

It can be seen from Figures 5, 6, 7, 8, 9 that the model has a

good prediction result on the operating capacity index, with the

average prediction error less than 3%, the average prediction

error on the solvency index between 5% and 10%, and the average

prediction error on the crude fatty acid value of soybeans

between 1.3% and 2.9%. Since the training data of the model

comes from the same enterprise, and each indicator factor has a

similar change law, the prediction error of the five dimensions of

the model is reduced by 12.8%, 6.4%, 8.4%, 8.0%, and 8.1%

respectively, and the prediction effect is better. The ideal situation

is that the network output is equal to the expected output.

Generally speaking, the R value is above .9, which indicates

that the BPNN has good performance. The solid line in the figure

is the actual fitting situation, while the dotted line is the ideal

fitting situation. It can be seen that the neural network is very

close to the ideal fitting condition.

Through repeated experiments, it is proved that when the

number of hidden nodes is small, the network has poor ability to

obtain knowledge from the samples, and cannot quickly find the

internal laws in the samples, resulting in slow convergence speed and

low accuracy of the model. Increasing the number of hidden nodes

can speed up the convergence of the model and improve the

accuracy of the model. When the number of hidden layer nodes

is 8, the optimal correct recognition rate can be achieved. After

10 indicators passed the KMO and Bartlett correlation test,

MATLAB software was used to program and establish the

BPNN financial early warning model. The accuracy rate was

84.3% after verification.

6 Conclusion

Enterprises should pay attention to carbon profitability

indicators and carbon debt repayment indicators when

conducting low carbon financial early warning. It is found

that the carbon profitability index has the highest weight in

the criteria layer, followed by the carbon debt repayment index,

carbon development index and carbon operation index. It can be

seen that experts believe that under the perspective of low-carbon

economy, enterprises are still for profit, that is, to use carbon

equipment, carbon inventory, etc. to make profits for enterprises.

The important indicator of bank loans to enterprises is the debt

repayment indicator, so we should still pay attention to the

carbon debt repayment indicator when developing the carbon

economy. This paper constructs 10 financial early warning

indicators from four aspects, uses the research method of

BPNN to complete the establishment of the risk prediction

model of the indicator system, and conducts training and

simulation experiments on the established model through the

MATLAB neural network toolbox. The results show that the

early warning management of enterprise financial risk is

conducive to strengthening the internal control level of

enterprises, helping enterprises to solve the problems in

management, thereby promoting the development of

enterprises and enhancing their competitiveness. As the

lifeblood of enterprise development, financial management

directly determines the future development trend of the

enterprise. How to improve the sustainable development

ability of the enterprise based on meeting both the economic

development and the enterprise’s own development is what the

current workers need to pay attention to. Therefore, business

operators need to change their core concepts and improve the

working level and efficiency of financial personnel. However, the

study lacks correlation analysis of the original variables. The

correlation coefficient matrix between calculated variables needs

to be statistically tested. Further analysis is needed in future

research. However, the analysis of differences in asset structure,

business characteristics and human capital level in this paper is

insufficient. BP neural network has no strict requirements on

data distribution. Therefore, further analysis is needed in the

future research.
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Analysis on the digital
transformation index system of
enterprise’s low carbon business
performance based on AHP-DEA

Jie Xie*

School of Management, Hunan University of Information Technology, Changsha, Hunan, China

With the arrival of the low carbon era, enterprises, as the main body of the market
economy, must take the road of low carbon operation whether to fulfill their social
responsibilities or to seek enterprise development. However, Chinese enterprises
started late to understand the low-carbon economy. So far, except for a few state-
owned enterprises, some leading private enterprises and foreign-funded enterprises,
they have made remarkable achievements in low-carbon emission reduction. Most
enterprises in China have not realized the importance of low carbon emission
reduction. In order to step out of the “high carbon” era and coordinate economic
development and environmental protection, China must solve the problem of low-
carbon transformation of small and medium-sized manufacturing enterprises. How
to measure the degree of low carbon transformation, and how the government
objectively evaluates the degree of low carbon economic development of
enterprises, with a view to formulating corresponding standard incentives and
punishment measures for them. It is urgent to establish a sound, reasonable and
feasible low carbon operation management indicator system, and comprehensively
evaluate the information related to low carbon operation of SMEs through
reasonable selection of indicators. According to the connotation of low-carbon
enterprises, the economic benefits of enterprises are closely combined with
environmental benefits. A set of low carbon operation performance evaluation
index system including economy, technology and environment has been
constructed. The AHP index weight is calculated by establishing the AHP model
and the Data Envelopment Analysis (DEA) index weight is calculated by establishing
the DEA model. On this basis, the grey relational evaluation model based on AHP-
DEA is established. Then the paper evaluates the performance of representative
enterprises’ low carbon operation. Propose corresponding improvement
suggestions for the problems reflected in the low carbon operation performance
ranking of enterprises and the scoring of various indicators. The research results
show that the algorithm has high efficiency and the accuracy of model evaluation is
95.51%. To a certain extent, this studymakes up for the research results of the impact
of digital transformation on corporate strategic performance, and also provides ideas
for the research of corporate financial performance evaluation.
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1 Introduction

Under the low-carbon economy, for Chinese enterprises, it means
more investment. Unqualified enterprises may be eliminated, but it
also contains endless business opportunities, which will promote the
better development of enterprises. Therefore, enterprises need to
establish an enterprise performance evaluation index system based
on low-carbon economy to help enterprises develop in the long run.
Under low carbon, performance evaluation must be multi-
dimensional and comprehensive (Pflaum and Golzer, 2018). At
present, there are no uniform standards and suggestions on how to
create an enterprise performance evaluation index system based on a
low-carbon economy. And it is not advisable to blindly imitate
enterprises in other countries or domestic well-known enterprises.
Efforts should be made to build an enterprise performance evaluation
index system that takes into account both the situation of the
enterprise and low carbon factors (Andriole, 2020). While
evaluating the profit of the enterprise, we should take into account
the customer, internal operation and employee training, especially the
impact of fossil energy consumed by the enterprise to obtain economic
benefits on the ecological environment. In the era of low-carbon
economy, the traditional enterprise performance evaluation index
system must be rebuil. According to the specific situation of each
enterprise, in addition to financial indicators, customer indicators,
internal business indicators and employee growth indicators, low-
carbon environmental indicators must also be added. For example,
low carbon economic quality indicators, low carbon economic
governance indicators, low carbon policy implementation
evaluation indicators and low carbon technology innovation
indicators urge enterprises to take the responsibility of
environmental protection while pursuing economic interests
(Rocha et al., 2021). Enterprises have played a positive role in
accumulating social wealth, enriching the market, solving
employment, technological innovation, etc. At the same time, due
to the low production level, backward equipment, excessive
exploitation of resources, serious waste and imperfect management,
the production and operation activities of enterprises have become a
major factor affecting the environment. In order to step out of the
“high carbon” era and coordinate economic development and
environmental protection, China must solve the problem of low-
carbon transformation of small and medium-sized manufacturing
enterprises (Wetering et al., 2021). Then, enterprises should measure
the extent of their low-carbon transformation. The government
should objectively evaluate the degree of low carbon economic
development of enterprises, with a view to formulating
corresponding standard incentives and punishment measures for
them. Based on this, it is very important to establish a sound,
reasonable and feasible low-carbon operation management
indicator system (Zhu and Song, 2021). Through reasonable
selection of indicators, comprehensively evaluate the information
related to low-carbon operation of SMEs, and correctly measure
the degree of low-carbon operation of enterprises. The government
can effectively control and supervise the low-carbon operation of small
and medium-sized enterprises, and help enterprises self check and self
reform. It is imperative and urgent to improve the efficiency of
government monitoring and evaluation.

Looking at the research on “low carbon,” it is found that most
scholars focus on the impact of low carbon economy on the national
economy, the importance of developing low carbon economy, and the

way to develop low carbon economy. The evaluation of enterprise
performance in the low carbon economy is in its infancy. Under the
low-carbon economy, enterprises can not unilaterally ignore the
economic performance of enterprises in order to reduce carbon
dioxide emissions (Bhaskar et al., 2019). We should not just focus
on the economic benefits of enterprises for the purpose of making
profits and ignore the impact of enterprises on the environment.
Enterprises need to improve their economic efficiency on the basis of
energy conservation and emission reduction, adjust their energy
structure and improve energy efficiency. Therefore, this paper will
take small and medium-sized enterprises as the research object, and
select the main indicators reflecting the low carbon operation results of
enterprises. Build a low carbon operation evaluation index system for
enterprises (Ramay et al., 2019). Then, based on the Analytic
Hierarchy Process (AHP) model, each indicator of the enterprise’s
low-carbon operation performance is processed to obtain the weight of
each evaluation element. On this basis, use the gray correlation
evaluation model of AHP-DEA to rank enterprises from the
perspective of low carbon operation performance, and then put
forward the direction that should be improved in the process of
low carbon operation.

From the perspective of technology, today’s digital
transformation is a transition from industrial civilization to
information civilization. The application of these good
technologies can change, subvert, or optimize everything we do
now. Once the enterprise has mastered the application of new
technologies, it will gradually form an acceleration. Strictly
speaking, digital transformation has three perspectives. The first
is the technical perspective, which is dominated by CIOs or CTOs.
The second is the business perspective, which is dominated by
business line leaders such as the marketing manager and the
manager in charge of R&D. The third perspective is the
enterprise perspective, that is, the digital transformation of the
enterprise as a whole, which mainly guides entrepreneurs to lead.
This paper briefly discusses the impact of digital technology from
the three levels of enterprise, enterprise and industry. 1) Business.
Digital technology empowers employees and redefines work, and
people and machines work together. The machines mentioned here
are not only machines and equipment that we can see, but also
digital platforms and software applications such as various APPs. 2)
Enterprise. All industries will be led by smart enterprises with
exponential learning ability. 3) Industry. The business ecology,
which takes the platform as the carrier and replaces property rights
with digital, will rise in an all-round way. Under the background of
digital transformation, the internal control of enterprises faces
unprecedented opportunities and challenges. At present, the
impact of digital transformation of enterprises on performance
is still unclear. More importantly, at present, there are still some
problems in the research of digital transformation of enterprises,
such as the disunity of theoretical concepts and the incomplete
selection of indicators, which also makes the research in this field
insufficient (Chen et al., 2019). Good financial condition is the
material basis of enterprise operation, and the foundation of
sustainable and vigorous growth of enterprises. Therefore,
financial performance has always been the focus of research in
the field of enterprise performance. The financial performance of an
enterprise is an intuitive and comprehensive reflection of its
operating results, which is concerned by all stakeholders inside
and outside the enterprise. The financial performance level of an
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enterprise will have a direct or indirect impact on investors’
investment, bank loans, commercial credit of suppliers and
customers and even the market share of the enterprise.

The contribution of research and innovation lies in:

1) Build a set of enterprise low carbon business performance
evaluation index system. The grey relational evaluation model
based on AHP-DEA is established. Then it evaluates the low
carbon business performance of representative SMEs.

2) Studied the enterprise digitalization, internal control and financial
performance evaluation, and discussed their mechanisms. At the
same time, it puts forward the path of strengthening the
digitalization of enterprise internal control in the current era.

3) The traditional DEA analysis method is easy to produce deviation
and cannot reflect the preference of decision-makers. The grey
relational evaluation model of AHP-DEA is adopted to effectively
solve the problem that AHP method is easily affected by individual
factors of experts. At the same time, according to the problems
reflected by the ranking of low carbon business performance and
the scoring of various indicators, the paper puts forward the
direction for enterprises to improve low carbon business.

The first section of the study elaborates that enterprises should
measure the development background of their low-carbon
transformation. We should not only focus on the economic
benefits of enterprises for the purpose of making profits, but also
ignore the impact of enterprises on the environment. Section 2 refers
to the technologies that relevant enterprises can use, such as artificial
intelligence and the Internet of Things. Further improve the
digitalization level of enterprise internal control. Section 3 discusses
the content of enterprise digital control performance in low-carbon
economy. It is analyzed that the AHP-DEA method of performance
appraisal is to improve the performance of each employee, and
constantly develop the potential of individuals and teams, so as to
improve the performance of enterprises and make them successful.
After that, the enterprise performance evaluation based on AHP-DEA
model is carried out. Section 4 discusses the conclusion. Section 5
summarizes the full text. The results show that the method in this
paper is also conducive to comprehensive analysis and evaluation of
the overall comprehensive performance of enterprises, and can truly
reflect the actual operation of enterprises. It provides a theoretical
reference for enterprises to evaluate the performance of their operating
systems, and enables enterprises to continuously improve and develop.

2 Related work

The early definition of enterprise economy is mostly centered on
economic benefits and aimed at reducing costs. Economic growth
mainly depends on the massive consumption of resources, lacking
comprehensive consideration of environmental and social benefits.
With the proposal of “low carbon economy,” the early supply chain
will inevitably develop into a low carbon supply chain. Low carbon
supply chain is a new economic form and development mode.
Through technological innovation, institutional innovation, new
energy development and other means, we can reduce the
consumption of high carbon energy such as coal and oil as much
as possible and reduce greenhouse gas emissions. The development of
low-carbon supply chain is a global revolution involving production

mode, lifestyle, values, national rights and interests and human
destiny. On the one hand, enterprises should actively assume the
responsibility of environmental protection and meet the requirements
of national energy conservation and consumption reduction targets.
On the other hand, enterprises should adjust their economic structure,
improve energy efficiency, develop emerging industries, and build a
low-carbon industrial system. This is a realistic way to abandon the
previous development model of “pollution first, treatment later, low-
end first, high-end first, extensive first and intensive second,” and is an
inevitable choice to achieve win-win economic development and
resource and environment protection. It is of great theoretical and
practical significance to fully explore and identify the influencing
factors and their transmission paths in the low carbon transformation
of enterprises, so as to truly implement them and promote enterprise
performance. At present, many scholars have discussed this problem.
The research of Hu F et al. shows that the higher the degree of low
carbon, the higher the level of financial performance (Hu and Yang,
2020). At the same time, internal control plays an intermediary role
between enterprise digitalization and financial performance. Christof
E and others pointed out that enterprises can use artificial intelligence
and the Internet of Things and other technologies to achieve online
supervision functions such as real-time monitoring, automatic early
warning, supervision and evaluation of internal control systems, and
further improve the digitalization level of enterprise internal control
(Christof and Duarte, 2018). Kauffman and Weber (2018) believed
that in the context of the gradual expansion of the enterprise’s
development scale, the importance of its internal control work has
become increasingly prominent, and the transformation and
upgrading of internal control has become an inevitable trend.
Taking the relationship between internal control and performance
appraisal as a starting point, Doukidis et al. (2020) deeply analyzed the
underlying causes of the enterprise’s development dilemma and put
forward relevant suggestions. It provides a good environment for
improving performance appraisal. Bhadoria et al. (2017) pointed out
that the effectiveness of performance appraisal is affected by internal
control to some extent, and performance appraisal can directly affect
the implementation of internal control (Kim and Kim, 2017). Zeebaree
et al. (2019) examined the impact of performance evaluation purpose
on miners’ organizational citizenship behavior. The survey data of
miners were analyzed by multiple regression and bootstrap sampling.
The results show that both the development purpose and the
evaluation purpose of performance evaluation have a positive
impact on the overall OCB and its four dimensions through
organizational identity. In addition, the relationship between the
development purpose of performance evaluation and the overall
OCB and its four dimensions is stronger than that of performance
evaluation. Enterprises spend a lot of manpower and material
resources to establish internal control and performance appraisal,
but the main reason for the ineffectiveness is that they ignore the
relationship between the two. Therefore, the effective combination of
internal control and performance appraisal is particularly important.
Harp et al. designed appropriate assessment indicators from the four
levels of customer, finance, learning and growth, and internal business
in combination with the actual situation; At the same time, through
the comprehensive use of AHP method to empower and optimize the
indicators of the performance appraisal model, laying the foundation
for further performance appraisal (Harp and Barnes, 2018). Although
academia is interested in performance management as a key
determinant of the effectiveness of enterprise process improvement
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methods such as Total Quality Management (TQM) and its
derivatives, few empirical studies explicitly explore the practice of
performance management systems in organizations with a focus on
TQM. Soltani and Wilkinson described how organizational and
management forces led to the performance management system
being unable to accept the core principles of process improvement
methods such as TQM (Soltani and Wilkinson, 2020). Huang et al.
(2019) conducted a performance evaluation on an enterprise, and
linked the problems and causes in the process of enterprise growth in
the evaluation process, thus establishing an enterprise performance
evaluation index system. Elshaer et al. (2021) bridged the knowledge
gap and examined the direct impact of GHRM on the environmental
performance of small tourism enterprises and the indirect impact
through the environmental friendly behavior of employees. GHRM
has an indirect, positive and significant impact on environmental
performance through task related and positive environmental
behaviors. This reflects the value and important role of employee
environmental friendly behaviors in the relationship between GHRM
and environmental performance of small tourism enterprises. It
provides a new idea for Chinese enterprises to establish a scientific
and reasonable performance appraisal index system. Khan et al. (2017)
collected the financial data of more than 100 listed companies before
and after M&A, and selected more than ten financial indicators for
empirical analysis using factor analysis. Gu et al. (2020) found that in
the process of performance evaluation, there were significant
differences in the perception of organizational justice. To a certain
extent, these differences can be explained by the changes in the impact
of relationships on executive decision-making. This, in turn, is related
to differences in organizational goals between banks and differences
within organizations at the departmental level (Gu et al., 2020). Digital
dynamic capability and digital innovation are of great significance for
textile enterprises to achieve digital transformation performance. Shen
et al. (2022) has developed a conceptual model based on the resource
capability performance framework to test how the adoption of digital
technology, digital dynamic capabilities and digital innovation
orientation affect the digital transformation performance of
enterprises. The results show that the positive relationship between
digital technology adoption and digital transformation performance is
not significant; This path is fully realized through digital dynamic
capabilities. The digital transformation of enterprises not only
reshapes the business model and industrial boundaries, but also
boosts the high-quality development of China’s economy. Zhang
et al. (2022) reviewed the existing literature and found that digital
technology can improve the production efficiency of enterprises by
reducing costs, improving efficiency and innovation. Bastari et al.
(2020) aimed to examine the impact of transformational leadership on
employee performance, with employee motivation as the intermediary
variable. The results show that transformational leadership has a
significant impact on employees’ job performance, and job
motivation is an intervention variable. Employees’ work motivation
also has a significant impact on their work performance. The digital
business transformation plan is failing due to the gap in understanding
the mechanism for enterprises to obtain business value from
technology. Organizational readiness is not only the technology,
but also the reason for the success of digital transformation.
Organizational readiness refers to the ability to use and coordinate
core organizational capabilities. Based on the research on the rapid
development of digital technology and the advantages of information
system discipline in this field, Pappas et al conceptualized the big data

and business analysis ecosystem and proposed a model to describe
how the big data and business analysis ecosystem paved the way for
digital transformation andsustainable society, that is, the digital
transformation and sustainable development (DTS) model (Pappas
et al., 2018).

This paper takes low-carbon economy and enterprise digital
reform as the indicators of reform. Customer satisfaction and
residents’ low carbon concept are taken as indicators of social
indicator factor layer. Establish a set of performance evaluation
index system of low-carbon supply chain with reasonable design
and strong operability to provide a strong basis for the
development and research of low-carbon supply chain. By
analyzing the current situation and existing problems of enterprise
performance evaluation system, a set of enterprise financial
performance evaluation system is systematically and
comprehensively constructed. At the same time, it analyzes the
performance evaluation methods of enterprises, and constructs the
enterprise performance evaluation model based on AHP-DEA
method. Through this model, we can evaluate the financial
performance of enterprises, find out deficiencies and put forward
suggestions, so as to support enterprises to maintain industrial
competitiveness, and also provide ideas for the research of financial
performance evaluation.

3 Methodology

3.1 Discussion on digital control performance
of enterprises in low carbon economy

Low carbon enterprises refer to enterprises that adjust their energy
structure and improve energy efficiency while improving economic
returns. In the process of production and operation, reduce the carbon
emissions of enterprises as much as possible. Increase the whole
industry’s investment in low-carbon technology research and
development, create more low-carbon environment-friendly
products, and improve the low-carbon competitiveness of
enterprises. Reduce the impact of enterprises on the environment,
and realize the sustainable development of enterprises and the whole
society. It has been 10 years since the low carbon economy was put
forward, but the research on low carbon economy mostly focuses on
the relationship between energy consumption, economic growth and
carbon emissions, lacking systematic analysis of low carbon economy.
There are few studies on the evaluation index system and evaluation
methods for the low carbon economy system, which makes the
concept and policy lack of a bridge to guide the practice of low
carbon economy. This paper makes a systematic analysis on various
factors involved in the development level of low-carbon economy,
aiming to build a performance evaluation system suitable for
enterprises in the perspective of low-carbon economy. Carry out
comprehensive evaluation and comparison, and propose targeted
and clear enterprise development direction (Gu et al., 2020).
Therefore, the establishment of this system can provide evaluation
basis for the development of low-carbon economy in China in the
future, and is conducive to guiding the low-carbon and sustainable
development of enterprises.

The design principles of enterprise performance evaluation under
the low-carbon economy: 1) Systematic principle. The enterprise
performance evaluation under the perspective of low-carbon
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economy must be comprehensive. Therefore, in terms of index design,
comprehensive evaluation of enterprise performance should be made
from different perspectives. Among them, basic indicators and
evaluation indicators, quantitative indicators and qualitative
indicators must be interrelated and mutually restricted to form an
organic whole. 2) Principle of goal consistency. The performance
evaluation system should be consistent with the enterprise’s
development strategy, that is, the medium and long-term goals to
be achieved by the enterprise. Only in this way can we correctly play
the guiding role of performance evaluation and serve the development
of enterprises. The data required for various indicators of enterprise
performance evaluation shall be easy to collect and process, that is, the
data can be obtained directly or indirectly from the enterprise
statistical statements, accounting statements and relevant data
reports, so as to reduce the enterprise management costs. 4) The
principle of giving consideration to both financial indicators and non-
financial indicators. Under the low-carbon economy, the main content
of enterprise performance evaluation still needs to be financial
performance. However, only setting financial indicators is easy to
weaken the pursuit of long-term goals of enterprises, and non-
financial evaluation indicators are easy to timely and continuously
track enterprise goals. In particular, the introduction of innovation,
environment and other factors into the evaluation system is conducive
to the optimization of enterprise business processes and the realization
of development goals.

Digital transformation, as a transformation mode at the
forefront of the digital economy era, has a great demand for

technological innovation. Digital transformation strengthens the
ability of enterprises to mine and integrate internal and external
information, and it will have a higher sensitivity to forward-looking
technology, thus helping to grasp the direction of technological
innovation and reducing innovation risks. The integration with
digital internal control will strengthen the internal control system’s
control of business processes and the identification and prevention
of risks. In addition, the internal control of enterprises should take
into account the operational efficiency while improving the
security and reducing the risk of operation and management,
otherwise, the internal control will become the fetter of
enterprise development. Figure 1 shows the underlying
technology and practical application based on enterprise digital
transformation.

In the actual business operation, we are exposed to various
information such as voice, image, video, document, etc. The
information is structured into orders through human
intervention, and the work order data enters the IT system one
by one. That is, the transformation of unstructured information in
the real world, and the realization of structured data that can be
understood by IT systems. With various ubiquitous terminals and
intelligent applications, the problem of diversification and real-
time of data acquisition is really solved. It reduces manual
secondary processing and conversion. When enterprises have
truly formed such real-time and diverse data resources, they can
talk about further value-added applications such as big data storage,
big data processing and analysis.

FIGURE 1
The underlying technology and practical application based on enterprise digital transformation.
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Under the background of digital transformation, enterprises
have established corresponding information systems in business
fields such as safety management, financial management,
marketing, production and operation, human resource
management and party building management. Enterprises
actively promoting the implementation of digitalization will have
an impact on their own organization and management. The
implementation of digitalization will bring about changes in
enterprise management mode and relationships in organizations.
At the same time, the promotion of digitalization will significantly
improve the performance level of entity enterprises. The
application of digital technology in the internal control system
of enterprises strengthens the supervision, control and prediction
of production and sales, thus improving the reasonable compliance
and efficiency of enterprise operation. At the same time, the
internal control system of digital enterprises can find, prevent,
reduce or eliminate risks in time, thus improving the financial
performance of enterprises. The application of information
technology can not only greatly improve the management level
of enterprises, but also optimize the internal control effect. If we
want to improve the internal environment of enterprises, we must
first improve the internal control consciousness of the top
management of enterprises. Only the managers of enterprises
pay enough attention to internal control, and play an exemplary
role, and drive the employees of the whole enterprise with their own
fine style, so as to promote the long-term and healthy growth of
enterprises. At the same time, enterprises should increase the
investment in digitalization and informatization, strengthen the
training of digitalization-related talents, integrate internal
information systems and platforms, and build several system
platforms with mature applications, advanced concepts and
perfect functions. Integrate the requirements of internal control
into the system platform to improve the digitalization,
informationization and systematization level of internal control
management.

3.2 AHP-DEA method

According to the analytic hierarchy process, we can get the
importance of different indicators of the scheme level to the target
level—enterprise performance evaluation. In the standard layer,
profitability has the largest weight and the largest impact on
financial performance evaluation. The weight of operation
capacity is the smallest; In the scheme layer, the current ratio
has the largest weight, the largest impact on financial performance
evaluation, and the cost of sales ratio has the smallest weight.
Therefore, it is feasible to adopt AHP-DEA financial performance
evaluation model. Performance appraisal is to improve the
performance of each employee, and constantly develop the
potential of individuals and teams, so as to improve the
performance of enterprises and make them succeed. Essentially,
both of them are effective integration of enterprise resources, and
their ultimate goal is the realization of enterprise strategic goals.
Choosing the appropriate performance assessment method is the
premise of the effective growth of enterprise performance
assessment, and it is also the effective guarantee to reduce the
error of performance assessment results. The enterprise
development strategy made by managers is closely related to the

results of performance assessment. DEA is an effective efficiency
assessment method. DEA method can be used to deal with the
problems of multi-input and multi-output comparison with the
same decision-making unit, and the judgment of the relative
effectiveness of the decision-making unit can be solved by
mathematical methods. DEA is used to express the efficiency of
an enterprise by the ratio of various outputs to inputs. This
calculation method can effectively ignore the influence of
standard cost on different indicators, and it can be used to
evaluate the performance of comparable departments or
enterprises.

DEA only depends on the data of input index and output index,
and evaluates each decision-making unit from the perspective of
relative effectiveness. It does not depend on the specific form of
production function, especially it can effectively deal with the
assessment problems of multiple inputs and multiple output
indicators. DEA model can be used to evaluate a certain
economic benefit index and social benefit index, and it is also a
good analytical tool to evaluate the business situation of
enterprises. Assume that the input of a certain operating system
is two configurations of X1 and XA, and it is generated as A. SS′ is
the equal-volume combination line, which is the production
frontier, and B, C and D are located on the production frontier.
Figure 2 depicts the basic idea of the DEA method.

AHP is a model method that combines qualitative indicators
with quantitative indicators to study unstructured decision-making
strategies. The main core process of this method is to establish a
multi-level hierarchical structure model, and its essence is a
method of systematic comprehensive research by determining
the target weight relationship. The basic method is to construct
a judgment matrix through pairwise comparison, and then sort the
factors at all levels through consistency test. The specific
calculation process of AHP can be described as the following
three steps: 1) Establishing hierarchical structure. 2) Construct
judgment matrix. 3) Ranking and consistency inspection of criteria
layer. In this paper, AHP is used to determine the weight of each
dimension and each index of the balanced scorecard. Through

FIGURE 2
Basic idea diagram of DEA method.
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AHP, complex problems can be divided into different levels, and
the problems can be simplified. The enterprise performance
assessment process is shown in Figure 3.

Hierarchical structure model is mainly composed of three
parts: Scheme layer, criterion layer and target layer. The scheme
layer refers to the evaluated schemes and measures, etc. Level is the
multi-level assessment standard of the scheme; The goal layer is
divided into two types: The overall goal and the sub-goal. AHP and
DEA are the main components of operational research assessment
methods. In order to maintain the objective evaluation of experts

on the importance of indicators in AHP method, and integrate the
advantages of DEA method on the selection of optimal decision-
making scheme. This paper will choose the linear weighting
method to obtain the comprehensive weight of the indicators. A
preference parameter needs to be introduced here θ (0 ≤ θ ≤ 1), as
the proportion of expert opinions. The application of operational
research assessment method can effectively avoid the influence of
subjective factors on financial performance assessment results, and
the algorithm of operational research method can be realized by
program, which is practical. Therefore, in order not to affect the

FIGURE 3
Enterprise performance assessment process.

TABLE 1 AHP assessment index of enterprise performance.

Performance assessment index Primary index Secondary index

Solvency Liquidity ratio

Net value ratio

Reserve ratio

Fixed capital ratio

Profitability Business profit margin

Business yield

Return on net assets

Return on total assets

Operating efficiency Loss ratio

Cost rate

Total asset turnover

Growth ability Asset growth rate

Price growth rate
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managers’ correct judgment of the enterprise’s operating
conditions, through research and analysis, this paper uses AHP-
DEA method to evaluate the financial performance of enterprises.

3.3 Enterprise performance assessment based
on AHP-DEA model

The so-called performance assessment is to analyze the input and
output of an enterprise in the process of operation, and evaluate the
operation of the enterprise. To evaluate the performance of
enterprises, it is necessary to use appropriate methods and
strategies to study the data of enterprises, so that enterprises can
obtain the maximum input-output ratio. In this paper, the
performance assessment indexes are selected reasonably, and the
weights of each index are set by AHP, so as to construct a
performance assessment system, and explore the effect and path of
digital transformation on the strategic performance of enterprises. The
principle of systematicness is that the selected assessment indexes
should be comprehensive, holistic, relevant and hierarchical, which is
the first principle to establish the assessment index system. The
assessment index system should include many factors that affect
enterprise performance. The AHP assessment index of enterprise
performance in this paper is shown in Table 1.

When evaluating financial performance, the economic status of a
certain level of an enterprise can be reflected by its corresponding financial
indicators. Generally speaking, enterprise performance includes four
aspects: asset operation, financial income, debt paying ability and
development ability. Considering the characteristics of enterprises, this
paper evaluates the performance level of enterprises in terms of solvency,
profitability, operating ability, growth ability and investment yield.
Because when constructing the matrix, the quantitative values between
the two indicators are obtained by issuing questionnaires. Therefore, in
order to avoid the influence of objective factors on the judgment of the
importance degree of the two factors, this paper judges whether the
assignment of the two indicators is reasonable through consistency test,
that is, the method of setting CI. At the same time, the result of AHP
needs consistency test to test its rationality. Namely:

CI � λ max − n

n − 1
(1)

Among them, the greater the CI value, the greater the deviation of
the judgment matrix. Secondly, calculate the consistency ratio CR:

CR � CI

RI
(2)

Where RI refers to the random consistency index value. Table 2 is
random consistency index.

Usually, when CR> 0.1, It means that the judgment matrix needs
to be modified until the test conditions are met for the next stage of
work. In this paper, small enterprises are taken as the research object.
According to the connotation of low-carbon enterprises, economic
benefits of enterprises are closely combined with environmental
benefits. Use AHP to sort the enterprise performance evaluation
indicators, and follow the basic principles of constructing the low
carbon operation performance evaluation indicator system. A set of
low carbon operation performance evaluation index system for small
and medium-sized enterprises including economy, technology,
energy, facilities, environment and other dimensions has been
constructed.

In the assessment of enterprise performance, two enterprises
are arbitrarily selected: A and B, and their relative performance
values EAB and EBA are calculated respectively. The solution
process is as follows:

EAB � max∑s
r�1
uryrA (3)

s.t.∑m
i�1
vixiA � 1 (4)

∑s
r�1
uryrA ≤ 1 (5)

∑m
r�1
uryrB −∑m

i�1
vixiB ≤ 0 (6)

EBA � max∑s
r�1
uryrB (7)

s.t.∑m
i�1
vixiB � 1 (8)

∑s
r�1
uryrB ≤ 1 (9)

∑s
r�1
uryrA −∑m

i�1
vixiA ≤ 0 (10)

ur ≥ 0, r � 1, 2, 3, . . . , s vi ≥ 0, i � 1, 2, 3, . . . , m (11)
Among them, xiA represents the i-th input value of A corporate

performance; yrA represents the r-th output value of A corporate
performance; xiB represents the i-th input value of B corporate
performance; yrB represents the r-th output value of B corporate
performance value. The comprehensive assessment function is
expressed as follows:

f y( ) � ∑n
i�1
biy

′
i (12)

Total rank random consistency ratio is as follows:

TABLE 2 Random consistency index.

n RI

1 0

2 0

3 .58

4 .90

5 1.12

6 1.24

7 1.32

8 1.41

9 1.45

10 1.49
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CR< 0.1 CR � ∑n
j�1
ajCIj/∑n

j�1
ajRIj⎛⎝ ⎞⎠ (13)

At this time, it is considered that the results of hierarchical total
sorting have satisfactory consistency. Make a pairwise comparison
between each index, use cij to represent the importance comparison
value of factor i to factor j, and use 1-9 and its reciprocal as the
comparison scale to score and sort each assessment index, thus
constructing Get the judgment matrix:

Cij � 1
cij

(14)

Let X be the original data set with the same basic measurement
unit, and Y be the standardized data set. The normalization processing
principle can be used to convert the original data into a number
between 0 and 1. Calculated as follows:

Y � 0.1 + 0.9 ×
X −X min

X max −X min
(15)

Among them,Xmax is the maximum value in the collected sample;
Xmin represents the minimum value in the collected sample.

4 Result analysis and discussion

Low carbon enterprises refer to enterprises that adjust their
energy structure and improve energy efficiency while improving
economic benefits. In the process of production and operation,
reduce the carbon emissions of enterprises as much as possible.
Increase enterprises’ investment in low-carbon technology
research and development, create more low-carbon
environment-friendly products, and improve enterprises’ low-
carbon competitiveness. Reduce the impact of enterprises on the
environment, and realize the sustainable development of
enterprises and the whole society. Therefore, this paper takes
small and medium-sized enterprises as the research object.
According to the connotation of low-carbon enterprises, the
economic benefits of enterprises are closely combined with

environmental benefits. Fully absorb and use for reference the
advanced theoretical achievements related to the construction of
low carbon evaluation system. Following the basic principles of the
construction of low carbon operation performance evaluation
index system, a set of low carbon operation performance
evaluation index system including enterprises is constructed.

This paper systematically and comprehensively constructs a set of
enterprise financial performance assessment system, and builds an
enterprise performance assessment model based on AHP-DEA
method. In this section, the model algorithm is tested
experimentally to verify its effectiveness. According to AHP
method, dividing enterprise performance assessment indexes plays
a guiding role in the process of enterprise performance assessment.
The finer the quantitative indicators are, the more obvious the effect
on enterprise performance assessment will be, and the better the
operation status of the evaluated enterprise can be observed. DEA
method requires the number of sample decision-making units, which
is too small to meet the calculation requirements.

In this paper, after consulting the literature on environmental
performance audit, it is sorted out and summarized. Taking iron and
steel enterprises as an example, nearly 60 items in four categories were
finally selected. A Iron and Steel Enterprises closely focus on the
company’s core values, develop efficient business policies and
strategies and effectively implement them. By improving the
production efficiency, strengthening the staff’s working ability and
improving the company’s management level, we are gradually
approaching the strategic goal of “becoming the most competitive
steel enterprise in the world.” As far as 2013 is concerned, the overall
operation of the company is good and the sales performance is
satisfactory, which has occupied a strong leading position in the
steel industry. The total operating income of the company in that
year was up to 19,003 billion yuan, and the total profit obtained was
8.01 billion yuan, which is very gratifying. Therefore, this paper selects
the financial data of Company A from 2010 to 2019. The original data
comes from the annual financial report of Company A, and the
financial statement of each year is regarded as a DMU. At the
same time, this paper also collected a large number of relevant
information about A company, such as announcements, news
about the company, official website of the company, etc., and
integrated the collected relevant information to extract the relevant
data that may be used in this paper. Four test sets are used to normalize
the data, and then DEAP software is used to calculate and analyze the
evaluation results. Figure 4 shows the training results of the algorithm.

Because the collected raw data has negative numbers, there will be
some incompatible problems when importing the input-output model,
so it is necessary to preprocess the data. After pretreatment, many
experiments were carried out. The experimental results of MSE (Mean
squared error), RMSE (Root mean square error) and MAE (Mean
absolute error) are drawn into a table, as shown in Table 3.

FIGURE 4
Training results of the algorithm.

TABLE 3 Index experimental results.

Algorithm MSE RMSE MAE

AHP 5.15 .605 1.95

DEA 6.34 .624 1.92

AHP-DEA 4.17 .502 1.31
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The experimental results of MSE are shown in Figure 5. The
experimental results of RMSE are shown in Figure 6. The experimental
results of MAE are shown in Figure 7.

From the analysis of the above experimental results, it can be
concluded that the MSE, RMSE and MAE values of this method are
lower than those of the comparison algorithm.

Firstly, this paper makes it clear whether the model is based on
input or output, and when choosing it, it should be controllable and
treatable according to the indicators. That is to say, the input or output
indicators can be controlled to the maximum extent. In this paper, the
input indicators are net fixed assets, main business costs and the
number of employees, which are controllable and manageable.
Therefore, the model based on input index is adopted in this

paper. Figure 8 shows the efficiency of the model. Figure 9 shows
the assessment accuracy of the model.

In this section, after data collection, index comparison and
analysis, the validity of AHP-DEA model is tested, and finally the
results are analyzed. This document determines whether the model is
based on input or output. When selecting the model, it should be
controlled and processed according to the indicators. Figure 9 shows
the evaluation accuracy of the model. The maximum calculated value
is 95.51%. Based on the principle and model of AHP-DEA and the
establishment of enterprise performance assessment index system, this
paper gives the corresponding comprehensive assessment index and
calculation method, which is helpful to quantify enterprise
performance assessment index. At the same time, the methods in

FIGURE 5
MSE experimental results.

FIGURE 6
RMSE experimental results.
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this paper are also conducive to comprehensively analyzing and
evaluating the overall comprehensive performance of enterprises,
which can truly reflect the actual operation situation of enterprises,
and provide theoretical reference for enterprises to evaluate the
performance of their operating systems, so that enterprises can
continuously improve and develop.

With the continuous growth of China’s economy, the ecological
environment has been seriously damaged, which has brought
varying degrees of impact on human survival and development.
Low carbon economy has become an innovative economic
development model proposed by countries around the world to
cope with the current environmental situation. As the main body of

economic activities, enterprises play an important role in the
development of low-carbon economy. In the process of long-
term operation and development of enterprises, the level of
operation is mainly reflected by the performance evaluation
system, which has exposed a series of problems and deficiencies.
It is urgent to innovate and improve the enterprise performance
evaluation system. Therefore, this paper mainly designs the
enterprise performance evaluation system from the perspective
of low carbon economy. Based on the economic performance
system, it proposes reasonable improvement measures for the
existing problems. A scientific and reasonable enterprise
performance evaluation system is designed by integrating

FIGURE 7
MAE experimental results.

FIGURE 8
Efficiency of the model.
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various influencing factors, so that the business activities of
enterprises can be followed by rules and contribute to the cause
of environmental protection.

In the process of production and operation, enterprises have
caused a great waste of energy and carbon dioxide emissions that are
disproportionate to their economic performance. Therefore, the top
priority of the company is to use energy scientifically and reasonably,
greatly improve the energy efficiency of the enterprise, so as to
reduce the excessive consumption of energy by the enterprise. This
can not only implement the national policy requirements for energy
conservation and emission reduction of enterprises, but also
promote the improvement of economic benefits of enterprises to
a certain extent. Enterprises should abandon high pollution and low
efficiency energy and use sustainable low-carbon and renewable
energy technologies and innovative clean energy technologies
instead. So as to effectively reduce greenhouse gas emissions.
Enterprises should also improve employees’ low carbon awareness
and attach importance to and strengthen the training of employees’
skills. Reasonably allocate the human resources of enterprises, so as
to improve the labor productivity of enterprises. And then effectively
improve the scores of enterprise carbon productivity, energy output
elasticity index and other indicators.

5 Conclusion

This paper takes small and medium-sized enterprises as the
research object, and closely combines economic benefits with
environmental benefits according to the connotation of low-
carbon enterprises. A set of low-carbon operation performance
evaluation index system for SMEs has been established, which
includes five dimensions of economy, technology, energy,
facilities and environment. According to the judgment matrix,

calculate the maximum eigenvalue and its corresponding
eigenvector, and use AHP-DEA method to rank the enterprise
performance according to the eigenvector. The experimental results
show that the algorithm has high efficiency, and the accuracy of
model evaluation is 95.51%. To some extent, this study makes up
for the research results of the impact of digital transformation on
enterprise strategic performance in the low-carbon economy. By
combining the characteristics of AHP model and DEA model, a
gray correlation evaluation model based on AHP-DEA is
established. Then evaluate the low-carbon operation
performance of five representative SMEs. Through empirical
analysis, it is found that the grey relational evaluation model of
AH-DEA is used in this paper to effectively solve the problem that
AHP method is easy to be affected by experts’ personal factors and
cause bias. And the traditional DEA analysis method can not reflect
the preference of decision makers. At the same time, this paper puts
forward the direction that enterprises should improve their low-
carbon operation based on the problems reflected by the ranking of
enterprises’ low-carbon operation performance and the scoring of
various indicators.

The study has some limitations, and this study lacks more case
studies. In the future, the evaluation results of different enterprises
will be compared through research on local SMEs. Reduce the
corresponding score of cost indicators such as enterprise
production energy intensity, enterprise non-productive building
carbon emissions, and per capita carbon emissions.
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FIGURE 9
Assessment accuracy of the model.
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Digital economy enables common
prosperity: Analysis of mediating
and moderating effects based on
green finance and environmental
pollution
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1Department of Economics and Management, Zhejiang University of Science and Technology, Hangzhou,
Zhejiang, China, 2School of Hospitality Administration, Zhejiang Yuexiu University of Foreign Languages,
Shaoxing, China

This study aims to explore the impact of the digital economy on common prosperity.
For this reason, a bidirectional fixed effectmodel based on panel data of 30 provinces
(cities and autonomous regions) in China is empirically tested. The results show that
the digital economy can significantly improve the level of common prosperity, and
has a positive impact on green and sustainable economic activities such as
promoting environmental improvement, coping with climate change and
resource conservation and efficient utilization, which is still valid after a series of
robustness tests. It also demonstrates the role of green finance as a partial
intermediary in the process of shared prosperity and as a negative regulator of
environmental pollution. Analysis of regional heterogeneity shows that the enabling
effect of the digital economy on common prosperity is more significant in eastern
and central provinces, but not significant in western provinces. The results of this
study have some reference significance for some countries, where the gap between
rich and poor has widened during the epidemic, to narrow the income gap and
provide ideas for the parties thatmade commitments at theGlasgowClimate Summit
(COP26) to curb warming and reduce CO2 emissions. That is, continuous
improvement of digital infrastructure; emphasis on the intermediary role of green
finance and the negative regulating role of local environmental pollution levels;
following the relative comparative advantages of regions and formulating
differentiated policies for the development of the digital economy, etc.

KEYWORDS

digital economy, common prosperity, green finance, environmental pollution, carbon
emission reduction, COP26

1 Introduction

“Narrowing the gap between rich and poor and promoting common prosperity” is the
essential demand of people all over the world. Since 2020, the world has been severely impacted
by the COVID-19 epidemic, the economic situation and structure have become chaotic and
complex, the income gap of people at all levels has further widened, and the distribution of
social welfare has been uneven for a long time (Binns and Low, 2021). How to improve social
welfare and promote equitable social distribution has become an urgent issue for governments
around the world. Since the reform and opening-up, China’s national policy has shifted from
the traditional simultaneous prosperity to a part of getting rich first, while driving common
prosperity. In terms of policy orientation, it is “Efficiency First, Consideration to Fairness.” As a
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result, China’s economy has grown rapidly. Meanwhile, the gap
between the rich and the poor in China continues to widen with a
Gini coefficient of about .45, which measures the gap between the rich
and the poor, exceeding the United Nations’ warning line of .40. The
income gap between different groups exists for a long time and is at a
high level, and there is a risk of falling into the “middle-income trap”
(Liu et al., 2022). In recent years, China has gradually entered the era of
digital economy. The concept of “Common Prosperity” and a series of
measures to narrow the gap between rich and poor has been formally
proposed to promote equitable distribution. Even under the influence
of the epidemic, these policies have also achieved remarkable results.
Therefore, the various measures and experiences of the Chinese
government on how to guide the healthy development of the
domestic economy and promote the process of common prosperity
are undoubtedly worth learning from all countries in the world.

In 2021, President Xi Jinping, as China’s most authoritative leader,
once again emphasized the urgency of achieving common prosperity
and the importance of finance as the core of the modern economy at
the Central Finance and Economics Commission. The Central Finance
and Economics Committee is known to be an important institutional
arrangement for the Chinese Party Central Committee to lead the
economic work and has important guidance on the direction and
policies of economic development, and the themes of the meetings
have basically become the focus of subsequent economic work. As an
extension and breakthrough of the traditional financial system, the
digital economy has effectively alleviated the shortcomings and
drawbacks of the traditional Chinese financial system and has
become an important part of the modern financial system. The
White Paper on Digital Ecological Industry Boosting the
Development of Common Prosperity pointed out that “developing
digital economy is a feasible path to achieve common prosperity.”
China’s entry into the stage of common prosperity coincides with the
era of the digital economy (Xia and Liu, 2021). The innovation effect,
spillover effect, synergy effect, and inclusive effect caused by the digital
economy provide a sharing mechanism for balanced development and
promote the whole society to share the dividend of the digital economy
(Rihui, 2022). It can be seen that the digital economy provides a
feasible way to transform the national economic structure, and it is
considered an important basis for achieving the goal of common
prosperity. In this context, an in-depth exploration of the impact of
China’s digital economy development on common prosperity and
related issues will not only help to deeply tap the value and potential of
the digital economy in the process of promoting common prosperity,
and promote the high-quality development of the digital economy but
also have an important reference significance for countries around the
world that have been widening the gap between rich and poor in the
epidemic to narrow the income gap and achieve common prosperity
for all.

2 Literature review

In recent years, the digital economy, including AI, Quantum
Information, Blockchain, IoT, and 5G mobile network, has played
an increasingly important role in the national economy with the
development of the Internet. The continuous integration of digital
technology and the real economy has spawned many new models, but
also led to the upgrading of the industrial structure (Su, et al., 2021)
and the transformation of the economic development mode (Ahn,

2020). Numerous studies have conducted relevant research mainly in
the following directions: first, in economic finance, Wang and Zhang
(2022) used a mediating effects model, a threshold regression model
and a spatial Durbin model to demonstrate that the digital economy is
an important path for environmental regulation to strengthen the
high-quality development of the economy, and the two together
promote high-quality economic development. Xu et al. (2022)
argued that the synergistic development of manufacturing and
information and communication services has a significant positive
impact on economic resilience. Wang et al. (2022)’s study is based on
panel data of 121 countries from 2003 to 2019, and the results show
that financial risk has a significant negative impact on the digital
economy. Secondly, in energy research, Qu and Hao (2022) found that
the digital economy has a significant mitigating effect on energy
poverty, and there are regional differences, with the mitigation
effect being more pronounced at high levels of digital economy
development. Again, in terms of curbing climate warming, the
carbon reduction effects of the digital economy and renewable
energy have been confirmed by many studies (Chen, 2021; Li Z
et al., 2021; Shang et al., 2022), especially in the context of climate
warming and the recent signing of the Glasgow Climate Convention.
Finally, the poverty reduction effect of the digital economy has also
attracted a lot of attention. On the one hand, using digital information
technology can enhance social capital from social networks, social
participation, and social trust, and provide diversified financial
services, thus reducing multidimensional poverty (Liu et al., 2021).
On the other hand, the digital economy provides financial services for
different groups at affordable costs, which improves the willingness of
long-tail customers to use finance, making vulnerable groups benefit
from it, thus alleviating poverty (Huang et al., 2019a).

Meanwhile, many studies have focused on common prosperity.
For example, Li et al. (2022) built a measurement index system of the
digital economy and shared prosperity, and demonstrated the
coordination between the digital economy and shared prosperity
through empirical research, which is of great significance for
narrowing the regional economic gap. Zhang et al. (2022)
constructed a micro common prosperity index from the three
dimensions of material wealth, spiritual wealth, and social sharing,
and found that digital economy and inclusive finance are important
ways to narrow the gap between urban and rural areas and promote
common prosperity by using the two-way fixed effect model. Based on
the new economic geography perspective, Zhou (2022) included the
digital economy in the core marginal model. His research shows that
the digital economy provides solutions to alleviate the imbalance and
disharmony of regional development, and promotes the process of
common prosperity to a certain extent.

It can be seen from the above that the development of the digital
economy plays an important role in achieving common prosperity.
Firstly, the digital economy itself reflects a strong growth potential.
The integrated application of digital technology, the promotion of
digital industrialization, and industrial digitalization have become
important guarantees for achieving the accumulation of material
wealth for common prosperity. The digital economy with AI, Big
Data, Cloud Computing, Blockchain, etc. as its core has spawned a
large number of new industries and new models (Hukal et al., 2020),
and is increasingly becoming a new engine for economic growth
(Hjort and Poulsen, 2019; Yang, 2022). According to the data in the
White Paper on China’s Digital Economy Development (2021),
China’s digital economy will reach 39.2 trillion yuan in 2020,
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accounting for 38.6% of GDP, and still maintain a high growth rate of
9.7% under the impact of the epidemic. Secondly, the development of
the digital economy is playing a huge role in resource allocation,
employment, income distribution, urban-rural gap, public services,
and many other aspects, involving the increase of social wealth,
improvement of social welfare, fair distribution of society and
many other fields (Zhou et al., 2021), and directly related to the
benefits of reform and development achievements to most people. In
short, the digital economy provides a new driving force and a feasible
path for achieving common prosperity.

Since the concept of common prosperity was first proposed by
China, Chinese scholars pay more attention to its conceptual analysis,
influential effects, and measurement of common prosperity indicators,
while scholars from other countries focus more on the role of the
digital economy in poverty alleviation, resource allocation,
employment, and income distribution. To sum up, although the
existing literature has made relatively rich research results, there
are still areas to be expanded: First, the current literature is more
unilateral research on the digital economy or common prosperity, and
there is no good unified framework; Second, as the second largest
economy in the world, China’s experience in narrowing the income
gap and promoting common prosperity can be used for reference by
other countries, especially developing countries. However, at present,
there are few empirical studies on the development of China’s digital
economy and the level of common prosperity, mainly focusing on
theoretical analysis, lacking sufficient credibility, and unable to
accurately describe the specific role of the digital economy in
promoting common prosperity; Third, since the 2021 Glasgow
Climate Conference (COP26), the concepts related to green
development have gradually come into the public’s view. The
question of whether green finance and the level of environmental
pollution play a certain role in the impact path of digital economy
enabling common prosperity and what role they play is one of the
fields rarely covered by scholars at present.

Based on this, this paper establishes an empirical model based
on China’s provincial panel data to specifically explore the impact
between the digital economy and common prosperity. The possible
marginal contributions are as follows:① Based on the development
level of the digital economy, this paper constructs an impact model
of China’s digital economy on the level of common prosperity from
a more comprehensive perspective, expands existing research, and
provides some ideas and methods for other countries to promote
social equity and narrow the gap between rich and poor. ② This
paper confirms the positive role of digital economy in green
economic activities of environmental improvement, climate
change response and resource conservation and efficient
utilization, analyzes the impact of the digital economy on
promoting common prosperity, and uses its green
characteristics, discusses the intermediary role of green finance
as a variable and the regulatory role of local environmental
pollution level, and uses empirical analysis to verify it,
deepening the existing literature. ③ Based on the geographical
location, this paper explores the heterogeneous effect of China’s
digital economy on common prosperity. ④ Digital economy,
common prosperity, green finance, and environmental pollution
are placed in the same framework in this paper, referring to the
methods of other scholars, starting from the mathematical model,
and using comparative analysis to deduce and verify their
relationship.

3 Theoretical mechanism analysis

3.1 Digital economy enables common
prosperity

First of all, the integrated application of digital technology has
greatly liberated and developed productivity, provided new impetus
for regional economic growth and high-quality economic
development (Yang, 2022), and digital platforms have provided
great potential for the global economy and society (Bonina et al.,
2021). At the same time, digital governance escorts the economic
model of the new digital industry (Hukal et al., 2020), so as to
consolidate the foundation of common prosperity. However, the
deep integration of the digital economy and the real economy has
not only promoted general macroeconomic growth but also
significantly improved the quality of economic development (Shen
et al., 2022), which means that there is strong momentum support for
achieving common prosperity. In addition, the digital economy has
inherent advantages and essential characteristics of increasing
marginal revenue, high innovation, high growth, strong diffusion,
wide coverage, and low cost, etc. (Rihui, 2022), which have an all-
round and subversive impact on the economy and society. Compared
with the traditional agricultural economy and industrial economy, the
digital economy can release more economic development dividends,
showing a strong “making bigger cakes” dynamic mechanism.

Secondly, with the popularization of digital technology and the
expansion of application scenarios, the inclusiveness of the digital
economy is gradually revealed, and digital dividends benefit most
people and help achieve balanced growth. Additionally, the digital
economy is the endogenous power to achieve inclusive growth and
regional coordinated development. The spillover effect and synergy
effect of digital economy development have significant income growth
effect and poverty reduction effect (Ai and Tian, 2022; Lechman and
Popowska, 2022), which has a negative direct effect on the regional gap
and greatly reduces the urban-rural development gap (Chen and Wu,
2021). Therefore, the development of the digital economy helps to
solve the problem of unbalanced development and promotes equal
development opportunities in different dimensions such as regions,
people, and urban-rural areas, which has a sharing mechanism of
“dividing the cake” (Xiang et al., 2022).

3.2 Mediating effect of green finance

Green finance refers to economic activities that can promote
environmental improvement, cope with climate change and save
and use resources efficiently, which can also be understood as
financial services provided for projects in the fields of
environmental protection, energy conservation, clean energy, green
transportation, green architecture, carbon emission reduction, etc.
Common prosperity is an ideal state in which social wealth generally
increases, the gap between rich and poor continues to narrow, and all
people share the achievements of development.

Green finance refers to economic activities that can promote
environmental improvement, cope with climate change and save and
use resources efficiently, which can also be understood as financial
services provided for projects in the fields of environmental protection,
energy conservation, clean energy, green transportation, green
architecture, etc. Common prosperity is an ideal state in which social
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wealth generally increases, the gap between rich and poor continues to
narrow, and all people share the achievements of development. The
basic premise for green finance to promote common prosperity includes
three aspects: ①green finance can improve productivity and promote
income level; ②green finance is inclusive and friendly to
underdeveloped regions and low-and-moderate-income groups, thus
narrowing the gap between rich and poor;③green finance is conducive
to all people sharing the achievements of development. Zheng et al.
(2022) summarized themechanism of green finance to improve the level
of common prosperity: On the premise of comprehensive consideration
of the impact and role of government regulation and market resource
allocation, the subjective initiative of the participants is fully exerted
through the division of division effect, distribution effect of green
elements, green technology effect, employment effect, and inclusion
effect, so as to realize the expansion of the green financial market scale,
improve the productivity level, promote the income level, narrow the
gap between the rich and the poor, share the development achievements,
and ultimately achieve common prosperity. Among them, the role of
government regulation is embodied in an environmental regulation
system, green assessment mechanism, green fiscal and tax policies,
income distribution system, etc.; The role of market resource allocation
is reflected in the competition mechanism and price mechanisms, such
as affecting the energy consumption and carbon emission reduction of
enterprises through the carbon trading mechanism, optimize the
production and manufacturing process, and explore the feasible path
of low-carbon transformation of enterprises (Xuan et al., 2020).
Therefore, as one of the important branches of the digital economy,
it is assumed that green finance has undertaken some mediating effects
in the process of promoting common prosperity, which will be verified
in the next part.

3.3 Moderating effect of environmental
pollution level

For a long time, most literature has paid more attention to the
relationship between environmental pollution and economic growth,
mainly focusing on the study of the Environmental Kuznets Curve (Rao
and Yan, 2020). In the early stage of economic development, pollution
has risen rapidly;When the economic growth crosses a certain point, the
environmental pollution shows a downward trend. However, with the
improvement of residents’ income levels and the widening gap between
the rich and the poor, the relationship between pollution and the income
gap has also come into everyone’s sight. Most scholars believe that the
greater the income gap, the less conducive to environmental protection.
The widening income gap in a country is generally not conducive to the
improvement of environmental quality. Some scholars believe that the
level of common prosperity is related to the “inverted N” of industrial
wastewater, carbon dioxide emissions, smoke, and dust emissions. In the
process of moving towards high income, the widening of the income gap
is not conducive to environmental protection and pollution control
(Wang and Zhang, 2021).Moreover, the income gap between urban and
rural areas has a negative externality of malignant cumulative effect. The
larger the income gap, the greater the impact of environmental pollution
on common prosperity (Lan et al., 2021). For example, Huang and Ye
(2022) used panel data from 30 provinces in the ChineseMainland from
2002 to 2019 to prove that environmental pollution has a significant
negative impact on the income gap and common prosperity. In
addition, there is no doubt that the digital economy can improve the

level of environmental pollution (Deng and Zhang, 2022; Li and Zhou,
2021; Li Y et al., 2021). To sum up, there is reason to speculate that the
variable of environmental pollution level may play a moderating role in
the process of the digital economy boosting common prosperity, and
specific research will be shown in the next part.

4 Model construction, indicator
selection, and data source

4.1 Model specification

Considering the availability of data, this paper uses panel data of
30 provinces in China (excluding Hong Kong, Macao, Taiwan, and
Tibet) from 2011 to 2019 as samples to build a bidirectional fixed
effect model to examine the impact of digital economy development
on the level of common prosperity. This model is mainly used for
panel data analysis, in which bidirectional fixation refers to the
simultaneous control of time and provinces to reduce the impact
of relevant missing variables or other factors on the study, making
the results of this paper more reliable and robust. The mathematical
model is as follows:

cpit � α + α1deit + α2controlit + μi + φt + εit (1)
Here, i represents the Province, t represents the Year, cp represents

the Common Prosperity Level, and control represents a set of control
variables in the equation, which includes foreign direct investment
(FDI), opening level (open), financial development level (finance),
human capital level (redu), and innovation capability (innovation). In
addition, in order to alleviate the endogenous problem of missing
variables, this paper uses μi, φt to control the fixed effect of province
and year, and εit is the random error.

In order to test themediating effect of green finance (green), referring
to the method proposed by Wen and Ye, 2014, Eqs. 2, 3 on the basis of
Eq. 1 have been constructed to test the mediating effect, as follows:

greenit � β + β1deit + β2controlit + μi + φt + εit (2)
cpit � γ + γ1deit + γ2greenit + γ3controlit + μi + φt + εit (3)

According to the test method of Wen and Ye (2014), α1 represents
the total effect of the digital economy enabling common prosperity. In
Eqs. 2, 3, β1 and γ2 represent the mediating effect of green finance. γ1
represents the direct impact of the digital economy on common
prosperity in the dimension of green finance. Based on the
significance of α1, if β1 and γ2 are significant, then when γ1 is
significant, it is considered that green finance has a partial
mediating effect; if γ1 is not significant, it is a complete mediating
effect. If at least one of β1 or γ2 is not significant, the Bootstrap test is
performed, and if the test passes, it indicates that partial mediating
effects exist.

At the same time, in order to test the moderating effect played by
the environmental pollution level (poll), an interactive term (de * poll)
between the environmental pollution level and the digital economy
has been constructed. Through the significance of interaction items to
verify whether there is a regulatory effect, this study will further
establish the following moderating effect Eq. 4:

cpit � η0 + η1deit + η2pollt + η3deit*pollit + η4controlit + μi + φt + εit

(4)
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4.2 Variable measure and description

4.2.1 Explained variable
Common prosperity level (cp). Starting from the connotation of

common prosperity, based on the conclusions published by Zheng in
2022, combined with the availability of provincial-level data, a
common prosperity evaluation index system, which conforms to
China’s actual situation, has been constructed as shown in Table 1.

4.2.2 Core explanatory variable
Digital economy development level (de). There is no unified

approach to measure the level of digital economy development at
the provincial level. Considering the availability of data and drawing
on the views of Zhao et al. (2020), this paper measures the level of the
digital economy in each province from the aspects of Internet
development and digital inclusive finance. For the measurement of
Internet development, refer to the method of Huang et al. (2019b),
four indicators have been adopted: Internet penetration rate,
information on Internet-related practitioners, Internet-related
outputs, and mobile phone penetration. The actual contents of
these four indicators are the number of Internet broadband access
users among 100 people, the proportion of employees in the computer
service and software industry in urban units, the total amount of
telecommunications services per capita, and the number of mobile
phone users among 100 people. For measuring the development of
digital inclusive finance, China Digital Inclusive Finance Index is
adopted, which is jointly prepared by the Digital Finance Research
Center of Peking University and Ant Financial Services Group (Guo
et al., 2020). Individual missing values are supplemented by linear
interpolation, and the data of the above five indicators are
standardized and reduced by principal component analysis to
obtain the development level of the digital economy. The weights

of principal components at all levels are listed in descending order,
which is 0.713, 0.139, 0.090, 0.046, and 0.012 (Table 2).

4.2.3 Mediating variable
Green financial level (green). In the current literature, there are

generally two kinds of methods to measure green finance: the
comprehensive indicator system and the capital allocation
indicator, both of which have advantages and disadvantages. In
theory, the comprehensive indicator system can more
comprehensively measure the development of green finance, but
the construction of the indicator system itself has the uncertainty
of weight measurement and the risk of missing sub-indicators, which
is difficult to support effective econometric analysis. The capital
allocation index can better overcome the problem of insufficient
sample size, and in many theoretical models, it can keep consistent
with the theoretical connotation of the core variables of the model, but
this indicator inevitably gives up the comprehensiveness of the green
financial measurement (Wen et al., 2022). Considering all factors
comprehensively, this paper refers to the method proposed by Dong in
2020, and constructs a more reasonable green financial indicator
system from the perspective of credit, investment, insurance, and
government intervention (Table 3). For some missing values, the 5-
years average method is used to calculate.

4.2.4 Moderating variable
Environmental pollution index (poll). In recent years, China’s

rapid economic development has caused certain damage to the
ecological environment. Based on the actual situation and taking
full account of the availability of information and data on various
environmental pollutants, this paper quotes the calculation results
published by Fu and Peng (2020) as the moderating variable, which
selects five kinds of pollutant indicators: total wastewater, chemical

TABLE 1 System of common prosperity indicators.

Index Sub-index Weights Attributes

Common
prosperity

level

Urban per capita disposable income (Yuan) 0.22 +

Rural per capita disposable income (Yuan) 0.25 +

Per Capita GDP (Yuan/person) 0.27 +

Average wage of urban unit employees
(Yuan/person)

0.26 +

TABLE 2 System of digital economy development level indicator.

Index Sub-index Description Attributes

Digital economy development
level

Internet penetration rate Number of Internet broadband access users among 100 people +

Information on internet-related
practitioners

The proportion of employees in the computer service and software industry in
urban units

+

Internet-related outputs The total amount of telecommunications services per capita +

Mobile phone penetration Number of mobile phone users among 100 people +

Development of digital inclusive finance China digital inclusive finance index +
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oxygen demand in wastewater, sulfur dioxide, smoke and dust, and
solid waste. The comprehensive index of environmental pollution is
constructed by the entropy method. The larger the index value is, the
worse the environmental quality is; On the contrary, the better the
environmental quality is.

4.2.5 Control variables
In order to more comprehensively explore the impact of digital

economy development enabling common prosperity, this paper
refers to the ideas and principles for selecting control variables such
as Kakwani et al. (2022); Zha and Fang (2022); Zhu et al. (2022),
and then selects the following control variables: 1) Foreign direct
investment (FDI), measured by the total investment of foreign-
invested enterprises registered at the end of the year; 2) Openness
index (open), measured by the ratio of the total import and export
volume of foreign trade to the GDP of the year; 3) Financial
development level (finance), measured by the ratio of the loan
balance of financial institutions to GDP of the year; 4) Human
capital level (redu), measured by the average years of education per
capita in each province; 5) Innovation ability (innovation),
measured by the ratio of internal expenditure of research and
experimental development (R&D) funds of each province to the
GDP of the year.

4.3 Data source and description

Based on the data of the China Statistical Yearbook, China
Statistical Yearbook on Environment, China Statistical Yearbook on
Science and Technology, Yearbook of China’s Insurance, the website
of the National Bureau of Statistics, statistical yearbooks of each
province, China Stock Market and Accounting Research Database
(CSMAR), and relevant reports on digital economy development over
the years, the panel data of 30 provinces, cities and autonomous
regions (excluding Tibet, Hong Kong, Macao, and Taiwan) in China
has been collated and calculated and taken as statistical samples.
Among them, individual missing values are supplemented by the
advanced interpolation method; At the same time, in order to mitigate
the heteroscedastic interference caused by data fluctuations, some data
are processed by logarithmization. Some missing values are
supplemented by linear interpolation; At the same time, in order to
mitigate the heteroscedastic interference caused by data fluctuations,
some data are logarithmized. In addition, in order to avoid pseudo
regression between variables due to correlation, the variance inflation
factor (VIF) was tested. The test result shows that the mean value was
5.14, which can be considered that there is no serious multicollinearity
in the selected indicator data. Descriptive statistics of variables are
shown in Table 4:

5 Empirical test

5.1 Benchmark regression

The benchmark regression results of digital economy development
enabling common prosperity are shown in Table 5. Column (1) shows
the direct impact of digital economy development on common
prosperity without adding control variables and fixed effects. The
regression coefficient is positive, and it has passed the significance level
test of 1%, indicating that digital economy development can promote
common prosperity. Columns (2) and (3) are the results of gradually
controlling the fixed effects of time and province after adding control
variables. The R-squared values are higher than that in column (1),
and the regression coefficient is still significantly positive at the level of
1%, which indicates that the digital economy has a significant positive
effect on common prosperity when considering the differences in the
impact of innovation capacity, financial development, openness index,
and other factors in different provinces. In general, for every unit of
increase in the development level of the digital economy, China’s level
of common prosperity will increase by 0.043 units.

It can be seen from the value in column (3) that, in terms of control
variables, the coefficient of FDI is significantly negative, which may be
the “U” relationship proposed by Nie and Zhe (2020), that is, in the
initial stage of FDI inflow, the regional income gap continues to
expand due to the location choice and industrial choice of FDI, and the
demand for skills of the labor force increases with the gradual
improvement of the inflow quality of FDI, so the urban-rural
income gap has been further expanded. The coefficient of the
openness index is significantly negative, which may be because
foreign trade is mainly concentrated in developed regions, and the

TABLE 3 System of green financial indicator.

Index Sub-index Description Attributes

Green finance Green credit Interest expenditure of six high-energy-consuming industries/Total industrial interest expenditure −

Green investment Investment in environmental pollution control/GDP +

Green insurance Agricultural insurance income/Total agricultural output value +

Government support Financial expenditure on environmental protection/General budget expenditure −

TABLE 4 Descriptive statistics of variables.

Variable Obs Mean Std. Dev. Min Max

Cp 270 0.313 0.123 0.133 0.846

De 270 0.750 1.155 −1.027 6.614

Green 270 0.185 0.108 0.062 0.793

dep poll 270 0.191 0.339 −.535 2.187

Lnfdi 270 6.570 1.366 3.432 9.777

Open 270 0.270 0.304 0.013 1.548

finance 270 3.139 1.071 1.568 7.607

Redu 270 9.172 .893 7.474 12.782

innovation 270 1.636 1.116 0.411 6.315

Frontiers in Energy Research frontiersin.org06

Zhang and Qian 10.3389/fenrg.2022.1080230

40

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.1080230


“polarization effect” attracts labor from backward regions to gather in
cities, which is not conducive to promoting common prosperity. The
coefficient value of the financial development level is significantly
negative, indicating that it has aggravated social inequality to a certain
extent (Brei et al., 2018; Zhang, 2021). The coefficient of human capital
level is significantly positive, indicating that the higher the level of
education, the more conducive to improving the income level,
increasing the proportion of middle-income groups, and promoting
common prosperity. The coefficient of innovation capability is
significantly positive at the level of 1%, indicating that
technological innovation has improved total factor productivity and
is conducive to improving income levels, and its diffusion effect and
scope economy effect are conducive to the sharing of development
achievements by all people.

5.2 Analysis of mediating effect and
moderating effect

5.2.1 Mediating effect
In this section, green finance is used as a mediator between the

digital economy and common prosperity to establish a mediating
effect model, and the regression results are shown in Table 6 with
reference to the stepwise test method of Wen and Ye, (2014):

Step 1. Test the total effect of the digital economy on common
prosperity by using the Eq. 1. The results are shown in Column (1) of

Table 6, that the higher the level of the digital economy, the higher the
level of common prosperity of the province, which is significantly
positively correlated, and α1 = 0.043 is the total effect of the
independent variable on the dependent variable.

Step 2.Use Eq. 2 to test whether the digital economy has a significant
impact on green finance. As shown in column (2) of Table 6, β1 =
0.033 is at the level of 1%, which shows that the development of the
digital economy in each province has a significant role in promoting
green finance, and has a positive impact on green economic activities
such as controlling carbon dioxide emissions, promoting energy
transformation and curbing climate warming. This result is the
same as that of Tian et al. (2022). They discussed the impact of the
digital economy on the efficiency of green financial investment in
China and found that its application in green finance can reduce the
imbalance of regional economic development.

Step 3. Since the coefficient has been verified in the first two steps
that both α1 and β1 are significant, the independent variable and the
mediator are put into Eq. 3 to test whether their influence on the
dependent variable is significant and analyze whether the
mediating variable has completely or partially mediating effect.
As shown in Column (3) of Table 6, the digital economy and green
finance are both at the level of 1% and significantly positively
correlated with the level of common prosperity, indicating that
green finance has played a partial mediating effect in the process of
enabling the digital economy to achieve common prosperity, and
its value is the product of β1 and γ2 (0.033 * 0.481 = 0.016). γ1 =
0.027 represents that under the dimension of green finance, the
direct impact of the digital economy on common prosperity
decreases by 0.016 compared with the total effect of 0.043,
which is the same as the intermediary effect results calculated
earlier, which again shows the correctness of the model.

TABLE 5 Benchmark regression of digital economy and common prosperity.

(1) (2) (3)

cp cp cp

de 0.094ppp
(0.002)

0.064ppp
(0.007)

0.043ppp
(0.008)

Lnfdi −0.003
(0.004)

−.017ppp
(0.005)

open −0.100ppp
(0.013)

−0.161ppp
(0.015)

finance −0.013ppp
(0.004)

−0.016ppp
(0.004)

redu 0.023ppp
(0.006)

0.017ppp
(0.006)

innovation 0.043ppp
(0.007)

0.033ppp
(0.007)

_cons 0.242ppp
(0.009)

0.045
(0.056)

0.223ppp
(0.063)

Provincial fixed effect No No Yes

Year fixed effect No Yes Yes

Observations 270 270 270

R-squared 0.910 0.968 0.972

Standard errors are in parentheses pppp < 0.01, ppp < 0.05, pp < 0.1.

TABLE 6 Regression results of mediating effect and moderating effect model.

(1) (2) (3) (4)

cp green cp cp

de 0.043ppp
(0.008)

0.033ppp
(0.009)

0.027ppp
(0.007)

0.040ppp
(0.008)

green 0.481ppp
(0.052)

deppoll −0.025ppp
(0.006)

poll 0.024
(0.023)

Control variable Yes Yse Yes Yes

Provincial fixed effect Yes Yes Yes Yes

Year fixed effect Yes Yes Yes Yes

Observations 270 270 270 270

R-squared 0.972 0.849 0.979 0.974

Standard errors are in parentheses pppp < 0.01, ppp < 0.05, pp < 0.1.
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5.2.2 Moderating effect
Further analysis shows the regression results of the mathematical

model with the environmental pollution level as the moderating
variable in Column (4) of Table 6. Both the digital economy (de)
and the interaction of the digital economy and environmental
pollution index (de * poll) have a significant impact on the level of
common prosperity at the level of 1%. The coefficient of the former is
positive, while the coefficient of the latter is negative, indicating that
environmental pollution has a negative regulatory effect on the
development of common prosperity, which is similar to the
research results of He et al. (2022). They found that there is a
strong spatial correlation between the ecological environment level
and the relatively poor areas, and formulating effective environmental
protection policies is the key to controlling climate change、
promoting green development and common prosperity.

5.3 Robustness test

5.3.1 Replace core explanatory variables
Zhao et al. (2020) used the principal component analysis method to

calculate the weight of the digital economy indicators in the previous
section, but now, using Miao et al., 2022 method for reference, the
entropy weight method is used to calculate the digital economy level
(dige) and then conduct regression. As shown in Column (1) and
Column (2) of Table 7, the results are significant at the level of 1%
regardless of whether control variables are added, which is basically
consistent with the benchmark regression results.

5.3.2 Winsorize
In order to eliminate the adverse effects of abnormal values and

non-randomness on the measurement results, the variables in the
model (1) above were winsorized by 1% up and down and then
regressed again. As shown in Columns (3) and (4) of Table 7,
whether control variables are added or not, the regression results
are significant at the level of 1%, fully verifying the robustness of the
empirical study.

5.3.3 Shorten sample cycle
In order to investigate whether the impact of the development

level of the digital economy on common prosperity is affected by the
duration of the study, referring to the method of Luo and Liu (2022),
the sample interval has been shortened to 2013–2018 and then
regresses again. Therefore, the total number of samples is reduced
from 270 to 180. As shown in Columns (5) and (6) of Table 7, the
regression results are still significant at the level of 1%, which shows
the reliability and preciseness of this study.

5.4 Endogenetic treatment

Although the bidirectional fixed effect model adopted in this paper
can effectively solve the endogenous problems caused by missing
individual changes or time changes, it cannot effectively solve the
endogenous problems caused by causality. Therefore, the instrumental
variablemethod will be adopted to conduct the endogenetic test, using the
lag term of the development level of the digital economy and the
interaction term of the number of fixed phones per hundred people in
each region in 1984 and the number of Internet users in the previous year
is taken as the instrumental variables of the development level of the
digital economy in each region, and the two-stage least square method
(2SLS) is used to conduct the test. Columns (1) and (2) of Table 8 report
the regression results of two tool variables in detail, showing that the
promotion effect of the digital economy on common prosperity is
significant at the level of 1%, indicating that the basic conclusion is
still stable after considering endogenous issues. In addition, the p values
corresponding to the LM statistics of Kleibergen Paap rk are .000 and
.006 respectively, significantly rejecting the original hypothesis, indicating
that there is no problem of insufficient identification of tool variables. At
the same time, Cragg Donald’s Wald F statistics are greater than the
critical value (16.380) of the Stock-Yogo weak identification test at the
10% level, indicating that it is reasonable to select the lag term of the
development level of the digital economy, the interaction term between
the number of fixed phones per 100 people in 1984 and the number of
Internet users in the previous year as the tool variable.

TABLE 7 Robustness test.

(1) (2) (3) (4) (5) (6)

cp cp cp cp cp cp

dige 0.976ppp
(0.086)

0.453ppp
(0.076)

de 0.085ppp
(0.008)

0.034ppp
(0.008)

0.074ppp
(0.014)

0.044ppp
(0.011)

_cons 0.079ppp
(0.012)

0.140pp
(0.063)

0.234ppp
(0.004)

0.196ppp
(0.062)

0.234ppp
(0.005)

0.230ppp
(0.075)

Control variable No Yes No Yes No Yes

Provincial fixed effect Yes Yes Yes Yes Yes Yes

Year fixed effect Yes Yes Yes Yes Yes Yes

Observations 270 270 270 270 180 180

R-squared 0.946 0.972 0.950 0.972 0.923 0.955

Standard errors are in parentheses pppp < 0.01, ppp < 0.05, pp < 0.1.
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5.5 Heterogeneity analysis

There are obvious regional differences in the development degree
and policy support of the digital economy and common prosperity in
different regions of China. Therefore, in order to further explore
whether there is regional heterogeneity in the promotion effect of the
digital economy on common prosperity, the sample will be divided
into eastern, central, and western regions for re-testing. As shown in
Table 9, the regression coefficient of the digital economy in the central
and eastern regions is significantly positive, indicating that the
development of the digital economy has significantly promoted the
process of common prosperity in this region, but not in the western
regions. At the same time, the spillover effect intensity of the digital
economy shows “East > Central >West”. It can be concluded that the
impact of China’s digital economy on common prosperity has regional
heterogeneity. The digital economy in the eastern region plays a
stronger role in promoting common prosperity, followed by the

central region, and the western region is the weakest. The reason
for this difference may be that compared with the western region, the
eastern region has an earlier and higher level of digital economy
development, and the dividend of digital inclusive finance is more fully
released; However, due to the constraints of traditional financial
foundation, resource talent and ideas, the application level of
digital technology and financial services in the central and western
regions is relatively low, resulting in the inability to fully release the
dividend of the digital economy in the western regions.

6 Conclusion and recommendations

6.1 Conclusion

Since 2020, the world has been severely impacted by the COVID-
19. The economic situation and structure have become chaotic and
complex. The income gap of people at all levels has further expanded.
The distribution of social welfare has been uneven for a long time.
How to improve social welfare and promote social fair distribution has
become an urgent problem for governments around the world. In this
context, based on China’s provincial panel data in 2011–2019, this
paper conducts an empirical study on the impact mechanism of the
digital economy enabling common prosperity through the panel fixed
effect model, mediating effect model, moderating effect model, and
other methods. The main conclusions are as follows:

First, the basic facts show that the development of the digital
economy has obviously promoted the level of common prosperity in
China, not only playing a role in “making the cake bigger” on the
overall level but also playing a role in “dividing the cake better” in
terms of distribution. The regression coefficients passed the 1%
significance test before and after adding the control variables and
bidirectional fixed effects on time and provinces. In general, the level
of common prosperity in China will increase by 0.043 units every time
the level of digital economy development increases by one unit. The
results of endogenous and robust tests show that this result is highly
reliable.

Second, the result of intermediary effect shows that the
development of digital economy has a significant role in promoting

TABLE 8 Two-stage least squares (2SLS) regression.

(1) (2)

cp cp

de 0.046ppp
(0.017)

0.259ppp
(0.065)

Control variable
Provincial fixed effect
Year fixed effect

Yes
Yes
Yes

Yes
Yes
Yes

Kleibergen-Paap rk
LM Statistics

29.642
(0.000)

7.478
(0.006)

Cragg-Donald
Wald F Statistics

167.42
{16.380}

20.482
{16.380}

Observations 240 270

R-squared 0.966 0.879

Note: Values in ( ) are p values, and values in { } are critical values at the 10% level of the Stock-Yogo weak identification test.

TABLE 9 Heterogeneity analysis.

(1) (2) (3)

Eastern Central Western

Cp cp Cp

de 0.066ppp
(0.013)

0.031pp
(0.012)

0.001
(0.006)

_cons 0.571ppp
(0.150)

0.150pp
(0.064)

0.178ppp
(0.033)

Control variable Yes Yes Yes

Provincial fixed effect Yes Yes Yes

Year fixed effect Yes Yes Yes

Observations 99 72 99

R-squared 0.981 0.993 0.996

Standard errors are in parentheses pppp < 0.01, ppp < 0.05, pp < 0.1.
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green finance, and it is significant at the level of 1%. It has a positive
impact on green economic activities such as controlling carbon
dioxide emissions, promoting energy transformation and curbing
climate warming.

Third, the analysis of the transmission mechanism shows that the
digital economy not only has a direct promoting effect on common
prosperity but also can have a significant positive impact through green
finance, that is, the digital economy can indirectly promote social fair
distribution and narrow the gap between rich and poor by promoting green
finance. At the same time, the level of local environmental pollution will
have a negative regulating effect on the process of common prosperity.

Fourth, the contribution of the digital economy to shared
prosperity is more pronounced in central and eastern China,
significant at the 5% and 1% levels respectively, but not in the
western provinces, reflecting some regional heterogeneity.

6.2 Recommendations

The above research conclusion have important reference significance
for some countries that have widened the gap between the rich and the
poor during the epidemic to narrow the income gap, promote fair
distribution, achieve common prosperity for all, and provide empirical
evidence for governments to give full play to the dividend advantage of
digital economy enabling common prosperity. It also provides some ideas
for relevant parties who made commitments at the Glasgow Climate
Summit (COP26) to curb climate warming and reduce CO2 emissions.
Based on this, we propose the following recommendations:

(1) Continue to develop the digital economy, improve the digital
infrastructure, focus on expanding the coverage of digital inclusive
finance, and give play to the carbon emission reduction effect of
digital finance. The main crux of the significant differences in the
development of the digital economy among regions is the uneven
infrastructure. Therefore, the deep integration and development
of digital technology and the real economy should be paid
attention to, so as to improve the level of the digital economy
and narrow the gap between rich and poor.

(2) Attach importance to the mediating role of green finance to
promote common prosperity with “green development”.
Especially at the moment of officially signing the Glasgow
Climate Convention, the inclusive nature of the digital
economy should be active to promote green and sustainable
development and steadily advance the process of common
prosperity. At the same time, the negative adjustment of the
local environmental pollution level should be fully considered,
so as to strengthen environmental governance, balance the
environmental pollution costs borne by residents of all levels,
and reduce the negative impact on the environment. As a result,
the ecological compensation mechanism and environmental
protection laws and regulations will be improved according to

the idea of “whoever pollutes shall govern, whomever gains shall
compensate.”

(3) Follow the regional comparative advantages and formulate
differentiated digital economy development policies. The
digital economy empowering common prosperity has
significant regional heterogeneity, and the digital economy
empowering effect in the central and eastern regions is more
significant. Therefore, while improving the digital infrastructure,
the central and eastern regions should focus on the layout of
digital industries to avoid convergence and low-level duplication
of construction; Give full play to the leading edge of digital
technology, focus on breaking through the research and
development of core and key digital technologies and pay
attention to the integration of digital resources. In the
relatively backward regions of various countries, the
government should actively popularize the inclusiveness of
the digital economy, promote residents to adapt to digital
financial services, narrow the digital gap between regions, and
promote the realization of the goal of the common prosperity of
the country.
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Reducing energy consumption, pollution and waste emissions are the basic

elements of the concept of low-carbon economy. There is an inseparable link

between low-carbon economy and financial work in enterprises. In terms of

financial work, it is an indispensable element in the development of enterprises.

In order to help enterprises improve their financial performance with

pertinence, comparability and applicability, this paper selects clear enterprise

performance evaluation indicators for analysis from the financial perspective. It

aims to help enterprises save energy in a low-carbon economic environment. In

this study, the performance evaluation system and financial allocation method

of Anhui enterprises’ financial expenditure are studied. In the empirical analysis,

10 ordinary enterprise undergraduate colleges in Anhui Province are selected as

samples. This model covers the performance evaluation scope ofmost financial

expenditures of general enterprises in Anhui Province, and is analyzed in the

process of DEA model analysis. In the process of DEA model analysis, it can

better explain the input-output performance of Anhui enterprises. In this paper,

financial expenditure performance evaluation indicators designed based on

principal component analysis, data envelopment analysis and other analysis

methods can focus on reflecting the input and output of enterprises. It can

realize the standardization of evaluation results and better compare the

efficiency of financial capital expenditure between enterprises. In other

words, the concept of low carbon in enterprises has given a certain standard

for the development of financial work. The financial department of the

enterprise must fully implement the concept of low carbon during the

budget period. Only in this way can we effectively promote the

development of enterprises towards low-carbon and environmental

protection. Finally, it will lay a solid foundation for the sustainable

development of the enterprise.

KEYWORDS

fiscal expenditure, performance evaluation, financial allocation method, data
envelopment analysis, low-carbon economy
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Introduction

In order to improve the development benefits under the low-

carbon economy, enterprises should implement the concept of

low-carbon economy on the basis of environmental protection

and emission reduction, so as to promote the innovative

development of financial management. Environmental quality

will affect the promotion of local government officials, which is

more prominent in low-carbon pilot cities, while political

promotion incentives will significantly improve the carbon

reduction performance of enterprises (Chen et al., 2022). The

basic concept of low-carbon economy At present, one of the most

critical development paths in the process of developing our

country’s socio-economic model is low-carbon economy.

Climate change mitigation measures directly affect most

sustainable development goals and objectives, mainly through

common interests. Improving energy efficiency, reducing the

demand for energy services and shifting to renewable energy

provide the greatest common economic benefits (Iacobuţă et al.,

2021). Through the innovation of the development structure of

the supplier, the industry will be promoted to complete the

transformation of the integrated mode, and the energy

consumption and the emission of pollutants will be reduced.

Although climate change has brought huge economic

consequences, the current climate response is still dominated

by economic logic, which is the reason for taking limited action.

In addition, although accounting technology has great potential,

it is not widely used in the design of stimulus plans. Clearly

integrate accounting techniques into the design, delivery and

review of the stimulus package to achieve economic growth and

social equity while responding to the crisis (Bui and de Villiers,

2021). The main idea of low carbon economy is to realize the

peaceful coexistence of man and nature. This concept brings new

high standard requirements for the current form of economic

development. During operation, major enterprises should not

only focus on the immediate economic benefits, but also ignore

energy conservation and environmental protection. For a

sustainable future, green certification, e-commerce and

environmental education can promote a low-carbon economy

by reducing carbon emissions, but there is little research on

hotels and other enterprises (Chen, 2019). Especially since 2020,

the interference brought by the greenhouse effect has been

increasing, and more and more countries attach importance

to the development benefits and value of low-carbon

economy. Therefore, enterprises in our country should

constantly add the concept of low-carbon economy to

promote the unified development of social economy and

natural ecology.

Low carbon economy has brought changes in consumption

concept to enterprise investment. From the perspective of

marketing, the profit opportunities of enterprises are all based

on consumer demand. Therefore, the change of consumption

content affects the direction of enterprise investment. Low

carbon economy effectively supports the development of

energy-saving and emission reduction SMEs. The Bank gives

priority to supporting customers’ green credit projects in the

fields of new energy, energy conservation, environmental

protection and comprehensive utilization of resources.

Obviously, the future financial resources will focus on

enterprises that actively develop low-carbon economy. The

government is brewing and formulating a series of policy

tools to promote the development of low carbon economy in

China and even the world. These tools include: formulation of

emission reduction targets, issuance of emission reduction

instructions to enterprises, imposition of carbon taxes, etc. In

the process of capital raising by enterprises, the interference

brought by low-carbon economy mainly includes two aspects.

First, it will improve the difficulty of raising funds for enterprises,

andmay not be able to prepare sufficient funds for the work when

carrying out low-carbon transformation (Semieniuk et al., 2021).

This is mainly due to the moderate improvement and

supplement of the original credit system by the government

under the influence of the development of low-carbon economy.

Then the new policy of green credit was formed, which led to the

restriction of the financing work in enterprises and had an impact

on the initial financing situation of enterprises. Second, the

amount of funds that enterprises need to raise on a low-

carbon basis is increasing, which to some extent increases the

high-risk of debt repayment. In detail, in order to reach the

standard of low-carbon economy, some enterprises must

improve the intensity of capital investment in the application

of low-carbon facilities and technologies (Louche et al., 2019). At

this time, the amount of capital that the enterprise needs to

prepare will also increase, which indirectly increases the risk of

the enterprise in repaying its debts.

The concept of “performance evaluation” in Western

countries originated from the civil service system in the

United Kingdom, and then it was widely applied to business

management with the development of society. Evidence supports

more and more practical literature, emphasizing the

transformation risk of financial markets. This suggests that

policy intervention may be required to address market failures

and related potential risk pricing errors (Thomä and Chenet,

2017). In the late 1970s, the concept of “performance evaluation”

was introduced into the functional management of government

departments in order to improve government management and

enhance the efficiency of government management and service

level. Since the 1980s, the “New Public Management Movement”

has been launched in Western countries such as the

United Kingdom, the United States, Australia and

New Zealand, whose main content is to adopt theories,

methods and techniques of business management (Baranova

and Paterson, 2017), introduce market competition

mechanisms, and improve the level of public management

and the quality of public services by taking the performance

of inputs and outputs as the guide. In the field of fiscal
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expenditure, the establishment of “fiscal expenditure

performance evaluation” has played a very important role in

the efficiency of the use of government funds, the optimization of

the structure of fiscal expenditure and the allocation of resources

(Zhu et al., 2019). In China, with the establishment and

development of the market economy system, the scale of fiscal

revenue and expenditure has been maintaining a stable and rapid

growth, but there is a limit to the fiscal revenue, and if the fiscal

expenditure is not managed reasonably and effectively, its

demand will be unlimited. Therefore, the performance

evaluation of fiscal expenditures and the effective

improvement of the efficiency of the limited fiscal funds have

become the key to improve the current situation of fiscal

expenditures (Tong et al., 2019). In recent years, China has

been paying attention to the performance evaluation of fiscal

expenditures and performance appropriation methods, and has

repeatedly and explicitly proposed to establish a performance

evaluation system and optimize the budget allocation mode.

Report and performance evaluation report, performance

evaluation results and their application, etc. The introduction

of this measure has provided a useful guarantee to standardize

the behavior of financial expenditure performance evaluation,

establish a scientific and reasonable performance evaluation

management system, and improve the efficiency of financial

funds use (Ho, 2018).

The innovative contribution of this paper lies in the design of

new financial expenditure performance evaluation indicators,

which can focus on reflecting the input and output of

enterprises. It can standardize the evaluation results and better

compare the efficiency of financial capital expenditure between

enterprises. In other words, the low carbon concept of enterprises

provides a certain standard for the development of financial

work. The results of this empirical study reflect the differences

between enterprises in the implementation of education costs,

transfer payment and reward and punishment mechanisms.

From the perspective of performance allocation, for

enterprises with large business scale but still able to meet the

basic needs of enterprise project expenditure, the purpose of

deducting some funds is to improve the efficiency of fund use,

clarify the performance orientation and gradually improve the

management level from the perspective of financial expenditure

optimization. Reflected on the past financing management mode,

innovated and reformed the new financial financing

management mode. Ensure the liquidity of funds, improve the

anti risk ability of enterprises and promote the sustainable

development of enterprises.

The first section introduces the research background and

main structure of this paper. It shows that there is an inseparable

relationship between low carbon economy and enterprise

financial work. The second section introduces the research

status of relevant fields at home and abroad, citing the

theoretical research of different researchers in performance

evaluation indicators. The third section introduces the

construction of financial expenditure performance evaluation

standard system and financial allocation model through

theoretical research. This paper studies the performance of

university financial expenditure by using principal component

analysis (PCA) and data envelopment analysis (DEA), and

explores a new performance allocation model on this basis.

This paper puts forward the principles of the enterprise

financial expenditure performance evaluation system, and

selects the relevant indicators. The fourth section tests and

analyzes the scheme proposed in this paper. The fifth section

summarizes the research content of this paper and looks forward

to the future research direction. The financial department of the

enterprise must fully implement the low-carbon concept within

the budget period. Only in this way can we effectively promote

the development of enterprises towards low-carbon and

environmental protection. Finally, it will lay a solid

foundation for the sustainable development of enterprises.

Related work

The risk of investment return has been improved, which is

the most direct and critical impact of low-carbon economy on

major enterprises. Based on the low-carbon economic

development model, enterprises need to gradually improve

from the initial high carbon to low carbon. To achieve this

goal, major enterprises will invest a lot of money in low-carbon

facilities and technologies. When the government creates state-

owned enterprises (SOEs), one of the main purposes is to reduce

their financial burden in the long run, also known as financial

sustainability. The relationship between the financial

sustainability of state-owned enterprises and government

intervention. Lee et al. (2022) has taken a novel approach,

using equity to measure government intervention. The results

show that only when the government ownership is lower than the

threshold, the state-owned enterprises in emerging economies

can achieve financial sustainability. No matter where the

enterprise invests its capital, it must get a return. All major

enterprises are analyzing and exploring whether low carbon can

be integrated into enterprise development. Due to unreasonable

investment research, insufficient real-time information and data,

it is easy for enterprises to blindly invest in developing low-

carbon projects. In turn, this has greatly reduced the return on

investment of enterprises and hidden greater capital risk for

enterprises. Hsu et al. (2021) research shows that green financing

reduces short-term loans, thus limiting the over investment in

clean energy, while long-term loans have little impact on the over

investment in renewable energy, and the intermediate effect is

unsustainable. At the same time, the growth of green finance will

reduce excessive investment in renewable energy to a certain

extent, and improve the productivity of renewable energy

investment. In terms of theoretical research, system and

appropriation design of performance evaluation indexes,

Frontiers in Energy Research frontiersin.org03

Jiang 10.3389/fenrg.2022.1080595

48

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.1080595


Heinicke pointed out that in the design of performance

evaluation system, the administrators of all levels of

government and enterprise in the United States should jointly

develop performance evaluation reports, so that the design of

performance evaluation system of fund expenditures will

produce real and reliable results, and the specific assessment

indexes should be more inclined to measurable quantitative

indexes, too many qualitative indicators will affect the

authenticity of the final appraisal. It aims to provide a

comprehensive insight into the research of performance

measurement system (PMS) for SMEs. Therefore, a systematic

literature review of management accounting, small and medium-

sized enterprises and general management is conducted to build

existing knowledge (Heinicke, 2018). Nazari et al. (2020)

determines the university’s priorities through importance

performance analysis (IPA) to improve performance and

policy formulation. Therefore, in order to achieve educational

income, the growth of the number of students should be regarded

as one of the most important stages in improving university

performance in the future. In addition, guidelines for universities

and higher education institutions were proposed to identify key

factors for implementation and improvement of performance.

Grossi et al. (2019) combines previous accounting,

performance measurement (PM) and accountability studies on

the emerging field of knowledge intensive public organizations

(KIPO). It reviews the academic analysis and insights on changes

in accounting, PM and accountability in enterprises, and paves

the way for future research in this field. The domestic research on

the performance evaluation of financial expenditures and reform

of budget management methods in enterprise started late, and it

is mainly attributed to the following aspects: First, the research on

the performance evaluation index system of enterprise. Levytska

et al. (2020) believes that financial performance analysis can find

opportunities to improve the financial situation of enterprises.

Effectively control the income and expenditure indicators, and

make economic and reasonable decisions based on the

calculation results. The characteristics of profit generation and

accounting profit are different, and these characteristics should

be taken into account when analyzing the financial performance

of business entities that do not always ensure the accuracy of

information. New public management initiatives have prompted

municipalities to evaluate SOEs based on multidimensional

performance reports. However, little is known about the pre

decision information search and weighing process between

different performance dimensions when decision-makers

evaluate the performance of state-owned enterprises. When

Lindermüller et al. (2022) assessed the allocation budget of

state-owned enterprises, participants considered multiple

performance dimensions and focused on financial and

customer performance information. The results show that

when municipal financial resources are scarce, participants

will devote more energy to the performance evaluation

process. Islami et al. (2018) pointed out the importance of

target management in enterprise performance budget. And on

this basis, the paper discusses the importance of applying MBO

as a performance assessment (PA) method in improving

employee efficiency. Econometric results show that with the

improvement of staff efficiency, MBO method should be used

as a performance appraisal method. In addition, the research

results show that the evaluation of employees’ individual

performance and the clear definition of results are the largest

parameters in all other activities of the MBO method. Jiang et al.

(2018) examined the impact of positive corporate environmental

responsibility on the financial performance of Chinese energy

industry enterprises through panel data multivariable regression

analysis. The results show that positive corporate environmental

responsibility has a positive impact on the financial performance

of enterprises that pass the endogenous test. The results also

show that private ownership has a stronger role in promoting the

relationship between positive corporate environmental

responsibility and corporate financial performance. This study

will help to increase the knowledge of corporate environmental

responsibility in emerging economies, and provide insights into

corporate environmental responsibility practices and

government environmental regulation and policies.

A study of previous literature reveals that the research on the

performance evaluation system of financial expenditures is in

continuous progress, with a variety of research directions and

methods, and many high-quality research results have been

applied in the practical work of the performance evaluation

system. However, the following problems still exist in the

relevant work: first, the performance evaluation indexes lack

purpose. Secondly, the status of performance evaluation is too

high. Third, the performance evaluation of financial expenditures

should be linked with performance appropriation and

performance budget.

Design of enterprise financial system
and financial allocation under the
background of low-carbon economy

The goal of enterprise financial management directly

determines the basic direction and purpose of enterprise

management. From the historical experience of financial

management, we can see that the development of financial

management objectives has also gone through several specific

stages. So far, the most widely accepted goal is to maximize the

value of enterprises. Under the traditional economic conditions,

the actual responsibilities undertaken by enterprises are all

economic responsibilities, not social responsibilities, which

means that investors themselves really need to make rational

choices. However, under the condition of low-carbon economy,

China has different responsibilities. To be specific, the enterprise

bears more than economic responsibility. To a greater extent, it is

social responsibility. This means that the disclosure of financial

Frontiers in Energy Research frontiersin.org04

Jiang 10.3389/fenrg.2022.1080595

49

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.1080595


management is no longer limited to financial information, but

also includes resource and environmental information.

From the perspective of low-carbon economy, the internal

control mechanism of major enterprises plays a key role in the

operation and supervision. Therefore, enterprises must attach

importance to the efficiency of internal control mechanism to

fully improve the high quality and high level of enterprise

supervision, and China can also effectively improve the speed

and quality of enterprise development. On the contrary, if an

effective internal control mechanism is not developed, it will

easily lead to various adverse problems, such as unclear

distribution of department responsibilities, low work

efficiency, and unreasonable internal supervision of

enterprises. Under the influence of these problems, the

financial management crisis in enterprises will be enhanced

under the background of low-carbon economy. Therefore, it

can be concluded that from the perspective of low-carbon

economy, the efficiency of enterprise internal control

mechanism must be improved. In view of various serious

problems arising during the operation of the enterprise, we

must fully follow the relevant norms of internal control

system to better rectify them. And then fully prevent the

emergence of strategic mistakes and various undesirable

problems. As the scale of enterprise is expanding, the demand

for funding is increasing, and the government’s financial

spending capacity is limited, China’s enterprise is facing a

shortage of funding, therefore, China has started to explore

the diversification of enterprise investment bodies to change

the situation of a single source of enterprise funding structure

in China. However, due to the real situation, the government

financial allocation still accounts for the main source of

enterprise funding. In Anhui Province, the basic situation of

enterprise funding shows that financial allocation is absolutely

dominant, business income is supplementary and other channels

are complementary. From the data of 2016, the state financial

education funding accounted for 66.34% of the total education

funding income of general enterprise in that year, the career

income accounted for 30.01% of the total income, and the

percentage of other income was only 3.65%.

The amount of government financial investment into

enterprise will directly affect the operation efficiency of

colleges and universities, thus affecting the quality of talent

cultivation and the sustainable development of society, Anhui

Province also recognizes the importance of developing enterprise

and keeps increasing the volume of financial expenditure on

enterprise. During this period, the annual financial expenditure

on education has maintained a continuous growth momentum,

with themost significant growth rate in 2016. The relative scale of

enterprise expenditure in Anhui province can be seen from the

proportion of enterprise expenditure to GDP as shown in

Figure 1.

From the above data, it can be seen that the demand for

enterprise funds in Anhui Province is increasing as the

popularization and massization of enterprise continues to

deepen, but the contradiction between the demand and supply

of enterprise funds in enterprise is very acute due to the limited

support of government financial expenditures to enterprise.

Therefore, to change this situation, it is necessary to improve

the efficiency of the use of enterprise financial funds, reduce the

waste of educational resources, and optimize the allocation of

FIGURE 1
Financial education expenditure (billion yuan).
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resources, thus it is urgent to improve the financial expenditure

of enterprise to implement the reform of performance evaluation

system and implement the performance-oriented financial

allocation.

DEA was proposed by three American statisticians and

operational research researchers. It mainly solves the specific

technical efficiency problems of input and output through the

non-parametric technical efficiency method. Technical efficiency

mainly solves the problem of calculating the technical efficiency

in actual production by measuring the output index when the

input is known. On the micro level, the DEA model mainly

analyzes the ratio of each output to each input of the decision-

making unit (DMU). The input and output indicators multiplied

by a certain weight can reflect the comprehensive technical

efficiency and scale technical efficiency.

CCR model is the first input-output model in the

development history of DEA. It is a DEA model that

calculates the technical efficiency of the decision-making

unit of the target unit through objective data analysis

under the condition that the return on scale remains

unchanged. It can evaluate the technical efficiency of any

decision-making unit with input and output. The technical

efficiency of any decision-making unit with input and output

can be evaluated. In a large number of experiments, the most

prominent applications are military, medical and

educational undertakings.

Suppose, according to the CCR output-oriented model, the

number of decision-making units (DUMs) to be calculated is n,

each DMUz(z � 1, 2, . . . , n) has different inputs xi(i � 1, 2, . . . ,

m), and its input weights are represented by wi(i � 1, 2, . . . ,m)
and the weight coefficients ≥ , and each DMU has different

outputs yj(j � 1, 2, . . . , s), and its output weights are represented
by tj(j � 1, 2, . . . , s) and the weight coefficients ≥ , in the model,

the number of DUMs to be calculated for a given The technical

efficiency of all DMUs must not exceed 1. The currently

calculated DMU is denoted as DMUk. The specific formula is

as follows:

DMUk �

max
∑
j�1

m
tjyjk

∑
i�1

m
wixik

s.t.
∑
j�1

s
tjyjz

∑
i�1

m
wixiz

≤ 1

w≥ 0, t≥ 0

i � 1, 2, . . . , u; j � 1, 2, . . . v; z � 1, 2, . . . n

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(1)

Since ∑m
i�1wkxiz ≥ 0, the above model can be equivalently

transformed to a linear programming model, such that

T � 1∑
i�1

m
wixik

, u � Tt, v � Tw (2)

Then the new equivalence planning model is:

P �

max∑s
j�1
ujyjk

s.t.∑s
j�1
ujyjz −∑v

i�1
vixiz ≤ 1

∑m
i�1
vixik � 1

v≥ 0; u≥ 0
i � 1, 2, . . . , u; j � 1, 2, . . . v; z � 1, 2, . . . n

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(3)

The integrated combination coefficient of the linearity of the

pairwise model DMU is expressed as φ, and the solution value of

the model αr, which is the optimal solution, ranges between

(0, 1], and the relevant conclusions can be drawn according to

the optimal solution of the pairwise model.

When αr ≤ 1, it means that the current evaluated DMU is

technically inefficient, and the value of the marginal maximum

limit of input reduction is (1 − αr), which means that in the

current technically efficient situation, the inputs can be decreased

in a linear and equal proportion without reducing the output.

When αr � 1, it means that the evaluated decision unit DMU

is in the best technically efficient state, and the indicators of each

input are in the optimal state without reducing the output, and

there is no need to reduce the input.

The output-oriented CCR model is the minimum efficiency

model calculated by the output-oriented model, and the optimal

solution of the output model is defined as β, and the model is

mainly as follows:

P2 �

max∑m
i�1
vixik

s.t.∑s
j�1
ujyjz −∑v

i�1
vixiz ≤ 1

∑s
j�1
uiyiz � 1

v≥ 0; u≥ 0
i � 1, 2, . . . , u; j � 1, 2, . . . v; z � 1, 2, . . . n

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(4)

In the CCR input and output model, the calculation of the

combined efficiency of inputs and outputs becomes possible, and

the redundancy analysis of input or output indexes can be

performed according to the DEA model, which provides the

direction to suggest the optimization of each input or output.

Suppose, according to the CCR output-oriented model to

calculate the target decision unit, the number of decision units

(DUM) is n, DMUz(z � 1, 2, . . . , n) each DMU will have a

variety of inputs xi(i � 1, 2, . . . , m), its input weights are

represented by wi(i � 1, 2, . . . ,m ) and weight coefficients ≥ 0,

at the same time, each DMU will have a variety of outputs

yj(j � 1, 2, . . . , s), its output weights are represented by

tj(j � 1, 2, . . . , s) and weight coefficients ≥ 0, in the model to

be given DMU all technical efficiency must not exceed 1, the

current calculation of DMU is denoted as DMU. The specific

BCC model is as follows:
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Input model BCC model:

D �

min α

s.t.∑n
z�1

φzxiz ≤ αxik

∑n
z�1

φzyjz ≥yjk

∑n
z�1

φz � 1

φ≥ 0
i � 1, 2, . . . , m; j � 1, 2, . . . s; z � 1, 2, . . . n

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(5)

As a model with variable returns to scale BCC, the new

effective DMU generated production frontier curve will replace

the production frontier with constant returns to scale, so that the

projection points from other DEA analysis cannot be projected

onto the production frontier with constant returns to scale, thus

the new set of DMUs under the premise of variable returns to

scale, excluding a portion of DMUs that need to improve returns

to scale reflecting pure technical efficiency. At the same time, the

constraints, as shown in Eq. 6, provide the possibility to calculate

the scale efficiency.

∑v
m�1

φm � 1 φ≥ 0( ) (6)

The input of enterprise can be considered from “human,

financial and material,” and the output can be considered from

“teaching, scientific research and social service,” because the

input and output of enterprise have a certain periodicity,

especially scientific research, from the establishment of

projects, funds to the output of scientific research. The results

of financial performance evaluation are very unstable, and the

specific indicators should be selected in 3 years or more to

analyze the effectiveness of the use of funds in enterprise on a

rolling basis. The specific process of performance evaluation

work and performance appropriation work can be shown in

Figure 2.

The input of enterprise in Anhui Province is diversified and

complex, and the evaluation system of financial expenditure of

enterprise is based on the principles of index design and the

inherent requirements of performance appropriation, the design

of input indexes should conform to the principles of clarity,

comparability, importance and economic availability, and the

efficiency can be calculated in detail to provide a basis for the next

year’s appropriation. In the “input-output” model, input

indicators are generally set with X as the variable. The

relevant indicators are shown in Figure 3.

From the viewpoint of economic units, the economic

activities of enterprise are complex, and there are multiple

inputs and multiple outputs, such as input and output for

comparison, and there is ambiguity in their input weights and

output weights. In the performance evaluation system of

enterprise, there are analysis methods such as Deffel method

and hierarchical analysis method. The analysis is carried out by

the experience and subjective judgment of relevant experts, and

the judgment results are often subjective. To address this

problem, the use of objective analysis methods in the field of

statistics can often solve this problem, so that the final evaluation

results can be standardized and the inputs and outputs of

enterprise can be treated objectively.

Financial performance indicators provide investors with data

information for investment decisions. However, there are many

indicators reflecting financial performance, so it is necessary to

FIGURE 2
Flow chart of financial expenditure evaluation system of enterprise.
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find a few indicators that can reflect many indicators. Using the

principal component analysis method, the empirical analysis of

the financial performance indicators of listed companies from the

aspects of profitability, operating capacity, solvency and

development capacity has certain advantages. Principal

component analysis is used to reduce the dimensionality of

input indicators and output indicators established in the

financial fund performance evaluation index system of

enterprise. The purpose of data dimensionality reduction is to

find out the indicators with higher substitution to explain the

other indicators based on the understanding of the correlation of

indicator data. The substitution indicators can be used to obtain

the comprehensive evaluation score of principal components

with the standardized data and variance contribution rate, and

replace more original variables with a small number of variables.

The main steps of the principal component analysis method are

as follows.

(1) It is assumed that there are a(i � 1, 2, . . . , a) samples of

input category in this financial evaluation system of Anhui

enterprise, and there are b(j � 1, 2, . . . , b) indicators of

evaluation category, and the mathematical matrix of c �
(cij)ab is set.

C �
c11, c12 . . . c1b

..

.
1 ..

.

ca1, ca2 / cab

⎛⎜⎜⎜⎜⎜⎜⎝ ⎞⎟⎟⎟⎟⎟⎟⎠ (7)

(2) Since the unit of measurement of each index is different from

the extraction standard, it is not possible to compare them, so

the mean of the calculated sample should be standardized by

Z. The main method of standardization is to transform the

ratio between the mean and the variance to obtain the

standardized matrix, where Sj is the mean of the sample

index and �cj is the standard deviation of the sample, and the

main formula is as follows:

Zij �
cij − �cj( )
Sj

(8)

(3) Based on the correlation coefficients of the indicators j, the

correlation coefficients of the correlation coefficient matrix

of the indicators were calculated as:

R �
r11, r12 . . . r1b

..

.
1 ..

.

ra1, ra2 / rab

⎛⎜⎜⎜⎜⎜⎜⎝ ⎞⎟⎟⎟⎟⎟⎟⎠ (9)

rkj �
∑
k�1

a
xki − �xi( ) xki − �xj( )������������������������∑

k�1

a
xki − �xi( )2 × ∑

k�1

a
xkj − �xj( )2√ (10)

(4) Based on the equation |λjb − R| � 0, the eigenroots of the

matrix R are solved λb, the eigenvectors P(i � 1, 2, . . . , b) are
calculated and ranked according to the magnitude of each

eigenvalue, whose ranking size reflects the role played by the

magnitude of the other variables explained.

(5) The main idea of principal component analysis is to reflect

the original large number of original variables with fewer

variables, therefore, it is necessary to calculate the cumulative

FIGURE 3
The investment system of financial expenditure performance evaluation of colleges and universities in Anhui Province.
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contribution of the variance of a few variables, let the

variance calculated contribution is G, the contribution of

the variance of the principal component should be greater

than 80%, the cumulative contribution of the variance is

calculated by the formula

G �
∑
j�1

k
λj

∑
j�1

b
λj

≥ 80% (11)

(6) Based on the eigenvectors and eigenvalues, the loadings of

each principal component can be calculated, which reflect

the correlation between the principal components and the

original variables and are calculated as follows:

Lij �
��
λi

√
Pij i � 1, 2, . . . a; j � 1, 2, . . . b( ) (12)

(7) The principal component scores can be converted based on

the eigenvectors and the standardized indicator variables.

Fi � P11Z1 + P12Z2 + . . . + PabZb i � 1, 2, . . . a; j � 1, 2, . . . b( )
(13)

(8) Based on the final scores of the principal components, the

overall score H of the principal component analysis can be

converted according to the weighted average of their

contributions.

H �
∑
i�1

b
GiFi

∑
i�1

b
Gi

(14)

After the indicator classification and dimensionality

reduction analysis of PCA, the values of the original higher

school performance evaluation indicators can be reduced from

the initial 15 indicators to 4 indicators, which has a greater

advantage for the substitution of input and output models, so that

the input model of the BCC model with actual data substituted

into the input-output has a better explanation for the input and

output of specific indicators.

Input BCC model

BCC �

max∑s
j�1
ujyjk + u0

s.t.∑s
j�1
ujyjz −∑m

i�1
vixiz − u0 ≤ 1

∑m
i�1
vixik � 1

v≥ 0; u≥ 0; u0 f ree
i � 1, 2, . . . , m; j � 1, 2, . . . s; z � 1, 2, . . . n

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(15)

In the performance evaluation system of financial

expenditures of enterprise, the technically effective analysis

and several chirping analysis of DEA are used to find out the

problems of comprehensive evaluation and technical efficiency.

According to the performance evaluation report, the final

evaluation results can be applied to the final financial allocation.

Let the sample of participating enterprise be

n(j � 1, 2, . . . , n), the total financial project expenditure

allocation for the current year be C, the input-output factor of

Aij(i � 1, 2, . . .m; j � 1, 2 . . . n) in the principal component

analysis of schools, the overall technical efficiency and pure

technical efficiency in the performance assessment be X and Y

respectively, and the financial budget project expenditure

allocation for the next year be F, which can be converted by

the following formula.

F � C ×
∑
i�1

m
Ai

∑
j�1

n
Aij

×
X + Y

2
(16)

The above formula can only convert the actual allocation of

enterprise for the current year, but cannot reward enterprise with

good performance evaluation. After converting the actual project

expenditure allocation of each enterprise institution in the above

formula, the sum of X and Y must be less than 2. The conversion

formula is based on the financial allocation factor, and the

incentive performance funding is G. The formula is as follows:

G � f ×
∑
i�1

m
Ai

∑
j�1

n
Aij

(17)

Effective performance appraisal will play a good role in

promoting enterprise performance. It will effectively improve

the positive performance of each employee, enable the strong to

win higher status and interests, enable the weak to have pressure

and upward momentum, and ultimately promote the realization

of enterprise goals. For enterprises, the growth of talents is an

indispensable part of enterprises. The ultimate goal of the

performance test is to promote the common growth of

enterprises and employees. Through the continuous discovery

and improvement of problems in the assessment process, we can

promote the improvement to achieve a win-win situation for

individuals and enterprises.

Analysis of simulation results

In view of the new environmental situation of low-carbon

economy, this paper proposes the following financial

management measures for enterprises through full

understanding and experience of its characteristics and

opportunities. In order to play a due role in the actual

application process. During the operation period, enterprises

must give higher support to low-carbon projects. For those safe

and reliable low-carbon projects, more efforts can be made in the
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investment of funds to promote the full operation of the project. In

addition, we should also build a reasonable regulatory mechanism

according to the actual situation, so that the operation of low-carbon

projects has corresponding pillars. Second, when carrying out low-

carbon projects, people first must be taken as the basic concept, so

human resources can be put in the first place in the allocation work.

The authority and effectiveness of each link must be well

demonstrated. Under the influence of the current low-carbon

economy, the benefits brought by human resources to enterprises

are continuously improving. Therefore, the human resources work

must be well handled to ensure that the allocation of benefits can

meet the actual requirements.

Through theoretical thinking on the performance evaluation

system, performance allocation and performance budget

management, this research constructs the financial expenditure

performance evaluation system of Anhui Province’s colleges and

universities. Collect quantifiable actual input and output indicators

of colleges and universities, and convert the data into the input-

output model to calculate the actual performance score through the

dimension reduction idea of principal component analysis. On this

basis, we will explore the fund allocation mode of Anhui Province’s

higher education projects. Through the empirical research of

colleges and universities in Anhui Province, the correctness and

operability of the ideas are tested, so as to provide a way of thinking

for the connection between performance appraisal and

budget allocation. In this study, as a research on the financial

expenditure performance evaluation system and financial

allocation method of enterprise in Anhui Province, 10 general

enterprise undergraduate institutions in Anhui Province were

selected as samples in the empirical analysis, accounting for

84.61% of the total number of general undergraduate enterprise

in Anhui Province, which covers the performance evaluation scope

of most of the financial expenditures of general enterprise in Anhui

Province, and in the process of DEA model analysis. In the process

of DEAmodel analysis, it can best explain the performance of input-

output of Anhui enterprise.

In order to maintain the homogeneity of DMU in the

reference set, this paper classifies DMU before DEA

evaluation. The existing researches either only give abstract

solutions or only solve some problems. In order to get a more

comprehensive solution, a qualitative and quantitative

classification method for DMU is proposed according to the

evaluation purpose. The applicability of qualitative and

quantitative classification methods is also given. The selection

of the sample in this study was based on the following

considerations.

Selection of DMU samples

In this study, the principle of comparability was considered

in the design of the performance evaluation system, and for the

sample selection of DMU, the “inputs” and “outputs” of the

analyzed indicators are highly comparable. The consistency of

performance evaluation indexes of enterprise can be a basic

guarantee from the perspective of performance evaluation and

improving the efficiency of financial resources. In this study, the

10 enterprise in Anhui Province are all undergraduate colleges

and universities, and some of them have been deleted, as follows:

First, the average per capita allocation of undergraduate colleges

and universities in Anhui Province from 2013 to 2015 has

reached RMB 12,000, while the average per capita allocation

of enterprise is only RMB 0.8 million. The “input” is not in the

same standard. Secondly, four medical schools and art colleges in

Anhui Province were deleted from the sample. Anhui Medical

University, Anhui University of Traditional Chinese Medicine,

Wannan Medical College and Bengbu Medical College not only

include the per capita allocation of enterprise, but also include the

presence of hospitals and other institutions in the form of per bed

allocation, which is completely different in terms of allocation

and volume. In terms of output, the social service functions of

medical schools include not only the output of enterprise in

terms of teaching, research and conversion of research results,

but also the related contribution to the provision of medical

services and the improvement of local medical standards. The

output of art institutions includes compositions and works,

which are also deleted because of the inconsistent assessment

index system. The financial expenditure performance evaluation

index of colleges and universities should have a clear direction. In

¨ Input production^This model considers the use efficiency of

financial expenditure funds of colleges and universities. To put it

simply, it is how to get a higher output when the current year’s

input is fixed, and how to evaluate the performance. The results

of performance evaluation will be used as the basis for

performance fund allocation in the next year. Units with good

evaluation results will receive more financial support. Units with

poor evaluation results will continue to provide financial support

in the previous year. Improve the quantity and quality of various

indicators in the output, and improve the overall score of

performance evaluation.

The selection of DMU sample data year

Teaching output, scientific research output and social

services of enterprise are cyclical, especially in scientific

research, a subject often has a long annual cycle from the

establishment to the end of the project, and there are not

many scientific research projects that obtain scientific research

papers and technical results by making human and financial

investment in the same year, and the use of input and output data

of a certain year to assess enterprise lacks fairness. 2014, the

Ministry of Finance in the institutions The reform of the

budgeting system of institutions proposed to prepare budgets

in the form of three-year rolling budget for provincial and

municipal institutions, which strengthened the medium and
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long-term role of budget control, while some national and

provincial projects were also established in the context of

three-year rolling budgeting in terms of annual allocation and

annual output. Under the specification of performance

assessment and evaluation system of enterprise, 3 years of data

from 10 provincial undergraduate institutions in Anhui Province

were selected for analysis, and the data index data were taken as

the sum of 3 years to reflect the actual performance of the use of

FIGURE 4
Human resource input cost indicators for financial expenditure performance evaluation.

FIGURE 5
Financial and material resources input cost indicators for financial expenditure performance evaluation.
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funds in enterprise. In the process of data collection, due to the

recent years, only some of the “input” data are available for

2016–2017 in 10 Anhui undergraduate institutions, and most of

the “output” data are being counted by national departments and

institutions of enterprise. In this study, some data of

2016–2017 were used for reference.

From the data of the 10 undergraduate institutions selected in

Figure 4, the combined indexes of the number of facultymembers in

AH1, AH2, AH3, AH4 and AH5 are all above 10,000 in Anhui

enterprise, and the number of faculty members and research and

development personnel is also relatively high, and the scale of faculty

members is in the first echelon of universities in Anhui province.

From the data of 10 undergraduate institutions selected inFigure 5,

the total combined indexes of AH1 and AH2 financial and material

resources input costs among Anhui enterprise are above 10 billion

RMB, and the total combined indexes of financial and material

resources input costs are in the first echelon of Anhui enterprise.

The currently evaluated DMU is the case of low technical

efficiency, which is represented by the marginal maximum limit

value of input reduction. That is, under the current technical

efficiency, without reducing the output, the input can be reduced

in a linear and equal proportion. When the evaluated DMU is in

the best technical effective state, the indicators of each input are

in the best state without reducing the output, so there is no need

to reduce the input. According to the research of this actual data,

a total of 15 indicators were selected to reflect the financial

performance evaluation of enterprise well. In the process of

actual DEA model analysis, since the number of DMUs in

this study has been determined as 22, if the number is less

than the overall converted indicators, it is very easy to have the

result that all DMUs are valid, which makes the final

performance appraisal model distorted. Therefore, the selected

indicators must be processed for dimensionality reduction. In

this empirical study, PCA is used, and SPSSV22 software is

applied to reduce the correlation between the data, and the

most representative indicators are selected for analysis, among

which: 4 indicators of human cost input, 5 indicators of financial

capital input, 3 indicators of teaching category output and

3 indicators of research category output.

From the Figure 6, the number of unit faculty members

(XP1), the number of teaching and research staff (XP2), the

number of senior titles in the institution (XP3), and the number

of research and development staff (XP4) have relatively close

correlation coefficients, and are suitable for the principal

component analysis method.

Using the data standardization method and principal

component analysis method in SPSS, the “total variance of

interpretation” and “component matrix” are obtained. It can

be seen from the test results that, at the level of significance α If it
is 0.05, the sample p-value is 0, obviously less than 0.05, so the

sample data is suitable for principal component analysis. From

Figure 7, it is observed that the cumulative percentage of variance

of the first three components has reached at least 91.308%, and

the general standard is more than 85%, so it is appropriate to

extract the first three principal components here. The cumulative

index of eigenvalue is greater than 1, and the contribution of

variance should be greater than 80%. The extracted sum of

squares is loaded with 3.652 indicators. This better reflects the

overall variable information, and the other four repeated partial

variables can be replaced.

In this paper, the input-output factors of 10 undergraduate

institutions in Anhui standardized after data dimensionality

FIGURE 6
Matrix after dimension reduction.
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reduction are substituted into DEA input-output model using

MAXDEAbasic software, where: DMU = 22, input indicators are

X1 and X2, output indicators are Y1 and Y2, and the analysis

results of input-oriented BCC model are selected as shown in

Figure 8.

Based on the component factors and performance evaluation

indicators, the projected appropriation of $2.1 billion for the

2016 budgeted financial allocation for project expenditures, the

actual appropriation for each university can be calculated, taking

AH1 as an example, and setting the actual appropriation for

AH1 in 2016 as C. The appropriation for AH1 in 2016 is as

follows

C � 21 ×
3.562
33.423

×
0.580 + 0.958

2
� 1.448 (18)

According to the financial allocation factor and performance,

the allocation of Anhui provincial institutions is shown in

Figure 9.

FIGURE 7
Total variance of the principal components.

FIGURE 8
Input-output scores of enterprise in Anhui Province.
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In summary, the results of this empirical study reflect the

differences in the cost of schooling among enterprise, the

realization of transfer payments, and the implementation of

reward and punishment mechanisms. Anhui provincial

enterprise have great differences in the combined volume of

teachers’ resources, financial capital investment, teaching and

research output, and reflecting the indicators by comprehensive

factor indicators can well solve the inconsistency of data. From

the perspective of performance appropriation, deducting part of

the funds for enterprise with larger scale of operation but still

meeting the basic needs of project expenditures of enterprise is to

promote them to improve the efficiency of fund use, clarify the

performance orientation and gradually improve themanagement

level from the perspective of financial expenditure optimization.

At the same time, from the perspective of rewarding performance

appropriation, enterprise with excellent performance can get

rewarding funds, and institutions with large comprehensive

volume get more performance appropriation, more investment

and wider range of financial expenditure, which can promote

further development of enterprise with excellent performance

appropriation.

Extensive financial management mode has caused resource

waste and environmental pollution. In order to change this

situation, enterprises must establish the concept of low-carbon

economic development and build a new model of financial

management. However, the overall implementation is very

difficult, so enterprises must eliminate some outdated

technologies and outdated equipment. Formulate a scientific

and modern financial management system for low-carbon

economy to enable enterprises to effectively adapt to the

development requirements of low-carbon economy and

achieve high-quality and comprehensive development. In

recent years, China has attached great importance to

environmental protection and has been promoting the low

carbon economy development model. However, the actual

effect has not reached the expected goal, one of which is

financing management. To implement the low-carbon

economic model, enterprises need to seriously study this issue.

At the same time, reflect on the past financing management

model, and innovate and reform the new financial financing

management model. To ensure the liquidity of funds and

improve the anti risk ability of enterprises, so as to promote

the continuous development of enterprises.

In view of the new environmental situation of low carbon

economy, this paper fully understands its characteristics and

opportunities. The following financial management measures are

proposed to play a due role in the actual application process. (1)

People first is the most fundamental condition for any work. The

same is true in financial management. Therefore, under the

general situation of low-carbon economy, the primary task is

to improve the professional quality and professional quality of

relevant managers, and gradually form a good green corporate

culture in the enterprise. (2) Innovate the content of financial

management. It mainly means that the green financing plan

should be formulated accordingly when financing. The

formulation and implementation of this plan is to pave the

way for the funds needed to protect the environment in the

follow-up work. To avoid greater risks to itself due to insufficient

or idle funds. (3) Establish green management system. The

enterprise shall establish a set of green management system,

and the provisions of this system shall be stipulated according to

the relevant regulations in the national financial management

system and the industrial financial management system. And

specifically formulate the governance and protection measures

FIGURE 9
Performance Appropriation funds for provincial institutions of higher learning in Anhui province.
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that the enterprise needs to take against the ecological

environment problems.

Summary and outlook

Under the background of low carbon economy, enterprises

can achieve better and long-term development only by quickly

adapting to the current policy environment. The performance

evaluation of financial expenditures of enterprise and the change

of performance appropriation method are the most concerned

issues for financial departments, education authorities and

decision makers of enterprise. From the grand strategy of

national economic system reform, the appropriation of

financial funds will gradually change from increasing the

input of total amount of funds to increasing the evaluation of

the effectiveness of using funds. From the actual situation of

financial expenditure performance evaluation in Anhui

enterprise, the performance evaluation of financial funds is

still in the initial stage, and there is no mature theoretical

system and outstanding excellent working effect.

This study constructs the financial expenditure performance

evaluation system of enterprise in Anhui Province through

theoretical consideration of performance evaluation system,

performance appropriation and performance budget

management. The actual input and output indicators that can

be quantified by each enterprise institution are collected, and the

actual performance scores are converted by substituting the data

into the input-output model through the dimensionality

reduction idea of principal component analysis, and this is

used as a basis to explore the project expenditure fund

allocation model of enterprise in Anhui Province. Through

the empirical study of 10 institutions of enterprise in Anhui

Province, we test the correctness and operability of the idea, and

provide an idea to link performance evaluation and

budget allocation. At present, the reform of financial

management under the low-carbon economy is still a

relatively new theoretical concept. That is to say, its progress

and development are still at a basic stage, lacking not only the

necessary theoretical support, but also the support of practical

experience. However, This paper takes the total number of

enterprise teachers in Anhui Province as an example. This is

not a good representative of all low-carbon enterprises, so it has

certain limitations. It is also necessary to expand the data surface

for analysis. After all, financial management under the low-

carbon economy is a scientific and sustainable concept, which

aims to improve the living environment, that is, to lay the

foundation for the harmonious coexistence of human and

nature, which is an inevitable choice after our economic

development to a certain extent. In the future, we have

every reason to believe that with the continuous

development and exploration of science and technology

and the continuous progress of the times, the financial

management under the low-carbon economy will be further

developed and optimized. This will greatly help enterprises to

improve their green competitiveness, and will make great

contributions to their own scientific and sustainable

development.
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Tianjin Hebei low carbon economy
based on SDM model
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Background:Under the guidance of carbon peak and carbon neutral targets, China’s
economic development is facing unprecedented challenges. It is of great strategic
significance and value to study the integrated development of regional low-carbon
economy. The harmonious development of Beijing-Tianjin-Hebei (Beijing-Tianjin-
Hebei) has become a national strategy, and its importance is prominent.

Objective: To promote the regional economic integration of Beijing-Tianjin-Hebei is
the top priority of promoting the development of Beijing-Tianjin-Hebei integration at
present, and is the key to achieving the coordinated development andmutual benefit
of Beijing-Tianjin-Hebei.

Methods: In this context, this paper studies the fuzzy control evaluation algorithm of
regional economy based on SDMmodel. Realized the prediction of the expansion of
the low-carbon economy in Beijing-Tianjin-Hebei, and put forward the
development strategy of the economic integration of Beijing-Tianjin-Hebei. The
ranking of regional competitiveness of fuzzy control evaluationmethod is in line with
the reality of today’s economic expansion. The application of fuzzy rules improves
the speed, accuracy and objectivity of evaluation.

Results: The final experiment shows that the accuracy of the algorithm is very high,
reaching 95.14%. In addition, the algorithm has higher efficiency and better
performance. The fuzzy control evaluation algorithm of regional economy can
better predict the economic growth of Beijing, Tianjin and Hebei.

Conclusion: Propose the development strategy of Beijing-Tianjin-Hebei low-carbon
economic integration to further promote the development of Beijing-Tianjin-Hebei
integration and promote the adjustment and optimization of China’s economic
structure.

KEYWORDS

SDM model, Beijing Tianjin Ji region, low carbon economic, regional economic integration,
fuzzy control evaluation algorithm

1 Introduction

Based on the connotation and characteristics of regional low-carbon economic integration,
the strategic implications of regional low-carbon economic integration development are
summarized. It mainly includes the strategic choice of regional energy transformation, the
strategic innovation of regional system integration, the strategic measures of regional economic
development mode transformation and the strategic guarantee of regional new business model
construction. By doing a good job in top-level design, accelerating the development of new
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energy industry, building a new industrial development mode, and
giving play to the effect of maintaining and increasing the value of
carbon assets. Build carbon neutral demonstration parks and promote
diversified cooperation among regions, promote coordinated regional
development and high-quality industrial development, promote the
construction of a beautiful China, and help achieve the goals of carbon
peak and carbon neutrality. Decades of development have greatly
improved China’s economic and social outlook. However, it is
precisely because of the rapid economic expansion that the
inherent differences in transportation, resources, culture and
economic base among regions have been further enlarged, and the
imbalance of regional economic expansion has become more and
more prominent. Located in the heart of the Bohai Rim in China area
of Northeast Asia, Jing-Jin-Ji is the largest and most dynamic area in
northern China, attracting more and more attention from China and
even the whole world. Chai et al. measured the carbon entropy and
carbon emission efficiency of 25 industries in Beijing Tianjin Hebei
region from 2000 to 2015 by building a carbon entropy model and a
total factor industrial carbon emission efficiency evaluation model.
The research shows that: (a) The priority industries in Beijing Tianjin
Hebei region are expanding, the regional competitiveness of
moderately developed industries is improving, and the proportion
of industries that restrict development is significantly decreasing. (b)
The spatial distribution of the three types of industries presents a
concentric ring pattern, with priority industries as the core, moderate
industries as the main, followed by industries with limited
development. (c) The situation of medium and efficient industries
has improved, while that of inefficient industries has declined (Chai
et al., 2021). In order to further study the current situation and
development trend of low carbon construction in Beijing, Tianjin
and Hebei, in the absence of direct data on carbon emissions. The
research team searched the China Statistical Yearbook, and then
converted the final energy consumption data into GDP, population
carbon emissions and living consumption of the three major industries
in Beijing, Tianjin and Hebei from 2005 to 2015. On this basis, Zhang
et al. analyzed the change trend of carbon emissions in Beijing Tianjin
Hebei region and put forward some problems. Finally, the
corresponding suggestions, solutions and countermeasures are put
forward for the existing problems (Zhang et al., 2018a). Xue et al.’s
improvement of carbon emission efficiency (CEE) will promote the
development of green low-carbon economy in Beijing Tianjin Hebei
region of China. This paper uses the unexpected output EBMmodel to
measure the city level CEE in BTH from 2007 to 2016. This paper
analyzes the spatial distribution characteristics and evolution laws of
Central and Eastern Europe from the overall and local aspects, and
verifies the influencing factors of Central and Eastern Europe by using
the spatial quantile regression model (Xue et al., 2022). Therefore, it is
need to grasp the present situation of industrial development in Jing-
Jin-Ji, and to understand the development trend of leading industries
in Jing-Jin-Ji and the interrelated results.

China will vigorously support green and low-carbon energy
development in developing countries. Achieving carbon peaking
and carbon neutralization is an inherent requirement of China’s
high-quality development, a strategic choice to practice the idea of
ecological civilization, and a broad and profound economic and social
systematic change. China is faced with the huge challenge of carbon
emission reduction. It is necessary to explore a new mode and path for
the integrated development of regional low-carbon economy, enhance
the systematicness, integrity and synergy of carbon emission

reduction, and accelerate the in-depth emission reduction. With
the transformation of China’s economic development model,
various industries in Beijing Tianjin Hebei (BTH) region have put
forward the requirement of high energy conservation and emission
reduction (ECER). However, as an important indicator of achieving
sustainable low-carbon development, the rebound effect of energy
consumption has not been fully investigated in industrial enterprises
in this field. Li et al. (2018) uses an alternative estimation model based
on the neoclassical economic theory to measure the energy rebound
effect of industrial enterprises in BTH. Carbon dioxide mainly comes
from industrial economic activities. Industrial structure optimization
is an effective way to reduce carbon dioxide emissions. Gu et al. uses
the panel data of 13 cities in Beijing Tianjin Hebei urban
agglomeration from 2006 to 2019 to calculate the industrial
structure rationalization index using the Theil index. Use the
proportion of industrial added value to calculate the industrial
structure upgrading index. Through the construction of STIRPAT
model, this paper quantitatively analyzes the impact of industrial
structure rationalization and upgrading on carbon emissions (Gu
et al., 2022). Regional economic integration refers to the
elimination of trade barriers by different spatial entities, and the
realization of free flow, cooperation and complementarity in space,
industry and market. It is the unity of state and process, means and
purpose. Under the guidance of regional strategy, regional
coordination is strengthened through regional planning and
policies, and the spatial pattern of social and economic activities is
optimized (Rahul, 2016). On a larger scale, regional economic
integration is no longer limited to the union between regions or
cities within a country (Yu, 2020). Regional economic integration is
one of the remarkable characteristics of current economic expansion,
and the construction of regional metropolitan areas represented by
Jing-Jin-Ji has great influence on international metropolitan areas.
Therefore, this article will model and analyze the influencing factors of
Jing-Jing-Ji cluster on regional economic integration, which has
certain practical significance.

Hu et al. studied the different impacts of coordinated
development of Beijing Tianjin Hebei region on industrial
energy and pollution intensity based on the difference method
(DID) and quantile DID method. The panel data covers the
industrial energy consumption and three kinds of wastes,
namely industrial wastewater, sulfur dioxide and dust emissions,
in all 13 cities in BTH and 17 cities in Henan Province from 2007 to
2017. The research results show that, in addition to the dust
pollution caused by the traffic integration in BTH, China should
pay more attention to the green industrial relocation from Beijing
to Hebei, and strengthen the coordinated environmental
supervision while maintaining the interests of enterprises (Hu
et al., 2020). Liu et al. used principal component analysis,
entropy evaluation method and coupling coordination model
(CCDM) to assess the coordination level between carbon and air
quality mitigation in 34 low carbon pilot cities in China. We also
use three case studies to illustrate the formation of mechanisms and
policies that lead to different coupling patterns at the local level.
We found that most pilot cities showed a moderate degree of
coupling and coordination between low-carbon development and
air quality. The results show that most low carbon pilot cities have
relatively high scores in low carbon development (Liu et al., 2021).
Due to the special conditions of geographical proximity, the
economy of Jing-Jin-Ji is inextricably linked, and this inherent
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permeability and interdependent economic relationship has
incomparable advantages in improving foreign competitiveness.
The economic development characteristics of Beijing Tianjin Hebei
region: the economic core areas with different levels have been
formed with Beijing as the center. The economic development of
the Beijing Tianjin Hebei Economic Zone has maintained a
relatively high speed, but there are large differences between
different regions. Taking the county economy of Beijing Tianjin
Hebei as the research unit, this paper attempts to explore the time
concentration distribution characteristics and spatial correlation of
the county economic development of Beijing Tianjin Hebei under
the background of the coordinated development of Beijing Tianjin
Hebei, and reveals the gap between Hebei Province and Beijing
Tianjin.

In the current context, Beijing Tianjin Hebei regional
integration should not only accelerate the pace of regional
coordinated development, but also re-examine itself and
recognize its advantages and disadvantages. This paper analyzes
the reality and feasibility of Beijing Tianjin Hebei integration,
mainly discusses the influencing factors of Beijing Tianjin Hebei
cluster on regional economic integration based on SDMmodel, and
carries out modeling and analysis. The main contributions are as
follows:

1. Construct a regional economic competitiveness index system with
dual spatial integration characteristics. A workable regional
economic evaluation system has been formed.

2. Propose the economic integration strategy of Beijing Tianjin Hebei
region. It not only makes the basic data accurate and complete, but
also makes the relevant models easy to systematize. It provides a
way for the study of other regional economic integration.

3. The experimental results show that the fuzzy control evaluation
algorithm of regional economy can better predict the economic
growth of Beijing, Tianjin and Hebei. The study is expected to
further promote the integrated development of Beijing, Tianjin and
Hebei, and promote the adjustment and optimization of China’s
economic structure.

This paper studies the fuzzy control evaluation algorithm of
regional economy based on SDM model, realizes the prediction of
low carbon economic expansion in Beijing Tianjin Hebei, and puts
forward the development strategy of economic integration in
Beijing Tianjin Hebei. Section 1 describes the connotation and
characteristics of regional low-carbon economic integration, and
summarizes the strategic significance of regional low-carbon
integration development. Section 2 analyzes the existing
research results of regional economic integration and low-
carbon economy. The influence of industrial agglomeration on
regional economic integration is obtained. Section 3 analyzes the
economic conditions and environment of the Beijing Tianjin Hebei
region, which is also an important embodiment of the diversity and
unity of the construction of ecological civilization and the
construction of a beautiful China. The fuzzy evaluation model
of regional economy is analyzed. Section 4 forecasts and simulates
the regional economic expansion of Beijing Tianjin Hebei. In this
part, the fuzzy evaluation model of regional economy is used to
predict the economic growth of Beijing Tianjin Hebei, and the
effectiveness of the algorithm proposed in this paper is verified.
Section 5 summarizes the full text. The results show that the fuzzy

control evaluation algorithm of regional economy can better
predict the economic growth of Beijing, Tianjin and Hebei. This
study is expected to further promote the integration of Beijing,
Tianjin and Hebei, and promote the adjustment and optimization
of China’s economic structure.

2 Related work

The integrated development of regional low-carbon economy
has rich connotation, as well as regional, systematic and
collaborative characteristics. Based on the existing research
results of regional economic integration and low carbon
economy, this paper defines regional low carbon economic
integration as a new regional development model integrating
multiple (carbon technology integration, system integration,
management integration, etc.) with low carbon economy as the
development direction in a specific regional space. Improve energy
utilization efficiency, strengthen regional coordinated emission
reduction, and promote regional low-carbon zero carbon
development and sustainable development. The integrated
development of regional low-carbon economy is conducive to
adjusting the energy consumption structure, significantly
reducing carbon emissions, giving play to the role of market
integration and regional coordinated emission reduction,
promoting regional coordinated development, promoting high-
quality industrial development, and helping build a beautiful
China.

Regional ecological coordinated development is a new form of
regional coordinated development aimed at building ecological
civilization in the “new normal” period. The coordinated
ecological development of Beijing Tianjin Hebei (BTH) region is
particularly important because it is leading China’s overall
coordinated development and reform. Based on the complex
system theory, synergetics and the concept of ecological
civilization and green development in the “new normal” period,
Zhao and Zhang built a regional ecological synergy measurement
model, which scientifically evaluated the dynamic evolution of
BTH’s ecological synergy level from 2006 to 2018. Using
econometric models, we also analyzed the welfare effect and
regional heterogeneity of ecological synergy in regional
development (Zhao and Zhang, 2021). Gao and Li (2021)
calculated the level of industrial agglomeration by using the
relevant industrial agglomeration index, and measured the
regional economic integration index of the Yangtze River Delta
by comprehensive assessment method. In order to better reflect the
level of urbanization, the panel entropy weight method is used to
weight the population, industry and area factors. Wang et al.
constructs a comprehensive indicator of urbanization. The panel
regression between the composite index and the average nighttime
light after fusion showed a strong correlation. The accuracy test
shows that the estimated value of the fusion average light calculated
by the urbanization level estimation model fully represents the
urbanization level (Wang et al., 2021). Jeff (2014) improved SOM
algorithm and applied it to pattern classification of regional
economic assessment. Li et al. established a logarithmic average
divisor index model to decompose the total carbon emission
increment. The carbon finance effect is divided into green credit
effect and carbon trading effect, and the impact of carbon finance
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on carbon emissions is analyzed (Li et al., 2019). Xiao et al.
discussed the environmental effect and mechanism of
coordinated development of urban agglomeration. The results
show that the coordinated development of Beijing, Tianjin and
Hebei has a significant and sustained impact on the convergence of
PM2.5 to the low level. The further mechanism identification
results show that the air joint defense rules and policies in the
process of Beijing Tianjin Hebei coordinated development mainly
promote the convergence of PM2.5 through population and
economic scale effects, structural effects and technological
effects, and promote the convergence of PM2.5 to a lower
direction by reducing the economic growth scale of the city
itself. It is suggested to further promote the formation and
development of Beijing Tianjin Hebei integration, strengthen
cross regional environmental governance cooperation between
local governments, and promote green growth and coordinated
development of urban agglomeration (Xiao et al., 2022). The rapid
economic growth in China’s megalopolis is characterized by rapid
urbanization, accompanied by a series of environmental problems,
ranging from extensive soil pollution to groundwater depletion.
Tian et al. analyzed the interaction between urbanization and
ecosystem, and reviewed the existing urban and ecosystem
analysis framework. Taking the Beijing Tianjin Hebei region as
an example, this paper introduces a conceptual framework to
analyze the megacity region, and applies the simulation model
to predict the possible interaction between urbanization and the
ecological environment (Tian et al., 2019). Climate change and
rapid urbanization have brought natural and human genetic
interference to urban ecosystems, and damaged the sustainability
and resilience of cities. The assessment of urban ecological
resilience and the study of its impact mechanism are of great
significance for sustainable urban management. Taking the
Beijing Tianjin Hebei Urban Agglomeration (BTHUA) region of
China as the research area, Shi et al. constructed an evaluation
index to evaluate the urban ecological resilience and its spatial
pattern by using the resilience substitutes of net primary
productivity from 2000 to 2020. The evaluation index is
constructed from two dimensions, including the sensitivity and
adaptability of urban ecosystem, to capture the two key
mechanisms of resilience, namely resistance and resilience (Shi
et al., 2022). Cui and Wang (2021) put forward countermeasures
and feasible suggestions for promoting the growth of Jing-Jin-Ji
cooperation and regional economic integration by analyzing the
current situation of Jing-Jin-Ji low carbon economic cooperation
and the problems existing in regional economic integration. Li
(2014) pointed out that high economic expansion should not
simply pursue economic aggregate and growth rate, but should
pay more attention to the harmonious growth of economy, society
and environment. Hussain et al. (2022) found that the consumer
price index (CPI) factors that lead to the decline of Jing-Jin-Ji
market integration development level are mainly housing, clothing,
transportation and communication.

On the basis of summarizing the existing research results, this article
studies a fuzzy control assessment algorithm of regional economy
combined with SDM model, realizes the prediction of Jing-Jin-Ji low
carbon economic expansion, and then puts forward the development
strategy of Jing-Jin-Ji low carbon economic integration. In order to
further promote the integrated growth of Jing-Jin-Ji and promote the
adjustment and optimization of China’s economic structure.

3 Methodology

3.1 Analysis of regional economic conditions
and environment in Jing-Jin-Ji

Different regions have different resource endowments and
regional characteristics. The difference of resource endowment and
location determines that different regions have different industrial
structure, industrial layout and development space. Secondly, the
difference in economic infrastructure and infrastructure between
regions is an important factor affecting the development of low-
carbon economy. If a region has a good economic foundation and
complete infrastructure, it can better promote the development of low-
carbon economy and be conducive to the construction of ecological
civilization. Thirdly, there are differences in human environment
between regions. This requires selecting appropriate low-carbon
economic development path according to different cultural
characteristics. Regionality is a prerequisite and basic guarantee for
the differentiated development of low-carbon economy in different
regions, and also an important embodiment of the diversity and unity
of ecological civilization construction and the construction of a
beautiful China.

The Beijing Tianjin Hebei region has great potential for emission
reduction. It is particularly important to finance energy conservation
and emission reduction through technological innovation and
optimization transformation of the real economy. Therefore, we
should seize the opportunity to vigorously develop carbon finance,
establish carbon finance innovation system and mechanism, and
cultivate a multi-level carbon trading market system. Carry out the
innovation of financial activities of low-carbon financial derivatives
such as low-carbon swaps, forwards, futures trading, low-carbon
securities, low-carbon futures, funds, etc. It has become the most
important work of the carbon market in the process of Beijing Tianjin
Hebei integration. With the acceleration of global economic process,
regional economic integration has become the leading force to
promote regional economic expansion. Regional economic
integration refers to the stage of market integration between
different spatial economic entities in order to obtain benefits such
as production, consumption and trade (Ye, 2014). Including the
gradual evolution from product market and factor markets to the
unification of economic policies. Jing-Jin-Ji is the heart of the northern
region, and its regional economic expansion is the core of China’s
northern economy. The regional economic integration of Jing-Jin-Ji
can not only promote the economic growth of Beijing, Tianjin, Hebei
and other provinces and cities, but also reflect the significance in
guiding the future economic growth of surrounding areas and even
enhancing the overall national strength of the whole country (Liu and
Wang, 2016). Compared with the divergent and uniform distribution
pattern of the Yangtze River Delta and the Pearl River Delta, Beijing
and Tianjin are located in the hinterland and edge of Hebei Province
respectively. Geographically, this kind of mega-city exists in one
region at the same time in three provinces and cities, and it is rare
even in the history of regional economy in the world. From the
perspective of actual economic expansion, only GDP, total retail sales
of social consumer goods and total investment in fixed assets of Jing-
Jing-Ji cluster are close to the “Pearl River Delta” and lag behind the
“Yangtze River Delta”. The total import and export volume and the
actual utilized foreign capital account for 13% and 18% of the national
proportion, and the total volume is less than half of the Yangtze River

Frontiers in Energy Research frontiersin.org04

Zhu et al. 10.3389/fenrg.2023.1113295

65

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1113295


Delta and Pearl River Delta. The influence mechanism of industrial
agglomeration on regional economic integration is shown in Figure 1.

The growth of Jing-Jin-Ji low carbon economic integration is
not only related to the long-term growth of its own economy, but
also of great significance for promoting the harmonious growth of
the whole country and improving the regional economic
integration mechanism of China (Zhang et al., 2018b). Among
them, the gathering of high-tech industries plays a more and more
important role in improving industrial structure, coordinating
industrial cooperation and development, and improving regional
innovation power. All regions regard the growth of high-tech
industries as the primary task, and in the final analysis, it is to
develop the economy. Beijing is the national political center,
cultural center and the engine of knowledge economy
development; Tianjin is an important industrial and commodity
base; Hebei province has unique natural resources and a relatively
complete industrial system, and has the most complete natural
endowment and economic foundation for developing regional
economic integration. No matter from the scope of regional
cooperation or the rational allocation of resources and
production factors, the formulation of Jing-Jin-Ji integration is
more appropriate. In the Jing-Jin-Ji, the coordinated economic
growth of the Bohai Rim region has become increasingly
prominent. It is need to strengthen the communication and
convergence of coordinated development in strategic planning,
industrial development, policies and regulations, deepen, infiltrate
and integrate regional industrial specialization, and promote the
formation of high-end, high-quality and high-tech industrial
structures. However, there are still some problems to be solved
in the stage of regional economic integration in Jing-Jin-Ji: obvious
differences in regional economic expansion in Jing-Jin-Ji, lack of
industrial division and cooperation, irrational industrial structure,

lagging growth of regional factor markets, and market barriers still
exists. Therefore, a correct understanding of the present situation
of regional economic integration in Jing-Jin-Ji is of great
significance for promoting the growth of Jing-Jin-Ji integration
(Lin and Meng, 2020). It is obviously not scientific to evaluate the
level of economic expansion in a historical period only based on the
clustering results of a certain time. To seek further development
and coordinate regional imbalances, China should also learn from
past experience. In addition, Jing-Jin-Ji is connected by mountains
and rivers, and there is also a foundation for integrated
development inside. Therefore, it can be said that the
harmonious growth of Jing-Jin-Ji integration has both external
impetus and internal motive force.

3.2 Fuzzy assessment model of regional
economy

To evaluate the coordinated development system of Beijing
Tianjin Hebei region, the focus is to extract specific manifestations
from the complex relationship. That is to find the main factors
influencing the statistical monitoring of the coordinated
development of Beijing, Tianjin and Hebei. In addition, it is
necessary to take full account of the independence of each factor
and maintain a clear hierarchy and interdependence of each factor.
Because the coordinated development of regional systems is not only
an economic problem, but also a deep-seated social and ecological
problem. Therefore, the target level is the level of regional coordinated
development, and the criterion level is composed of economic
subsystem, social subsystem and ecological subsystem. The
economic subsystem is mainly reflected in three aspects: economic
level, economic structure and economic extroversion: the social

FIGURE 1
The mechanism of industrial agglomeration’s influence on regional economic integration.
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subsystem is measured in terms of population development, science
and education level and infrastructure construction; the ecological
subsystem is measured in terms of resource utilization and
environmental protection. On the basis of the principle of
operability, the indicator layer selects some relatively typical
eigenvalues that can cover the indicator system and strives to
reflect the degree and problems of the collaborative development
process. The systematicness of the integrated development of regional
low-carbon economy mainly refers to the integration of technology,
system and management, and the deep integration of each other,
which constitutes a unique spatial ecosystem. First, technological
innovation is the basis and premise for the integrated development
of low-carbon economy, and also the basis for achieving carbon peak
and carbon neutralization. Only technological innovation can bring
about new ways of production and life, and promote the fundamental
change of production relations. The economic growth of a region can
not be separated from the support of industry. How to promote the
harmonious growth of Jing-Jin-Ji industries and improve the
industrial integration level of Jing-Jin-Ji is of great significance to
promote the regional economic integration of Jing-Jin-Ji. In fact, the
inter-regional input-output technology reflect the significance in
analyzing the input-output relationship among different regions,
but it needs a large amount of survey data and systematic
estimation, and its analysis results are mostly not ideal because of
its big assumptions. This article studies the regional economic
integration of Jing-Jin-Ji, so it is need to study Jing-Jin-Ji as a
whole region.

SDM (Supervised Descent Method) is a Supervised Descent
method, which is a Method to solve non-linear Least Squares
(NLS) problems. The gradient descent direction is learned from the
training data and the corresponding regression model is established,
and then the gradient direction is estimated using the obtained model.
Fuzzy cluster analysis is a mathematical method to classify things
fuzzy according to certain requirements when the boundaries between
things that need to be classified in mathematical analysis are blurred.
Let the set of n samples be:

x � {x1, x2, x3, . . . , xn} (1)
The characteristic data of each sample is expressed as:

xi1, xi2, xi3, . . . , xin( ) i � 1, 2, 3, . . . , n (2)
The fuzzy relationship between samples can be established by

calculating the similarity coefficient, correlation coefficient, distance
or other quantities representing similarity between samples, and
written in matrix form. Namely:

R �
x11 x12 x13 . . . x1n
x21 x22 x23 . . . x2n
. . . . . . . . .
xn1 xn2 xn3 . . . xnn

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
n×n

(3)

This fuzzy relationship is reflexive (γii � 1) and symmetric
(γij � γj1), but generally not transitive.

According to the fuzzy comprehensive assessment and regional
competitiveness assessment index system, the assessment model is
established. In order to obtain an optimal fuzzy classification, a
classification criterion is needed, the objective function is defined
as the weighted distance between the sample and the cluster center,
and the weighting coefficient is the q power of the membership

function of the sample. Therefore, the fuzzy clustering problem can
be described as the following optimization problem:

min J U,V( ) � ∑n
k�1

∑c
i�1

uq
ik dik( )2( ) (4)

s.t.∑c
i�1
uik � 1 k � 1, 2, 3, . . . , n( ) 0≤ uik ≤ 1 (5)

Among them, uik is the membership degree of the sample
belonging to the i class; V is the set of C cluster centers. When
q � 1, fuzzy clustering degenerates into hard C-means clustering. dik
represents the distance between the sample xk and the i cluster center,
which is defined as:

dik � xk − vi‖ ‖2A � xk − vi( )TA xk − vi( ) (6)
Where A is the positive definite matrix of P × P. When A � I, it is the
euclidean distance. Figure 2 shows the assessment map of Jing-Jin-Ji
low carbon economic integration.

Industrial agglomeration, industrial division of labor and
economies of scale are the dynamic effects of regional economic
integration. New spatial economics, new international trade theory
and industrial agglomeration theory show that the free flow of factors
caused by regional economic integration plays a key role in forming
industrial agglomeration and improving regional competitiveness.
After establishing the scope of index screening, the principle of
index screening should be considered. Due to the complexity and
diversity of socio-economic indicators, the following principles must
be followed when selecting indicators: (1) Objectivity. (2)
representativeness. (3) Comprehensiveness. (4) Independence. (5)
Comparability. (6) Availability. (7) Scientific. Because the core
elements of regional competitiveness should be based on regional
specialization economy and learning effect, the core elements of
regional competitiveness can be decomposed into three secondary
indicators: trading awareness, trading behavior and trading means.
The auxiliary elements of regional competitiveness are divided into
three indicators: government management ability, the relationship
between government and enterprises, and the degree of regional
openness. Through the analysis of the history and general situation
of the transformation of labor employment structure in Jing-Jin-Ji,
and the relationship between labor employment growth and economic
growth, this article finds that from the long-term trend, with the
growth of economy, the labor force in the primary industry will
continue to decline. The labor force in the secondary and tertiary
industries is constantly rising; The structure of the labor force
gradually tends to be reasonable. In this article, the “time distance”
between the two places is used to replace the economic distance
between cities in Jing-Jin-Ji urban agglomeration, that is, the time it
takes for the two cities to travel in a normal way. Therefore, the
function used to express the “economic distance” between cities in
Jing-Jin-Ji is as follows:

Fij � α pH + β pG (7)

Among them, the “economic distance” between Jing-Jin-Ji cities is
represented by Fij; The time it takes for the railway to travel between
two cities is expressed as H; The time required by the road between
two cities is G; α represents the weight of the transportation volume of
the railway transportation mode; β indicates the weight of freight
volume transported by road transportation. Among them:
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α + β � 1 (8)
Two groups of deviation variables d+j and d−j are introduced, which

respectively represent the positive and negative deviation between the
j-th target value and its expected target value. The objective function
of the objective programming is to find the sum of absolute values of
errors, namely:

e � min∑K
j�1

d+
j + d−

j( ) (9)

If the meaning of the error of each objective of the original
problem is different, then the linear weighted sum of the absolute
value of the error can be found, that is:

E � min∑K
j�1
λi d

+
j + d−

j( ) (10)

Where λi is the weight coefficient of the j target. To use the sum of
absolute errors as the objective function, the following constraints
should be considered:

fj X( ) + d−
j � d+

j + f*
j d+

j ≥ 0 d−
j ≥ 0 (11)

The weighted mathematical model of goal programming is:

min
X∈R

∑K
j�1

d−
j + d−

j( ) (12)

s.t.
fj X( ) − d+

j + d−
j � f*

j

d+
j , d

−
j , X≥ 0{ j � 1, 2, 3, . . . , k (13)

For the missing index values, this article considers the cluster
analysis of the complete index data of other provinces and cities
first, and then classifies them into the nearest category by the
nearest neighbor discriminant method according to the indexes
that are not missing. In this article, a wide range of assessment

indexes: MSE (Mean squared error), RMSE (Root mean square
error) and MAE (Mean absolute error) are used to test and analyze
the algorithm. Here are the specific formulas of these four
indicators:

MSE � 1
n
∑n
k�1

yk − y
�
k( )2 (14)

RMSE �
�������������
1
n
∑n
k�1

yk − y
�
k

∣∣∣∣ ∣∣∣∣( )2
√√

(15)

MAE � 1
n
∑n
k�1

yk − y
�
k

∣∣∣∣ ∣∣∣∣ (16)

Where yk is the actual value and y
�
k is the output value. In order to

adapt to different expected output modes, different network
structures are selected in the specific implementation stage of
the algorithm, and the corresponding training results are
obtained by training them respectively. Then, different training
results are analyzed and compared, and the most appropriate
training result is selected as the output result of pattern
classification.

4 Result analysis and discussion

4.1 Prediction and simulation of regional
economic expansion in Jing-Jin-Ji

With the help of Kernel density estimation and exploratory spatial
data analysis, this paper discusses the space-time characteristics and
evolution trend of per capita GDP in 157 counties in Beijing Tianjin
Hebei region from 2010 to 2017. If enterprises want to achieve
sustainable development under the rigid constraints of carbon
peaking and carbon neutralization, they must meet the latest

FIGURE 2
Assessment map of Jing-Jin-Ji low carbon economic integration.
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requirements of carbon emission reduction and improve the value of
carbon assets. Thirdly, institutions of higher learning and scientific
research institutions have the advantages of talents and technology to
provide technical support and intelligent support for the integrated

development of regional low-carbon economy; Financial institutions
can give play to the financial attribute of carbon, expand the scale of
investment and financing, and promote the coordinated development
of their industries. The continuous expansion of population will exert
great pressure on the growth of the whole society and even the whole
regional economy, directly affecting the sustainable growth of
population and economy, and thus related to the implementation
of the strategy of taking the lead in realizing modernization. Therefore,
accurately predicting the population size of Jing-Jin-Ji in the next few
years can provide a scientific basis for regional economic expansion
decisions and accelerate the growth of regional economy. In addition,
the CPI is an economic index that reflects the change of a country’s
consumer level, and it can indirectly reflect the price change of

TABLE 1 Errors of the algorithm.

Algorithm MSE RMSE MAE

Qualitative Evaluation 5.04 0.612 2.13

Quantitative Evaluation 6.07 0.637 1.94

Fuzzy control evaluation 4.64 0.513 1.29

FIGURE 3
MSE experimental results.

FIGURE 4
RMSE experimental results.
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consumer goods purchased by households in China. In this section,
the fuzzy assessment model of regional economy is used to predict the
growth of Jing-Jin-Ji economy, and the effectiveness of the algorithm
proposed in this article is verified. The errors of this algorithm are
shown in Table 1.

The development samples of Beijing Tianjin Hebei region were
sampled by random sampling without duplicate samples. Now the
algorithm in this article is compared with other algorithms, and the
error of the algorithm is analyzed. Firstly, 450 samples were randomly
selected, and several error indexes of different algorithms were drawn
respectively. The MSE comparison of different algorithms is shown in
Figure 3. RMSE comparison of different algorithms is shown in

Figure 4. The MAE comparison of different algorithms is shown in
Figure 5.

From the data analysis in Figures 3–5, this paper studies the results
of regional economic evaluation using SDM model. The analysis
results of SDM model show that economy and energy are the
causes of environment. Economic development has its own inertia,
and energy drives economic development; economic, energy and
environmental variables are interrelated in space. It is necessary to
properly handle the solid waste in time and be alert to the pollution
caused by waste gas and water. Compared with other algorithms, the
data results of MSE, RMSE and MAE of this algorithm are impressive.
The algorithm has small error and good performance.

FIGURE 5
MAE experimental results.

FIGURE 6
Comparison of recall rates of different models.
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In this article, in order to eliminate the error of distance
measurement caused by index correlation, several irrelevant factors
must be summarized from the data, which requires factor analysis of
the data. Before factor analysis, the data should be standardized to
eliminate the influence of index dimension and magnitude. In this
article, the standard score method is selected to standardize the data.
After the experiment, the recall rates of different models are compared
as shown in Figure 6. Comparison of F1 values of different models is
shown in Figure 7.

In this article, the input-output model can be used to make various
investment-related calculations, simulate investment policies, and
provide scientific basis for formulating investment policies. The
fund occupancy matrix table and the fund occupancy coefficient
need to be solved. When building a dynamic input-output model,
the fund occupancymatrix and fund occupancy coefficient are another

important tool to establish the dynamic relationship between
investment and total output. A dynamic input-output model can
also be established to directly link investment with production.
This requires the model to have certain accuracy. Table 2 and
Figure 8 show the comparison of accuracy of different models.

According to the above analysis results, when the training times
are reached, the training is terminated. It is found that the accuracy of
this algorithm is higher than other algorithms. In fact, fuzzy control
rules are a set of multi-conditional statements, which can be expressed
as fuzzy relations from the input variable Universe to the output
Universe. The fuzzy control rules in this article consist of 28 sentences,
which express the fuzzy relationship between core competitiveness
elements and auxiliary competitiveness elements to regional
competitiveness. The fuzzy control assessment of regional economy
is applicable to the assessment of regional economic growth of various
economic regions, provinces and cities with rapid growth of network
economy. The running efficiency of different algorithms is shown in
Table 3 and Figure 9.

In order to verify the reliability of the method, many experiments
are carried out in this section. The final experiment shows that the
accuracy of the proposed algorithm is high, reaching 95.14%.
Moreover, the algorithm has higher efficiency and better
performance. The results show that the fuzzy control assessment
algorithm of regional economy can well predict the growth of Jing-
Jin-Ji economy.

On the whole, the commonness is that the spatial distribution of
per capita GDP in the counties of Beijing, Tianjin and Hebei shows a
high concentration with Beijing, Tianjin, Tangshan and Langfang as
the core. The county economic growth in the Beijing Tianjin Tangshan
region is still dominant, and the spatial pattern has not changed for
many years. And the counties with high and low concentration are
mostly distributed around the Beijing Tianjin Tangshan area, showing
a typical “center periphery” spatial structure. The spatial
agglomeration pattern of most counties in central and southern

FIGURE 7
Comparison of F1 values of different models.

TABLE 2 Accuracy of the model.

Iterative index Accuracy

350 87.655

375 86.915

400 88.046

425 83.958

450 85.527

475 87.761

500 91.811

525 91.966

550 91.734

575 95.694
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Hebei is not significant, and the radiation and driving role of
Shijiazhuang as the provincial capital city is not significant. The
economic growth pole that radiates the central and southern Hebei
has not been formed, and the positive spatial spillover effect on the
surrounding areas is not significant. The spatial pattern of low and low
concentration areas is relatively stable. On the one hand, it is affected
by its own economic foundation, resource endowment, location
conditions and other factors. On the other hand, it is also related
to the rapid development of the surrounding county economy. In
general, the economic growth among counties in Beijing, Tianjin and
Hebei is still uneven, and the gap between counties in Hebei Province
and Beijing and Tianjin is still large. The spatial spillover pattern with
Beijing Tianjin Tangshan region as the core and spreading to the
periphery still appears. As the provincial capital, Shijiazhuang has not

yet formed a space spillover to the surrounding areas, and it still needs
a long way to become the third pole of economic growth in Beijing,
Tianjin and Hebei.

4.2 Jing-Jin-Ji low carbon economic
integration strategy

Technological innovation is the forerunner and prerequisite for
the integrated development of regional low-carbon economy, among
which regional system integration is one of its development trends. On
the basis of technological innovation, based on the innovation and
breakthrough of single carbon emission reduction technology, such as
carbon capture technology, carbon utilization technology, etc.,
regional system integration of multiple technologies is gradually
developed, which provides the basic conditions for the integrated
development of regional low-carbon economy. While forming
technology integration, it also forms system integration,
management integration, etc. to realize the integrated development
of regional low-carbon economy. After the overall regional planning
forecast is completed, the specific implementation is the problem of
regional coordinated development. Regional coordinated
development is a complex social system engineering. On the basis
that all parties in the region have the same Scientific Outlook on
Development, it is the primary task of regional coordinated
development to determine the development countermeasures. How
to base on the actual situation of Jing-Jin-Ji, focus on the requirements
of future development, and realize coordinated development in all
aspects of spatial integration, industrial integration and market
integration is an important breakthrough for Jing-Jin-Ji to upgrade
its development level and level in the future. The experimental results
in the previous section show that the fuzzy control assessment
algorithm of regional economy proposed in this article can well

FIGURE 8
Accuracy of different models.

TABLE 3 Operating efficiency of the algorithm.

Transaction set Operational efficiency

350 0.259

375 0.269

400 0.268

425 0.253

450 0.244

475 0.285

500 0.28

525 0.317

550 0.39

575 0.335
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predict the growth of Jing-Jin-Ji economy. Based on the results of the
model’s prediction and simulation of Jing-Jin-Ji low carbon economic
expansion, this section puts forward some suggestions on the
development strategy of Jing-Jin-Ji low carbon economic
integration, as follows:

(1) Jing-Jin-Ji is a community of interests, and it was formed under
the conscious and organized guidance of the governments of the
three places. Therefore, it is necessary for the three governments
to make unified planning and deployment for the future growth of
Jing-Jin-Ji. The specific planning will play a positive role in
promoting the regional economic growth of Jing-Jin-Ji because
of the implementation and formulation of the strategy, which is
the need of enriching the people and strengthening the region, the
major problem facing Jing-Jin-Ji, and the need of ensuring the
rapid growth of the region.

(2) To realize regional economic integration, it is need to integrate the
development goals of each region and form a consensus on the
goals. The goal is to realize the equalization of basic public services
in Jing-Jin-Ji, and pursue social equity. Among them, improving
the consciousness of changing the appearance of economically
backward areas is the foothold to solve the problem of unbalanced
regional economic expansion; Strengthening opening to the
outside world is an important way to solve the problem of
regional economic imbalance; Strengthening the economic
exchanges among different regions is the catalyst to realize the
coordinated development among regions.

(3) We must fundamentally solve the contradiction between
economic expansion and ecological environment, realize the
ecological transformation of economic expansion, and change
the mode of economic expansion is the key. In addition, in order
to break the geographical division, it is need to establish a unified
and open human resources market and an open human resources
market system in Jing-Jin-Ji.

(4) The economic growth of Jing-Jin-Ji should also be included in the
long-term planning of national economic expansion, and this area
should be considered as an economic whole. Although the effect of
economic expansion will not be too obvious in a short period of
time, its development direction should at least meet the general
requirements of “Theory of Three Represents” and building a
well-off society in an all-round way, and promote multi-level
alliance to seek common development.

(5) Finally, in order to adapt the informatization construction to the
economic expansion, the state needs to actively adjust the
informatization development strategy; Increase investment,
improve policy guarantee and other measures, promote the
“leap-forward” growth of informatization, and promote the
growth of regional economic integration in Jing-Jin-Ji.

(6) According to the requirements of the state, the development
differences of cities in the Jing-Jin-Ji should be clearly defined,
and the advantages of cities in each region should be
complementary, mutually beneficial and win-win and
coordinated. Give full play to the advantages of capital
resources and talent information; Plus Tianjin’s port
advantages and industrial development advantages; Combining
with the own conditions of manufacturing industry and labor
force in Hebei Province, we should form a reasonable division of
labor, define the development orientation of the three places, and
form a complete economic expansion zone.

The carbon emissions of energy consumption in Beijing,
Tianjin and Hebei have continued to increase with the
expansion of economic scale, and they have not yet been
completely decoupled. Hebei’s higher carbon emission growth
rate than Beijing and Tianjin hinders the rise of the level of
coordinated regulation. Energy intensity and industrial structure
upgrading synergy both curb carbon emissions in Beijing, Tianjin
and Hebei. Capital efficiency promotes carbon emissions in Beijing,

FIGURE 9
Running efficiency of different algorithms.
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while curbing carbon emissions in Tianjin and Hebei. In addition,
labor productivity is an important intermediary factor in Beijing
and Hebei, and economic growth is an important intermediary
factor in Tianjin. This shows that the supply factors in Beijing,
Tianjin and Hebei indirectly affect carbon emissions mainly by
affecting labor productivity and per capita GDP. The rapid growth
of labor productivity is not conducive to controlling the peak time
of Beijing Tianjin Hebei. Regulating the rise of capital efficiency is
an important path to improve the level of coordinated emission
reduction in Beijing Tianjin Hebei. It is not only conducive to
reducing carbon emissions in the three regions, but also can fill the
gap in emission reduction. The need to improve energy efficiency
and adjust the scale and flow of capital is an important path for
Beijing and Hebei to achieve high-quality carbon peak.

5 Conclusion

The comprehensive growth of Jing-Jin-Ji urban agglomeration has
become a national strategy, and its importance is self-evident. At present,
the most important thing to promote the integrated growth of Jing-Jin-Ji
is to promote the regional economic integration of Jing-Jin-Ji. Based on
this, this article studies a fuzzy control assessment algorithm of regional
economy combined with SDM model, and analyzes the influencing
factors of Jing-Jing-Ji cluster on regional economic integration.
Moreover, this article constructs a new index system of regional
economic competitiveness with dual spatial integration characteristics,
and gives a fuzzy assessment method and control rules after widely
collecting statistical data and soliciting expert opinions, thus forming an
operational regional economic assessment system. With this model, the
regional economic expansion forecast of Jing-Jin-Ji is realized, and then
the regional economic integration strategy of Jing-Jin-Ji is put forward.
The establishment and application of Jing-Jin-Ji low carbon economic
integration model is a scientific exploration. It not only makes the basic
data accurate and complete, but also makes the relevant models easy to
systematize, and enables scientific methods to be based on reliable data. It
ensures the advanced research methods and the feasibility of the research
results, and provides a way for the research of other regional economic
integration. The final experiment shows that the accuracy of the proposed
algorithm is high, reaching 95.14%. Moreover, the algorithm has higher
efficiency and better performance. The results show that the fuzzy control
assessment algorithm of regional economy can well predict the growth of
Jing-Jin-Ji economy. This study is expected to further promote the
integrated growth of Jing-Jin-Ji and promote the adjustment and
optimization of China’s economic structure. It is believed that with the
strengthening of Beijing’s urban functions, the further construction of
Tianjin Free Trade Zone and the expansion of the new district, Jing-Jin-Ji
urban agglomeration is expected to become a brand-new high-quality
economic growth pole in the north.

The system proposed in this paper still needs to be improved step
by step, and is subject to the continuous test of regional economic
practice. Although the evaluation time of each batch of fuzzy control is

only a few seconds, more decision groups are still needed to realize it.
The direction to be improved in the future mainly includes: the
realization of online evaluation and the realization of group
decision support system. Expansion of evaluation and weighting
method library. Construction of template library; How to realize
automatic knowledge acquisition. For example, using artificial
neural network, genetic algorithm support vector machine and
other methods.
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Introduction: Issuance pricing is an important part of the operation of the securities
market. Its pricing is directly related to the interests of issuers, investors and
underwriters, as well as the regulatory and resource allocation functions of the
securities issuance market. When the industry expectations vary greatly, the
company has greater TMT heterogeneity. When the market expectation gap
expands, the possibility of risk conversion increases. IPO underpricing occurs in
stocks of developed countries, developing countries and emerging countries.
Because the issuer and the underwriter investors have different information, for
example, the information advantage of the underwriter will bring risks to investors
when purchasing IPO shares. IPO underpricing is a compensation for the risks
brought by information asymmetry.

Methods: At present, little attention has been paid to how the value of listed
companies affects the underpricing of intellectual property. This paper will fill in
this gap and empirically study the impact of management ability of senior
management team on IPO underpricing. Therefore, starting from the Chinese
stock market, this paper studies the evidence of vertical parallel executives,
heterogeneity of senior management team and IPO underpricing.

Results: The average values of NCSKEW (C1) and DUVOL (C2) were −0.301 and
−0.203, respectively, which were close to the descriptive statistics of the study.

Discussion: The dependent variable data in this paper has certain reliability. The
minimum value of NCSKEW is −0.361 and themaximum value is 0.392, indicating that
the fragmentation risk of different stocks is relatively high.

KEYWORDS

vertical concurrent executives, TMT heterogeneity, IPO underpricing, low carbon economy,
China’s stock market

1 Introduction

Whether enterprises can take a low-carbon development path depends mainly on financing
guarantee and technology research and development level. Because in the process of economic
transformation from “high carbon” to “low carbon,” enterprises must eliminate backward
equipment and technology and adopt new equipment and technology that meet the
requirements of low carbon economy. This requires enterprises to have huge funds as the
backing to maintain the continuous capital investment in new equipment and new technology.
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How to improve the efficiency of financing in a variety of ways to
achieve high output at the lowest possible cost of capital is a practical
problem faced by all low-carbon enterprises. China’s carbon trading
pilot policy is expected to be effective and flexible in reducing carbon
emissions by encouraging low-carbon innovation. Based on the
sample of selected enterprises, Qi et al. analyzed the impact of this
pilot policy on low-carbon innovation using a difference model, and
conducted a series of robustness tests to confirm the results. Compared
with the traditional and historical intensity distribution methods, the
results of this study show that the low-carbon innovation degree is
significantly greater when using the benchmark method (Qi et al.,
2021). Therefore, the financing efficiency of listed companies in the
low-carbon economy sector is a topic worthy of study. Low carbon
economy is a new form of economic development, which has been
widely recognized. Whether China’s economy can successfully
transform depends to a large extent on the development of relevant
enterprises, and the start of enterprise development is financing. The
transition from private ownership to public ownership through listing
(i.e., IPO or IPO) has attracted the attention of academia. Because the
company faces governance, strategic and financial challenges and
changes in obtaining favorable valuations from the stock market.
This is especially true for family businesses, which leads to the growing
interest of family business scholars in this topic. Wang et al.
systematically reviewed the existing research on family business
IPO and evaluated the latest technology in this field (Wang et al.,
2022). In the process of economic transformation from “high carbon”
to “low carbon,” enterprises must abandon outdated equipment and
technology and stay with new equipment and technology that meet the
requirements of low carbon economy. This process puts forward very
high requirements for the amount of capital of enterprises. Financing
activities are the starting point of enterprise financial activities. The
uncertainty and information asymmetry surrounding the company’s
initial public offering often make it difficult for potential investors to
identify the value of the enterprise, thus leading to the company’s
initial public offering underpricing. Based on the signal theory, Liu
et al. studied the role of organizational reputation in the company’s
initial underpricing. We analyzed 463 IPO companies in China from
2010 to 2016, and found that the two dimensions of corporate
reputation, known for quality and overall popularity, were
significantly negatively correlated with the IPO underpricing of
companies. In addition, we find that investors’ attention plays an
intermediary role in the negative relationship between corporate
reputation and the company’s IPO underpricing (Liu et al., 2020).

The vertical concurrent appointment of executives is a vertical
connection between major shareholders and managers, and its
influence is mainly manifested in the following two aspects: first,
from an agency theory, the vertical part-timers of the company can
enhance the major shareholders’ confidence in the company. The
intensity of supervision makes it difficult to cover up negative
information under larger external supervision, thereby reducing the
risk of stock prices falling, which is a “supervision effect”; better
control of listed companies by shareholders is also beneficial to the
private interests of major shareholders, while major shareholders
concealing negative information in order to hollow out small
shareholders will increase the risk of stock market collapse, which
is the “hollowout effect”; of course, it may also be because the major
shareholders assign the company’s management personnel to the
company, so that the interests between the major shareholders and
the entrusted company can bemore coordinated, so that the hollowing

out of the small shareholders can be reduced, which is the so-called
“exploitation” Empty Effect”. Exactly which effect plays a dominant
role is unknown. Differences in TMT background characteristics such
as age, tenure, education level, and functional background reflect
differences in TMT values, cognitive attitudes, skills, and risk appetite,
and ultimately lead to different corporate behaviors and
organizational outcomes. From the existing research results, the
heterogeneity of TMT background characteristics has an important
impact on strategic change, corporate performance, and whether to
use corporate venture capital. In the development process of the
modern market economy, as an important part of the modern
financial system, the capital market is an effective means of
resource allocation. China’s economic model involves active
government intervention in the financial market. Brunnermeier
et al. developed a theoretical framework in which intervention
measures can prevent market collapse and volatility explosion,
because short-term investors are unwilling to trade with noise
traders. In the case of information friction, the government can
change the market dynamics, because the noise in its intervention
plan becomes an additional factor driving asset prices (Brunnermeier
et al., 2022). Sreenu et al. studied whether the use of accounting
conservatism in India reduced IPO underpricing, which is a concern of
stakeholders and regulators. In addition, this study also examined how
information asymmetry affects the meaning of IPO accounting
conservatism (Sreenu et al., 2022). Therefore, this paper proposes a
research on vertical concurrent executives, TMT heterogeneity and
IPO underpricing—evidence from China’s stock market. It is of
practical significance to improve the efficiency of the financial
market and its impact on the stock market is also of great research
value.

The IPO price is jointly determined by the listed company and the
underwriter of the shares. As it is the first public offering of the
company, there is no experience of the company’s stock issuance and
the relevant stock trading price as a reference. Therefore, the
determination of IPO price depends on the market forecast of the
issuing company and underwriter, as well as the evaluation and
judgment of investors. From the practice of issuing in various
countries, it is common that the IPO price is moderately lower
than the listing price in the secondary market. This is due to the
unique information asymmetry in IP0 issuance in the stock market
and the uncertainty risk compensation for the issuance waiting period.
However, if the difference between the IPO price and the price on the
first day of listing in the secondary market is too large, the rationality
of IPO pricing is not tenable. A more successful IPO should be priced
at the highest price that investors can tolerate. This means that issuing
enterprises can raise the maximum required funds through the stock
market. If the issue pricing is too low, causing a large issue
underpricing, it indicates that the pricing is unsuccessful and
unreasonable. In recent years, the government has been working
hard to introduce institutional investors. The purpose is to stabilize
the market by introducing institutional investors, so that institutional
investors can use the large amount of funds in their hands and their
professional capabilities to diversify their investments. Compared with
individual investors, they have more positive market effects, so the
government has formulated a series of policies to create a good
investment environment for institutional investors. Hasan et al.
evaluated the relationship between accounting conservatism and
stock underpricing in a highly asymmetric information
environment. The results show that there is no significant
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relationship between conservatism and no price reduction in the initial
and secondary stock issuance. Other research results also show that in
the case of asymmetric information, there is a positive relationship
between conservatism and underpricing in the initial and secondary
issuance (Hasan et al., 2021). The vertical concurrent appointment of
the company’s top managers is a relationship arrangement, which
reflects the vertical connection between the company and the
company, and the main problem in corporate governance is the
relationship between the major shareholders and the management.

The research innovation contribution lies in the integration of data
mining algorithm and regression equation algorithm to determine the
heterogeneity of senior management team and IPO underpricing. It
verifies the impact of investors in China’s secondary market on IPO
underpricing. In China, the phenomenon of “underpricing” of new
shares is directly caused by the enthusiasm, irrational optimism and
speculation of investors. The differences of risk tolerance of senior
management teammembers are analyzed. The results show that, in the
case of expectation gap, compared with the executive team with less
tenure heterogeneity, the executive team with greater tenure
heterogeneity from different perspectives and different perspectives
has a deeper understanding of expectation gap. And may deal with the
impact of the expected gap more quickly. The more heterogeneous the
tenure of the senior management team is, the more likely the
enterprise is to quickly take risk change actions to cope with the
impact of the expected gap. When faced with expectation gap,
companies with large difference in TMT education level are more
likely to take risk changes to deal with it.

This paper empirically studies the impact of executive team
management ability on IPO underpricing. Section 1 is the
introduction. This part mainly expounds the research background
and significance of China’s stock market, and puts forward the
research purpose, method and innovation of this paper. Section 2
mainly summarizes the relevant literature, summarizes the advantages
and disadvantages, and puts forward the research ideas of this paper.
Section 3 is the method part. Combining scientific algorithms, it
focuses on vertical parallel executives, TMT heterogeneity and IPO
underpricing. Section 4 is the experimental analysis. In this part, the
data set is tested and the research results are analyzed. Section 5,
conclusions and prospects. This part mainly reviews themain contents
and results of this study, summarizes the research conclusions, and
points out the direction of further research.

2 Related work

At present, most of the researches on the financing of listed
companies in the low-carbon economy sector are about the
financing forms of these enterprises, which are lack of
systematicness. Due to the high dependence of low-carbon
enterprises on capital, and China’s capital market is not strong and
effective. Therefore, it is necessary for low-carbon enterprises to spend
energy to improve financing efficiency in order to achieve the goal of
maximizing enterprise value. From the perspective of resource
dependence and upper-level theory, Li examined how TMT’s IPO
restructuring (i.e., management changes before and after IPO) affected
the company’s performance in the years after IPO. This point is
studied from the perspective of functional complementarity of TMT,
that is, the degree of different functional knowledge that the
company’s TMT has mastered before and after IPO. The study

believes that TMT’s functional complementarities have a positive
impact on the company’s performance after IPO. In addition, the
administrative discretion positively regulates this relationship through
the measurement of CEO duality and TMT’s internal board
membership (Li, 2022). Heo and Ryoo investigated whether the
issuer’s accounting reporting attributes would affect the initial
return of Korean emerging market bond issuance. The empirical
results show that, generally speaking, the initial return of newly
issued bonds is often negative (overpriced). More importantly, the
degree of over pricing is positively related to the level of conditional
accounting conservatism, which indicates that accounting
conservatism alleviates information asymmetry in public debt
financing (Heo and Ryoo, 2021). At this stage, the underwriter
contacts investors who are willing to book new shares without
price restrictions to understand their demand plans. They
believe that in the pre underwriting stage of this IPO,
information that is very important for underwriters to
determine the issue price and maximize the overall income of
the company can be obtained. The problem is how to encourage
those investors who have more and more accurate information to
truly reflect in the IP0 promotion stage. In order to avoid free
riding, underwriters are likely to allocate shares and finally
determine the issue price. Take certain measures to ensure that
investors who are willing to truthfully reflect their information can
obtain greater expected returns than those who are unwilling to
truthfully reflect their information. One of the implicit meanings of
this model is that the issue price will certainly be lower than the
equilibrium price determined by the total market demand, so as to
ensure that those investors who are willing to reflect the real
demand information can obtain income.

When the information among investors is asymmetric, the effect
of information superposition may occur. In order to avoid
encountering the “winner’s curse,” the uninformed will understand
the purchase intention of other investors before subscribing. When the
voice of giving up buying is getting louder and louder, people with
information will also doubt whether their information is true, and
eventually waver. This is the so-called negative information
superposition effect. Assume that emotional investors have
optimistic beliefs about the future prospects of IP0. For the
downward sloping demand curve of emotional investors, the
purpose of the issuer is to rescue their consumer surplus as much
as possible. The flooding of the stock market will reduce the stock
price, so the best strategy involves controlling the total amount of
stocks. The purpose is to prevent the stock price from falling. Finally,
the real value of the stock will be displayed naturally and the price will
return to the basic value. The IPO prospectus is an important
document available to investors. It allows investors to understand
the company. When the closing price of the initial public offering
(IPO) is higher than its issuing price on the first trading day, IPO
underpricing will occur. If investors know whether IPOs may be
undervalued, they can obtain considerable returns by subscribing to
those undervalued IPOs and selling shares on the first trading day
(Tsui and Li, 2021). Eugene Y’s research shows that such a
management and social bond formed by vertical concurrent
positions is a kind of social capital for subordinate companies, and
this bond can promote information exchange, mutual influence and
mutual solidarity (Eugene and Horowitz, 2022). Accounting
conservatism (AC) is one of the components of financial reporting,
which has been widely studied by academia to determine its impact on
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information quality. Accounting scholars have begun to explore how
AC relates to different basic functional areas of organizations. Bhutta
et al. examined 408 AC related index publications. The objectives of
this work include identifying the main authors, literatures and
journals, analyzing the regional distribution, scale and evolution of
the knowledge base, exploring the current literature and academic
structure, and highlighting contemporary trends (Bhutta et al., 2021).
Lee et al. examined the relationship between the heterogeneity of TMT
composition and corporate performance. Tissue relaxation is regarded
as a regulatory variable affecting the above mediation
relationship. Based on the CSR report data of Taiwan listed
companies, we find that the heterogeneity of TMT education
background and tenure has a negative impact on corporate
performance, which is mediated by the greenhouse gas emission
strategy (Lee et al., 2021). Ormiston et al. bridged the micro macro
gap by addressing the continuous appeals from the strategic
leadership, and influenced researchers to check the black box to
consider the relationship between CEO characteristics and TMT
emotional experience, thus affecting the company’s results. We
further consider the role of a key contextual factor in this
relationship: TMT heterogeneity. We predict that CEO’s
personality, especially emotional stability, is positively related to
TMT’s emotional tone (Ormiston et al., 2022). Li and Jones used
the concept of population fault line to study the dynamics of TMT
subgroups, but the impact of TMT fault line on competitive behavior
and performance results has not been well proved. In order to gain a
deeper understanding, we developed amodel that links TMT fault line,
CEO-TMT power gap, competitive behavior and enterprise
performance (Li and Jones, 2019). Su et al. examined the impact of
TMT participation in decision-making and heterogeneity on
management innovation. The research found that TMT
participation in decision-making and heterogeneous individuals
jointly promoted management innovation. In addition, the
influence of TMT participation in decision-making is positively
regulated by the company’s age, while the influence of TMT
heterogeneity is negatively regulated by the company’s age. This
research provides insights for the top management team on the
importance of management innovation, and enriches the
knowledge of the antecedents of management innovation (Su et al.,
2022). Singh and Gupta studied the function and educational
heterogeneity of TMT. Research the relationship between TMT
quality and IPO listing date performance through the funds raised
(Singh and Gupta, 2018). Yang et al. used the institutional theory for
reference to explore the relationship between Chinese family
participation, government relations and IPO underpricing.
Compared with previous literature, we found that IPO
underpricing of Chinese family firms tends to be lower than that of
non-family firms. In addition, we found that the political relationship
of family members enhanced the negative relationship between family
participation and IPO underpricing. In contrast, state ownership
alleviates these relationships (Yang et al., 2020). There are
competing theoretical explanations and conflicting empirical
evidence for the phenomenon of IPO underpricing of family firms.
Kotlar et al. proposed a behavioral agent model with aversion to the
loss realization logic to explain how the decision-making framework
and preferences of household owners change during the IPO process,
which depends on the initial loss of the current SEW and the new
expectations of the future SEW (Kotlar et al., 2018).

The above-mentioned scholars have told a lot about vertical
concurrent executives, TMT heterogeneity and IPO underpricing,
but basically they only talk about one aspect. Therefore, from the
perspective of China’s stock market, this paper uses its related
algorithms to describe the vertical concurrent positions of
executives, TMT heterogeneity and IPO underpricing, and lay the
foundation for the future financial stock market.

3 Methodology

At present, China’s traditional financial institutions generally have
the phenomenon of homogeneous competition, and the innovation
ability is relatively weak. As a new business, low-carbon economy
related business objectively requires financial institutions to innovate
business operation mode and develop new green financial instruments
under the premise of risk control. Therefore, “Low carbon economy”
Development also provides opportunities for relevant financial
institutions to innovate and develop. As the goal of developing a
low-carbon economy matures, more and more financial institutions,
enterprises and even private capital are involved in the field of carbon
finance. This is an accelerator for financial institutions to improve
their innovation capabilities. While financial institutions can improve
their profits and competitiveness through continuous innovation, high
profits will also stimulate innovation of the same kind. This will form a
virtuous circle, thus To promote the continuous development of low-
carbon economy, financial institutions will better meet the needs of
society through financial innovation.

3.1 Analysis of the influence mechanism of
senior executives’ vertical concurrent jobs

The management ability of top management team is an abstract
concept of supervisors. The senior management team is the strategic
formulation and implementation layer of the enterprise, responsible
for the organization and coordination of the whole enterprise, and has
great decision-making power and control power over the enterprise
management. Some variable data measuring teammanagement ability
are easy to obtain, such as relevant variable data of team composition
characteristics. The management ability of the senior management
team, that is, the team members rely on their own experience,
knowledge, skills and resources. The ability to manage the business
operation and achieve the business objectives. With Vertical
concurrent appointment of executives is a vertical connection
between major shareholders and the company. It can reduce the
risk of a company’s stock market collapse from the following two
aspects: First, on an agency issue, vertical concurrent appointments of
managers can make major shareholders better monitoring of
management also makes it harder for management to cover up
negative information, thereby reducing the risk of a company’s
stock price crashing in the future, a “surveillance effect.” Second,
on the second agency issue, the vertical concurrent management of
management is a vertical connection between the major shareholder
and the company, which can reduce the contradiction between the
major shareholder and the minor shareholder, and also reduce the
major shareholder’s influence on the company. Hollowing can also
reduce the cover-up of negative information about the company,
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thereby reducing the company’s future stock crash risk, reflecting the
“less hollowing effect” on top managers.

3.1.1 Test the “supervision effect” hypothesis
Based on the hypothesis of “supervision effect”, a hypothesis based

on the first agency theory is put forward, that is, the vertical concurrent
appointment of the company’s top managers can enhance the
company’s monitoring ability, reduce the company’s internal
interests, reduce the bad information within the company, and
then Reduce the risk of a company’s stock price falling. On the
basis of the hypothesis of “supervision effect,” it can be concluded
that when an agency problem of the company becomes more and
more serious, that is, when the top management conceals self-interest
such as bad information, the vertical concurrent management of the
management as a means of supervision by major shareholders, its
“supervision effect” will be more obvious.

3.1.2 Test the hypothesis of “less hollowing effect”
The theory of “less hollowing effect”mainly starts with the type of

agency conflict. The hypothesis of “less hollowing effect” refers to a
vertical relationship between the company’s top managers and the
company, which allows top managers to have a certain influence on
the decision-making of major shareholders, and also can affect the
interests of major shareholders and the company. Bundled together, so
as to avoid the loss of large shareholders hollowing out the company. If
executives are concurrently held vertically, the risk of stock declines
can be reduced because it can reduce the cost of hollowing out large
shareholders.

If the second type of agency conflict is more serious, that is, the
ability to supervise large shareholders is weak, large shareholders are
likely to hollow out small shareholders, causing the stock market to
plummet. If the second type of proxy conflict is milder, that is, the
major shareholders can get more supervision and restraint, then the
major shareholders are more likely to want to empty their shares,
thereby reducing the risk of the stock price falling. That is to say, if
vertical concurrent executives can reduce the risk of a company’s
stock collapse, then the risk of stock price declines with vertical

executive concurrent appointments is mainly concentrated in those
second-tier companies with larger agency conflicts. In addition,
executive support can improve the implementation of enterprise
management practices by promoting employee authorization,
establishing incentive mechanisms and enhancing communication
between functional departments. A scientific and fair performance
quantitative assessment system is needed to truly evaluate the work
performance of each employee objectively and impartially, so that
each assessment, reward and punishment can be based on, and
provide a basis for further staff reduction and efficiency increase. The
incentive mechanism of quantitative performance assessment can
further enhance the incentive function of internal distribution, and
adapt to the needs of modern enterprise downsizing and efficiency
enhancement. At the same time, the results of quantitative
performance appraisal are not only reflected in material
distribution, but also in non-material distribution. Such as
training opportunities, honors, promotion opportunities, laid-off
diversion, etc. In order to give more effective play to the
incentive role of quantitative performance assessment and
stimulate the ability of every employee, the enterprise is full of
vitality and vitality.

Low carbon procurement corresponds to the enterprise’s low
carbon strategy, aiming to meet the low carbon demand of
products. The implementation of low-carbon procurement must
fully consider the requirements of manufacturing and R&D
departments. The low carbon attitude of senior executives is
conducive to the communication and collaboration between multi-
functional departments, and can ensure the effective implementation
of low-carbon procurement. The low carbon attitude of senior
executives makes the requirements for low carbon management
clearer, and will strengthen the sharing of knowledge and
technology related to low carbon management with suppliers.

The vertical concurrent role of senior executives will enhance the tax
avoidance motivation of enterprises. According to the tunneling theory of
large shareholders, the vertical concurrent role of senior executives
improves the control power of large shareholders, provides
convenience for large shareholders to seize or transfer enterprise
resources, and causes the loss of enterprise cash resources. Tax
avoidance by enterprises can directly save tax payment and increase
the disposable cash flow of enterprises. The vertical concurrent role of
senior executives will expand the tax avoidance space of enterprises. On
the one hand, the vertical concurrent role of senior executives has
aggravated the agency problem and the degree of information
asymmetry, providing opportunities for tax avoidance activities of
enterprises; On the other hand, the vertical concurrent tenure of
senior executives has also improved the ability of management to
avoid taxes, making it more difficult to supervise them.

3.2 Theoretical analysis of TMT

3.2.1 The regulatory role of TMT age heterogeneity
The experiences of peers are often the same, and this shapes their

perceptions and beliefs. But young managers are more likely to make
risky decisions because “trying out new, unprecedented strategies” can
help them build their authority and reputation, which in turn can
advance their careers. Older managers tend to avoid risky decisions for
the following reasons: first, they have a strong ability to protect their
financial and job security; while older managers often lack the analysis

FIGURE 1
Theoretical testing model.
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and processing of information to adapt to changing circumstances.
Therefore, the age difference of TMT also increases whenmaking risky
decisions.

In the case of differences in expectations, although TMT has a
large age heterogeneity and can help avoid extreme risk aversion and
extreme risk appetite, the multiple perspectives and perspectives it
provides can also help TMT better understand expectations difference.
However, since TMT members vary widely in their risk tolerance,
TMT can be highly divided in responding to expectations differences,
making it difficult for TMT to reach consensus, leading companies to
adopt risky behavioral changes in response to expectations difference.
Generally speaking, the greater the environmental heterogeneity, the
higher the complexity of the system. Therefore, it is a commonly
adopted control method to reduce the impact of environmental
heterogeneity on the system by improving the system’s
environmental adaptability and response speed to changes in
environmental conditions. In the project, the project manager uses
available resources to balance the factors that restrict each other.

3.2.2 Moderating role of TMT tenure heterogeneity
Tenure is the length of time that a specific individual works in a

specific enterprise, and it represents the accumulation of individual
professional and organizational-related knowledge. TMT members
with shorter tenures bring different perspectives and different logics to
explain events. Therefore, when tenure heterogeneity is large, TMT is

more likely to see the world in different ways, which helps TMT to
deeply dissect a specific problem or objective phenomenon, and
ultimately have a positive impact on the enterprise.

The enterprise will change its innovation behavior under the
condition of expectation gap. Specifically, enterprises will increase
their R&D intensity. Considering that the change actions taken by
enterprises to solve performance problems are more or less risky. The
expectation gap is positively increasing the possibility of enterprise’s
risk taking change behavior. In the expectation gap situation,
compared with TMT with less tenure heterogeneity, TMT with
different perspectives and diverse viewpoints with large tenure
heterogeneity have a deeper understanding of the expectation gap
and may respond more quickly to the shock of the expectation
gap. The greater the heterogeneity of TMT tenure, the more likely
firms are to take risky change behaviors quickly in response to the
shock of the expectation gap.

3.2.3 Themoderating effect of TMT educational level
heterogeneity

The heterogeneity of TMT education is manifested by the
heterogeneity of TMT educational background and educational
level. Although everyone in TMT is highly educated, this does not
necessarily bring competitive advantages to the company. The reason
is that the same cognitive structure and mind map make it impossible
for TMT to conduct business search in an innovative way, thus causing

TABLE 1 Commonly used financial data.

Method Illustrate

Sales multiple method Compare the total market capitalization between businesses to the sales ratio. The biggest advantage of this approach is that sales are always
positive, while non-EBIT companies have negative EPS.

EBIT multiple By comparing the ratio of total assets to EBIT among enterprises, it is found that EBIT will not have any impact on the company’s profits, and
can more accurately reflect the operating conditions of the company.

Customer number multiple Compare the ratio of the total assets of the business to the number of customers. This approach is also valid for certain industries where
market share is critical. In these industries, customers can bring long-term stable income to the company.

TABLE 2 IPO offering mechanism.

Mechanism Illustrate

Cumulative bids The issue price of new shares is determined by the underwriter, mainly based on recommendation, targeting institutional investors, collecting
demand at different price levels, establishing market records, drawing demand curves, adjusting the issue price, and obtaining a reasonable
issue price. During this period, the stock company has the right to freely distribute the shares.

Fixed price mechanism Under normal circumstances, the underwriters do not have the right to allocate shares, but subscribe at a certain price. The stock price of a
stock company is determined by the professional quality and professional experience of the stock company.

Auction mechanism This is a highly market-oriented sales method, usually divided into three types: uniform price auction, differential price auction and “dirty”
auction. Underwriters will sort according to the effective subscription price, and the subscription amount subscribed is equal to the issue price,
which is The effective price, above which the bid is won. The so-called uniform price auction means that the effective price is the issue price of
the “new stock".

TABLE 3 Comparison of general initial income of IPO pricing mechanism.

Determination of issue price

Before getting information After getting the information

Underwriter’s Power Underwriters cannot decide for themselves Fixed price public offering (27%) Auction method (12%)

Underwriters can decide for themselves Fixed price allows placement (37%) Bookkeeping method (9%)
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TMT to fall into a state of “groupthink”. In sharp contrast, the
diversity of TMT in terms of cognitive perspectives, information
sources, and capabilities enables TMT to scan the business
environment in an all-round way and formulate innovative solutions.

In the situation of expectation gap, TMT with large educational level
heterogeneity can effectively avoid “groupthink,” and can understand and
deeply interpret the expectation gap frommultiple cognitive perspectives,
which helps TMT realize the reflection behind the expectation gap, which
in turn increases the possibility of companies implementing change-
response behaviors under the condition of expectations gap. This means
that TMT with greater educational level heterogeneity will have a
relatively higher propensity to engage in risk-taking activities. To sum
up, it can be speculated that when faced with a gap in expectations,
companies with greater heterogeneity in TMT education levels are more
likely to respond by taking risky changes.

3.2.4 Moderating role of TMT functional background
heterogeneity

The functional background has a great influence on the cognitive
basis of managers, and its inherent meaning is: sensitivity to specific
stimuli, priority awareness of opportunities, interpretation of tasks,
discussion of tasks, and promotion of the company’s competitiveness.
preference. Heterogeneity in functional context can capture managers’
skills and available network resources, while greater heterogeneity in
functional context can lead to skills, abilities, open-mindedness,
broader networks, and greater capacity for complex problems.
Provide creative solutions.

In the expectation gap situation, although the large functional
background heterogeneity promotes TMT understanding of the
expectation gap, there are serious differences in the risky change
behaviors that TMT members with different functional backgrounds
may take in response to the expectation gap. This kind of disagreement
hinders the cohesion and effective decision-making of the TMT, which
makes it difficult for the TMT to reach a consensus on which risky
change behaviors to take, and ultimately reduces the possibility of
enterprises adopting risky changes to deal with the gap in expectations.

The theoretical test model of this paper is shown in Figure 1.

The difference in tenure and age hinders the communication between
team members and the effective allocation of resources, which limits the
growth of the enterprise. Therefore, it is better to choose members with
small differences in age and tenure, so that everyone can have discussions
at the same level. At the same time, communication between members is
more smooth, reducing communication costs. Teams with highly
heterogeneous professional backgrounds can obtain more external
resources, diversified skills and practical theoretical knowledge.
Problems can be examined and analyzed from various perspectives to
effectively improve the quality of decision-making. Gender heterogeneity
has a significant positive correlation with corporate performance, and
coordinating gender differences in teams can not only improve team
efficiency. It is also conducive to the male and female management to give
full play to their talents. Team building cannot be separated from an equal
and free corporate culture.

3.3 Theories related to IPO underpricing

3.3.1 Theoretical model of IPO pricing
The discounted earnings model is used to estimate the market

value of a business, which is discounted based on the future cash flow
of the business and the future value of the business. Due to the
different assumptions about the company’s future cash flow, the
earnings discount model can be subdivided into a cash flow
constant model, a stable growth model and a multi-stage growth
model.

① Cash flow constant model: in this model, it is assumed that the
cash flow of some enterprises is very stable and will not change over
time. It is F assumed that the company’s constant income cash flow
every year after the company V0 ‘s issuance is the company’s
market value at the beginning of the stock issuance, the company’s
market value after Vn the n year, and r the company’s cost of
capital. Then the cash flow constant model can be expressed
by Eq. 1:

V0 � F∑n
t�1

1

1 + r( )t +
Vn

1 + r( )n (1)

If it is assumed that the company can operate for an unlimited
number of periods and generate constant income cash flow stably
every year, it is shown in Eq. 2:

T0 � F

r
(2)

② Stable growth model: in the stable growth model, it is considered
that the future cash flow of the enterprise is F not static, but
changes at a stable and constant growth rate every year g, then the
stable growth model is shown in Eq. 3:

H0 � F1

r − g
(3)

③ Multi-stage growth model: in many cases, the company’s cash
flow is not as simple as the above two models assume, neither static
nor changing at a steady growth rate. A model that meets the
assumption of this simple case can be expressed by Eq. 4:

FIGURE 2
Main methods of data mining.
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K0 � ∑n
t�1

Ft

1 + r( )t +
Fn+1

1 + r( )n• r − g( ) (4)

Selecting low carbon suppliers is the simplest way to achieve
low carbon emissions in the supplier sector. However, large-scale
supplier replacement may affect the flexibility of the enterprise, and
the cost, quality, innovation and other objectives of the enterprise
may be adversely affected. Work with suppliers to reduce carbon
emissions as a better option. Low carbon collaboration with
suppliers mainly refers to the design of low carbon management
behavior. Enterprises directly participate in the carbon
management of suppliers. Reflect the high degree of vertical
integration between enterprises and suppliers, help to improve
the utilization rate of new low-carbon technologies of both sides,
and enhance the confidence of enterprises in low-carbon
investment. Therefore, low carbon collaboration with suppliers
will help enterprises implement low carbon procurement.
Discounted profit models are theoretically the most accurate for
valuing a business if an accurate forecast of the company’s future
cash flows can be made. However, most of the companies financing
in the capital market are in the early stage of development or growth
stage, there are huge risks and potential growth space, so it is
difficult to accurately predict the company’s future cash flow.

3.3.2 Price-earnings ratio pricing model
The price-earnings ratio pricing model is actually a way of

estimating the value of a company by comparing financial data.
Commonly used financial indicators include price-to-book ratio,
EBIT multiple, sales revenue multiple, and customer number
multiple. Among the many financial sources, the most common
method to use the price-earnings ratio as a way to assess the value
of a new stock is a public company. When using the price-earnings

ratio to evaluate the market value of a new stock, the price-earnings
ratio of the listed company must be valued first, and then the market
value of the listed company must be estimated by multiplying the
estimated price-earnings ratio by the expected earnings of the listed
company. When using the financial data comparison method to
estimate the intrinsic value of new shares, the financial data often
used are shown in Table 1.

3.3.3 IPO offering mechanism
To study and analyze IPO issues, it is also necessary to

introduce concepts such as IPO offering mechanism and its
evolution at home and abroad, especially in China. IPO offering
mechanism has always been considered an important factor
affecting IPO underpricing.

The IPO offering mechanism is usually a transaction mechanism
for selling shares to investors, which includes the whole process of IPO
pricing, issuance and sale to investors. Chemmanur et al. analyzed the
relationship between venture capital (VC) support and the quality of
senior management team (TMT) during the initial public offering
(IPO) of the company, and the impact of VC support and TMT quality
on its post IPO business performance growth and IPO company
valuation, using the manually collected data from a large number of
start-up company listing samples (Chemmanur et al., 2021). Ichikohji
et al. investigated how the performance of start-up companies in the
period before the initial public offering (IPO) was affected by the
macro environment. The study found that the average time from
entrepreneurship to IPO is relatively long for companies operating in a
favorable economic environment. This may be because the favorable
economic environment and improved business conditions have
stimulated startups that have been taking a wait-and-see attitude
(Ichikohji et al., 2022). Its purpose is to avoid information
asymmetry in the IPO market, ensure the information disclosure of

FIGURE 3
The basic process of data mining.
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IPO issuers, and effectively reduce the underpricing rate. There are
three widely used IPO offering mechanisms, as shown in Table 2.

Generally speaking, the fixed price method does not price through
the market mechanism, lacks an effective price discovery process, and
the subjective judgment ability is in the dominant position, but the
procedure is simple and can save the cost of issuance. The general
initial income levels of the above three pricing mechanisms are shown
in Table 3.

3.4 Data mining

For the collection of Chinese stock market data, data mining
technology needs to be used. The data mining method is shown in
Figure 2.

The basic process of data mining is shown in Figure 3. The system
use case diagram is shown in Figure 4. The steps in the process are
described as follows.

(1) Preparatory stage: This stage includes defining problems,
understanding objects, collecting data, etc., collecting internal
and external data related to enterprise objects, and filtering out
data suitable for data mining. It is necessary to have a clear
understanding and clear purpose of the problem to be solved,
which is of great help to the subsequent knowledge evaluation and
analysis. And this step is also the most time-consuming,
accounting for about half of the entire data mining.

(2) Preprocessing: including data cleaning, compression,
transformation, etc. Investigate the quality of the data in order
to prepare it for further analysis and determine the type of mining
operations.

(3) Data mining: Data mining includes the design and modeling of
algorithms. In data mining, how to construct an analytical model
suitable for mining algorithms is crucial to the success or failure of
data mining.

(4) Follow-up work: This stage includes interpreting, outputting,
evaluating, analyzing and using the results, and interpreting
and evaluating the results. The analysis methods it adopts are
generally based on data mining operations, and often use
visualization techniques. Data visualization is a scientific and
technological research on the visual representation of data. The
visual representation of this data is defined as information
extracted in a summary form, including various attributes and
variables of corresponding information units. The process of
representing the data in a large dataset in the form of graphics
and images, and using data analysis and development tools to
discover the unknown information therein. Compared with
special technical methods such as stereo modeling, data
visualization covers a much wider range of technical methods.
The data visualization in this paper is displayed by understanding
the line graph of the trend program.

When designing normalized database logic, appropriate rules for
breaking normalization should also be considered. The so-called data
model optimization is to determine the dependencies between data
and eliminate redundant links in the relational model. In research, it
can be further studied by algorithms, as shown in Eqs 5–8.

H X( ) � −∑R
r�1
p Xi( )I Xi( ) � −∑r

r�1
p X( )logp Xi( ) (5)

E E( ) � − p

p +N
log

p

p + n
− N

p +N
log

N

p +N
(6)

E Ei( ) � − pi

pi +Ni
log

pi

pi + ni
− Ni

pi +Ni
log

Ni

pi +Ni
(7)

E A( ) � ∑R
R�1

Pi +Ni

p +N
E Ei( ) (8)

Therefore, the corresponding algorithm formulas are proposed
according to the properties as shown in Eqs. 9, 10.

E Ei( ) � −∑c
j�1

Pij

Ei| | log
Pij

Ei| | (9)

E A( ) � ∑v
i�1

Ei| |
E| | E Ei( ) (10)

3.5 Model design

Using the regression equation, as shown in Eq. 11.

Rj,t � αj + β1Rm,t−2 + β2Rm,t−1 + β3Rm,t + β4Rm,t+1 + β5Rm,t+2 + εj,t

(11)

1) Negative return skewness coefficient NCSKEW, as shown in
Eq. 12.

NCSKEWj,t � − n n − 1( ) 3 /2∑W3
j,t

n − 1( ) n − 2( ) ∑W2
j,t( ) 3 /

2
(12)

FIGURE 4
System use case diagram.
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2) The upper and lower volatility ratio DUVOL of yield, as shown in
Eq. 13.

DUVOLj,t � log
nu − 1( )∑downW

2
j,t

nd − 1( )∑upW
2
j,t

(13)

In the part of heterogeneity analysis of institutional investors,
according to their shareholding characteristics, that is, whether they
can show the stability of time and industry dimension in the
shareholding of relevant listed companies, dummy variables are set
according to the heterogeneity, and by comparing the current year’s
shareholding ratio with The ratio of the standard deviation of the
shareholding ratio in the previous 3 years is compared with the
median of the industry in the current year. If it exceeds the
median, the value is 1, representing a stable type; if it is less than
the median, it is 0, representing a transaction-oriented institutional
investor, as shown in the Eq. 14 shown.

SDn,t � INVHnt

STD INVHnt−3, INVHnt−2, INVHnt−1( ) (14)

The structure of the securities market is undergoing significant
changes, that is, from the past individual investors as the main body to
institutional investors as the main body. The fund has fallen into the
risk of decentralized investment, and the structure has changed.
Therefore, the mainstream operation behavior of institutional
investors has undergone significant changes. As one of the largest
institutional investors in the market, the shares held by funds have
changed from relatively centralized to relatively decentralized. The
reduction of shareholding concentration indicates that the funds are
not more concentrated in one or several stocks than in the securities
market. Instead, it adopts a decentralized strategy to invest funds
evenly or relatively evenly in each fund portfolio. This can also be seen
from the following analysis of shareholding quantity.

The reconstructed illiquidity index, Amihud, is used as an index to
measure the stock liquidity risk in this paper, and Eq. 15 is obtained.

Amihud � 1
N

∑N
t�1

rt| |
Qt/108 (15)

4 Result analysis and discussion

This paper collects IPO underpricing, TMT, senior executives’
vertical part-time jobs and other relevant data from IPO prospectuses
of listed companies in China’s A-share market and other databases.
The sample is composed of 550 companies listed in China’s A-share
market from 2011 to 2019, using a stepwise linear regression method
with appropriate control variables. The business model of low-carbon
industry development is relatively new and needs a large amount of
funds to support it. It is necessary to vigorously explore various
financing channels and ways. The government should encourage
and support the listed companies on the main board, small and
medium-sized board, GEM and science and technology innovation
board to actively carry out low-carbon business, develop low-carbon
economy and provide strong capital support. The government can also
encourage companies to go public and issue bonds to carry out low-
carbon business by lowering the listing standards and bond issuance

FIGURE 5
Overall distribution of variables.

FIGURE 6
Year-by-year statistics of the mean values of key variables.
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standards. At the same time, energy conservation and emission
reduction enterprises can issue corporate bonds, medium and long-
term bills and short-term financing bonds to obtain financial support
from the bond market. Strong financial support can expand the scale
of the carbon financial market. Stata15.1 software was used to
descriptive statistics of the samples, followed by the mean,
minimum, maximum and median of the research variables and
control variables in this paper, and the overall distribution of the
variables was observed, as shown in Figure 5.

It can be seen from Figure 5 that the mean values of NCSKEW (C1)
and DUVOL (C2) are −0.301 and −0.203, respectively, which are close to
the values of the descriptive statistics studied. The dependent variable data
in this paper have certain reliability. The minimum value of NCSKEW
is −0.361 and the maximum value is 0.392, indicating that the degree of
dispersion of the crash risk of different stocks is relatively large. Another
indicator DUVOL (C3) also has the same situation, which also shows that
this paper studies its influencing factors. necessity. Regarding the liquidity
risk indicator Amihud (C4), the minimum value is 0.063 and the

maximum value is 0.097, indicating that the scale of Chinese listed
companies has a large difference.

It can be seen from Figure 6 that the average value of NCSKKEW
and DUVOL has a relatively large fluctuation range, reaching the
lowest point in 2015 and 2012, indicating that the probability of a
relatively stable crash risk in the stock market is small. Subsequently,
the risk of stock crashes in 2017 and 2018 increased sharply, and the
Shenzhen and Shanghai indexes fell by more than 24% in 2018.
China’s stock market has been hit hard by the 18-year-old Sino-US
trade war, and at the same time, a rise in the illiquidity factor value
means a drop in stock liquidity. In 2019, as the impact of the trade
dispute dissipated and the domestic economy recovered, the risk of a
stock market price crash and the resulting volatility in liquidity.

By constructing the function of the key variable system and using
the regression equation, the dynamic search of the optimal evaluation
scheme is carried out under the premise of dimension direction and
multi-objective constraints. It can be seen from Figure 7 that the
overall fluctuation of the regression equation is relatively minimum,

FIGURE 7
Error comparison chart of the algorithm.

FIGURE 8
P1 value of simple stock market resource results.
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and the error value is basically within 1, indicating that the numerical
error effect of this method is the best. BP network estimation
algorithm and genetic BP network estimation algorithm have the
highest error fluctuation and data sparsity. Therefore, the two
evaluation schemes are different from the regression equation.

In the experiment process, in order to observe different data sparse
degrees of applying different algorithms and observe their effects, this
paper selects 70%, 50%, 30%, and 10% from all data sets as test data sets,
and the rest are used as training data sets. That is, when 70% of the data
is randomly selected as the test data, it means that the remaining 30% is
used as the training set for the test set data, and the same is true for 50%,
30%, and 10%. In addition, within the range of the difficulty value of 0.6,
the stock market resources are divided into simple stock market
resources and complex stock market resources, and a comparative
study of the recommendation effects of different types of stock
market resources is carried out, as shown in Figures 8, 9 shown.

It can be seen from Figures 8, 9 that with the continuous reduction of
the test set ratio, that is, the continuous increase of the training set ratio,
the recommendation accuracy of the data mining algorithm in the simple
stock market resources and the complex stock market resources is
generally better than other methods. Four algorithms. Specifically,
when recommending simple stock market resources, the P1 value is
8.6% higher than the other four algorithms as a whole, and can reach
0.888 when the test set is 10%; when recommending complex stock
market resources, the P1 value is higher than the other four algorithms.
These algorithms have an average improvement of 5.6%, reaching 0.958 at
10% in the test set. The above results show that the datamining algorithm
is effective in increasing the recommendation accuracy and improving the
recommendation results, ensuring a higher recommendation accuracy.

5 Conclusion

This paper confirms that there is a positive relationship between the age
heterogeneity of senior management team and innovation output
performance. The career background heterogeneity of senior
management team tenure heterogeneity has a positive relationship with
innovation process performance. There is a weak positive correlation
between the heterogeneity of senior management team’s professional
background and innovation output performance. The age heterogeneity,

occupational background heterogeneity, gender heterogeneity, professional
background heterogeneity and tenure heterogeneity of senior executives in
high-tech enterprises have a stronger impact on enterprise innovation
performance. The results verify the impact of investors inChina’s secondary
market on IPOunderpricing. InChina, the enthusiasm, irrational optimism
and speculation of investors directly led to the phenomenon of
“underpricing” of new shares. The greater the power of senior
executives, that is, their vertical part-time positions will have a greater
impact on the risk of future stock collapse of the company. The
management ability of the senior management team is positively related
to the market valuation of the enterprise. Excellent managers enhance the
value of the enterprise. The management ability of the top management
team has a demonstrative effect on the enterprise value, and a good
management team can act as the value signal of the enterprise. Transfer
the real value of the enterprise to outsiders, and reduce the degree of
information asymmetry of the enterprise in the stockmarket, thus affecting
the valuation of investors and reducing IPO underpricing. However, in
reality, there are also many different performance feedback. When faced
with different performance feedback, how the heterogeneous TMT will
explain, and what kind of risk changes or what kind of behavioral risk
changes need to be further explored in future research.
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The digital economy and
corporate credit risk: An empirical
study based on Chinese new
energy enterprises

Min Su*†, Yu Duan*† and Yifan Cui

College of Economics and Management, Taiyuan University of Technology, Taiyuan, China

The integration of digital technologies is exhibiting an upward trend in Chinese
enterprises, and the degree of corporate credit risk is directly proportional to their
financial sustainability. Based on panel data of new energy enterprises from
2012 to 2020, this article makes an empirical study on the direct effect,
mediating effect, and moderating effect of the digital economy (DE) on the
new energy enterprises’ credit risk. It is found that the digital economy could
significantly mitigate the credit risk of new energy enterprises by improving total
factor productivity and amplifying the potential default cost. When the digital
economy affects corporate credit risk, the development of the new energy
industry acts as an intermediary, and knowledge spillover acts as a moderator.
Furthermore, considering knowledge spillover as the threshold variable, the digital
economy has a double-threshold effect. The marginal impact fluctuates from
dropping to increasing as the knowledge spillover level increases. As for the
region’s heterogeneity, the digital economy has benefited eastern China more
than central and western China, possibly due to the differences in economic
structure, capital intensity, and policy institutions. In view of these findings, this
study provides a reference for China to mitigate corporate credit risk in the digital
economy era.

KEYWORDS

digital economy, credit risk management, knowledge spillover, new energy enterprises,
KMV model

1 Introduction

As one of China’s seven emerging strategic industries, the new energy industry has
distinct development advantages. Characterized by low consumption, low emissions, and
low energy pollution, the production model of the new energy sector satisfies the
fundamental criteria for environmental protection and low-carbon development (Chen,
2011). To achieve the “double carbon” goal, the new energy industry becomes the
mainstream direction of future growth for China’s energy industry (Zhang and Qian,
2023). Meanwhile, it pertains to an industry that is capital- and technology-intensive. The
industrial chain is extensive and comprises numerous sectors. Other businesses in the chain
will then have a more significant promotional effect. Therefore, the degree of new energy
industrial development has become an essential indicator of a country’s or region’s level of
green innovation. However, China’s new energy industry is still in its initial stages of
transformation and is exposed to a variety of risks, including credit risk, which is
progressively gaining attention.
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In the era of the digital economy, new energy enterprises are
presented with the historic opportunity and challenge of
incorporating green transformation with economic growth. Some
advanced companies have significantly increased green product
innovation due to the integration of digital technologies (Cioacă,
et al., 2020; Jones and Wynn, 2021). According to some earlier
studies, the digital economy may impact new energy firms’
performance through three paths (Zhou et al., 2022). The
primary objective is to enhance the effectiveness of resource
allocation (Nascimento et al., 2018). Data has evolved into a
critical component of manufacturing. Its distinct value and
function have increased total factor productivity. By integrating
data with diverse production activities, the digital economy reshapes
new energy firms’ production and working modes and realizes the
intelligent linkage of the supply and service chains (Li and Wang,
2022). For instance, digital trading platforms circumvent the
limitations of traditional sales models, allowing new energy
enterprises to optimize their production processes and design
unique solutions and marketing strategies in response to market
demand (Qi and Xiao, 2020). Such a business logic increases the
marginal utility of customers and promotes the accurate distribution
of production factors (Fu et al., 2020). The second objective is to
broaden the innovation-driven impact. Digital technologies
encourage resource conservation and green production and help
address crucial technology constraints (Heo and Lee, 2019). In this
sense, the digital economy can effectively enhance an organization’s
capacity for technological innovation and ground-breaking
invention. The third objective is to transform new energy
industries digitally. The increased usage of digital technologies
constantly generates new industrial growth points, providing
tremendous force for the long-term development of new energy
enterprises (Jabłoński, 2018). Besides, scholars also investigate how
the digital economy impacts enterprise business models (Tan et al.,
2007), organizational structures (Nuryaman, 2015), governance
mechanisms (Gopalakrishnan and Mohapatra, 2020), Etc.

Although the digital economy has empowered enterprises to
grow sustainably, issues such as the monopoly of Internet giants, the
herding effect, the siphoning impact, and information security
exacerbate economic instability and negatively influence the
development of enterprises. Therefore, there needs to be more
concrete evidence concerning the effect of the digital economy
on mitigating corporate credit risk. However, whether the digital
economy contributes to reducing corporate credit risk? What is the
system that allows it to function? What regional peculiarities does
the impact of the digital economy have on the credit risk of new
energy enterprises? The responses to these questions serve as a guide
for decision-making entities. These are also essential for policy
implementation and offer theoretical and empirical
considerations for developing China’s digital economy.

The marginal contributions of this paper are as follows: Firstly,
this study aims to integrate the digital economy and corporate credit
risk into a unified research framework and examine the
mechanisms, thereby contributing to the relevant literature.
Secondly, this paper uses the Gaussian mixture model and
constructs an iterative process to determine the value of the
company’s assets. This enhances the accuracy and versatility of
the KMV model for calculating the credit risk of new energy
companies. Thirdly, this study demonstrates the geographical

heterogeneity of the effect of the digital economy. Eastern China
has benefited from the digital economy more than central and
western China, which may be related to variations in economic
structure, capital intensity, and institutional frameworks for
policymaking.

The remaining sections of this work are as follows. Section 2
presents a literature review. The hypotheses are proposed in Section
3. Section 4 outlines the empirical methods and the data. Section 5
includes empirical evidence on how the digital economy affects the
credit risk of new energy firms. Section 6 contains conclusions and
policy implications.

2 Literature review

The digital economy has arisen as a new economic paradigm due
to the rapid expansion of the information and communication
technology industry. It is also a recent main economic activity
after agriculture and industry (Pan et al., 2022). According to the
“White Paper on the Development of China’s Digital Economy
(2021),” China’s digital economy reached RMB 39.2 trillion in 2020,
an increase of 9.7 percent annually. In comparison, GDP growth was
only 2.3% in the same year. The digital economy continues to
develop swiftly, even though the COVID-19 epidemic has
dramatically impacted enterprises’ sustainable development and
interrupted the national economy’s smooth operation (Ding,
2020; Ding et al., 2021). Against this background, the adoption
of digital technology may assist in overcoming the limitations of
crucial technologies, hence accelerating the digital transformation of
the new energy business. In the field of R&D, digital carriers create
favorable conditions for the rapid circulation and accurate
distribution of production factors, which improve production
efficiency by shortening production time and reducing the costs
of operation and maintenance (do Amaral Burghi and Hirsch,
2020). In terms of transportation, AI technology can be
employed to discover the optimal solution for the transit and
storage of new energy based on the intelligent algorithms of
machine learning (Dong et al., 2020). Machine vision technology
may be used to complete dynamic evaluation and real-time
monitoring and eliminate the interference caused by exceptional
items during energy transportation (Zhou et al., 2016). Regarding
marketing, the digital trading platform built using cloud computing
and blockchain technology has effectively reduced the information
imbalance between supply and demand. Therefore, new energy
enterprises are empowered to base personalized solutions on the
value orientation of customers (Tang et al., 2021). In terms of
supervision, the digital twin technology completes mapping all
elements between physical objects and virtual models, thus
creating a high-fidelity digital world for the new energy industry.
Then, the prediction and extrapolation of industrial activities can be
carried out from various perspectives (Liu et al., 2018). The
abnormal working cycles can be detected in time by comparing
the digital model’s virtual evaluation results with the entity
industry’s actual measurement results, guiding the attentive
monitoring of the industrial process (Sarkis et al., 2020).

Regarding the evolutionary causes of corporate credit risk,
scholars have published a great deal of literature. Enterprises’
internal and external environments have been discussed in
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numerous ways. External factors such as changes in the macro
environment, the evolution of social networks, and policy
uncertainty can disrupt the production and operations of
businesses and impact their credit risk levels. For instance, the
onset of the financial crisis has severely hindered the normal
functioning of international markets, diminished global consumer
demand, and placed companies in financial distress, significantly
increasing the likelihood of credit risk occurring (Lu et al., 2012).
Social networks’ impact on enterprises’ solvency is most evident in
debt financing and R&D expenditures. The greater the social
network, the stronger the financing capacity of the company and
the quicker the growth of R&D expenditures (Horton et al., 2012).
Moreover, economic policy uncertainty can lead to increased
business risks, decreased investment conversion rates, and cash
shortages, all of which can hinder a company’s capacity to repay
its loans and increase its credit risk (Chodnicka-Jaworska, 2022).
From the firm’s internal environment perspective, some academics
have investigated the impact of enterprise credit risk based on their
own situational factors. Capital structure, equity position, and
company size will influence corporate credit risk (Boubakri et al.,
2013; Zhang and Zhang, 2016). In addition, promotion incentives
can indirectly affect corporate credit risk by controlling the risk
appetite of executives (Kini and Williams, 2012).

3 Theoretical hypothesis

3.1 Digital economy and corporate credit risk

In the existing literature, many studies explore corporate credit
risk factors from the perspectives of solvency and willingness
(Bharadwaj, 2000; Peng and Ye, 2011). This study also adopts
these two dimensions to examine the connection between the
digital economy and corporate credit risk. Regarding solvency,
digital technology has gradually permeated all facets of industrial
activity, presenting businesses with a new technology paradigm that
has challenged their initial production methods and management
structures (Jing and Sun, 2019). The digital economy can improve
total factor productivity (TFP) through economies of scale and scope
(Wang K K et al., 2020). On the one hand, the digital economy has
clear network externalities. When a specific number of consumers is
reached, enterprises can cut their average costs through bulk
transactions, uniform procurement of raw materials, and dilution
of R&D expenses. Subsequently, the profits generated by economies
of scale can be distributed (Erdem et al., 2016). On the other hand,
the diffusion of digital technology has lowered the information
threshold for economic activities, broadening the sales coverage
of products and promoting the low-cost development of diverse
businesses (Hart and Moore, 1994). The economy of scope provides
the industry with diversified products and services that satisfy long-
tail demand and adds value to the core business. Besides, from the
standpoint of the enterprise management, the collaboration tools
provided by digital technology allow data to flow efficiently, securely
and completely, thus bridging the digital divide between different
departments. In this way, enterprises are activated to eliminate
redundant organizational layers, for the construction of a
networked and flat organizational structure (Jacobides et al.,
2018). When companies are confronted with a complex and

ever-changing environment, greater decision-making efficacy can
significantly decrease business risks and improve their viability and
competitiveness (Adner, 2017). This is conducive to preventing
credit risks resulting from poor decisions.

Willingness to pay the debt is the subjective attitude of a firm
toward defaulting on a debt service contract while having the
financial resources to do so. It is related to the opportunistic
behavior of enterprises (Abeler et al., 2014). According to the
reputation mechanism theory, a company’s reputation will be
proportional to its future earnings. If an adverse event, such as a
penalty, damages a company’s reputation, it will leave an indelible
imprint that will negatively impact its future profitability. The digital
economy has spurred the fast growth of online social media. The
information distribution is no longer restricted by time or distance.
It not only makes it easier for creditors and regulators to oversee
management, but its potent public opinion governance and
information transmission capabilities will make it difficult for
businesses to conceal bad information and raise the cost of
default (Zhu et al., 2020). Consequently, rational enterprises are
forced to improve information transparency and fulfill their debt
repayment obligations to avoid the spread of negative public
opinion. Moreover, solvency can influence an enterprise’s
willingness to service debt. Some research suggested that firms
with superior solvency pay more attention to their corporate
reputation, which means they will keep a perfect image by
favorably repaying loans for long-term growth (Gino et al.,
2009). Therefore, the digital economy can indirectly raise
enterprises’ willingness to service debt by enhancing their
solvency (Tadelis, 1999). In conclusion, the following hypothesis
is offered in the present study:

Hypothesis 1 (H1): The digital economy can significantly mitigate
the credit risk of new energy companies.

3.2 The moderating role of knowledge
spillover

As the driving force behind new energy industrial growth shifts
from low-cost factors to high-value-added innovation, knowledge is
acknowledged as an efficient supplement to traditional element.
Some studies concluded that the Internet has contributed to
enriching the dissemination of knowledge and breaking the
temporal and spatial boundaries of knowledge diffusion, thus
permitting the large-scale circulation of intellectual elements
(Baldwin et al., 2011). Through the geographical effect of
knowledge spillover, some enterprises with sophisticated digital
technologies have, to a certain extent, stimulated other
enterprises in the same region to improve the integration and
adoption of digital technologies. Therefore, the process of digital
transformation is accelerated (Zhao and Li, 2011).

There are two primary manifestations of the moderating effect
of knowledge spillover in the connection between the digital
economy and the credit risk of new energy firms. First,
knowledge spillover has an innovation effect. Under regional
innovation systems, external factors and accumulated innovation
resources and conditions influence each region’s innovation
production (Fu, 2009). As regions are gradually absorbed into
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labor and capital division networks, knowledge and technology
spillover channels are created to facilitate interregional
collaboration and exchange. Furthermore, the closer geographic
proximity between regions increases the likelihood of regional
knowledge spillover (Mao, 2019). During the digitization process,
a greater degree of knowledge spillovers is advantageous for
decreasing R&D costs, boosting innovation output, and
addressing the technical needs of new energy firms.
Consequently, knowledge spillover improves organizations’
solvency via innovation-driven benefits, thus lowering corporate
credit risk. Second, knowledge spillover promotes the release of the
agglomeration effect of the digital economy. As the core intellectual
element that determines the competitive advantage of enterprises,
tacit knowledge is highly ambient, contextual, and abstract (Hidalgo
and Hausman, 2009). It can only be disseminated through face-to-
face communication (Spender and Grant, 1996). Then, for the quick,
precise, and cost-effective acquisition of new knowledge, enterprises
will cluster around sources of knowledge spillovers voluntarily
(Aydogan and Lyon, 2004). The innovation and business
environment that the digital economy has created, meantime, can
encourage companies to innovate more effectively and take
advantage of intellectual resources, which is essential for the
industrial chain to deepen and grow (Shen et al., 2022).
Therefore, the higher the level of knowledge spillover, the greater
the likelihood that regional new energy firms would experience the
collective positive effect of knowledge spillover and the digital
economy (Hong and Fu, 2011). This has played a driving role in
reducing the credit risk of new energy companies. In summary, the
current investigation proposes the following hypothesis:

Hypothesis 2 (H2): Knowledge spillover can positively moderate
the effect of the digital economy on the credit risk of new energy
firms.

3.3 The mediating role of new energy
industrial development

The upstream and downstream transmission effect of the
enterprise is the linchpin of their development process (Garrido

and Okhrati, 2018). The digitization of supply, production, and
marketing management necessitates close cooperation between
upstream and downstream businesses. Otherwise, the digitization
of individual companies may reduce communication and
coordination efficiency rather than improve them (Aghion et al.,
2015). For instance, the digital transformation of an enterprise’s
supply chain management system entails not only an investment in
digital software and personnel but also the digital entry and
administration of the enterprise’s raw material procurement. If
the pertinent raw materials and product information is entered
solely by this enterprise, the cost will inevitably be substantially
higher (Acemoglu and Restrepo, 2018). Therefore, concurrent
development of the industry chain will reduce the friction
between upstream and downstream enterprises in digitalization
and decline the cost of supply chain management system
application for enterprises, which contributes to the improvement
of the solvency of new energy businesses, hence reducing corporate
credit risk. The framework depicted in Figure 1 can be derived from
a summary of the study’s hypotheses regarding the relationship
between the digital economy, knowledge spillover, and enterprise
credit risk. In summary, the following hypothesis is proposed:

Hypothesis 3 (H3): New energy industrial development mediates
the link between the digital economy and the credit risk of new
energy businesses.

4 Methodology and data

4.1 Variables definition

4.1.1 Dependent variable
Risk management methods are commonly used to evaluate and

decrease credit risk (Antràs et al., 2012). This study analyzes
corporate credit risk utilizing the KMV model, which is based on
the Black and Scholes (1973) and Merton (1974) option pricing
models. To verify the stability of the KMV model, Kurbat and
Korablev (2002) analyzed the financial data of tens of thousands of
US enterprises over a decade. They discovered that the curve of
expected default probabilities generated by the KMV model might

FIGURE 1
The theoretical framework of the digital economy, knowledge spillover, and corporate credit risk.
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closely resemble the actual default probabilities. Since enterprise
stock prices were considered, Cheng and Chu (2020) demonstrated
that the KMV model was more sensitive and accurate than other
approaches. In accordance with the Merton model’s assumptions,
the equity is equivalent to a European call option with the debt value
as the strike price and the asset value as the underlying, which should
be assessed using the following equations:

E � VN d1( ) − De−rtN d2( ) (1)
EσE � N d1( )VσA (2)

d1 �
ln V

D + r + 1
2σ

2
A( )t

σA

�
t

√ (3)
d2 � d1 − σA

�
t

√
(4)

In these formulas, E represents the enterprise’s equity’s market
value, V denotes the enterprise’s asset’s market value. D indicates the
face value of debt, r reflects the risk-free rate of return, N( ) stands for
the cumulative distribution function of normal distribution, σA
measures the underlying asset’s volatility,; σE symbolizes the
equity’s volatility. Using Eq. 5, the KMV model converts the
values of enterprise equity and debt into an implied default
point. The distance to default (DD) is then calculated using Eq. 6:

DP � SD + 0.5 p LD (5)
DD � E V( ) − DP

E V( )σA
(6)

WhereDP represents the default point, SD denotes the face value of
short-term debt, and LD reflects the face value of long-term debt. As
DD increases, the enterprise’s credit risk lowers. From this
perspective, this study takes DD as the dependent variable to
proxy corporate credit risk.

In the theory of option pricing, N(d1) signifies the probability
that the option is real-valued, andN(d2) reflects the chance that the
option’s exercise may achieve the targeted return. Lu (2008) has
pointed out that the variables d1 and d2 under the stock data of
Chinese listed companies do not entirely adhere to the normal
distribution assumption of the KMVmodel, resulting in biased asset
evaluations. To improve the precision and adaptability of the
original model, we re-estimate the probability distributions of
variables d1 and d2 using the Gaussian mixture model. Eq. 7
represents the Gaussian mixture model.

F X( ) � ∑K

i�1αiNi μi, σ
2
i( ), ∑K

i�1αi � 1 (7)

WhereX is the variable vector,K represents the number of Gaussian
distribution functions, αi is the weight of the ith function,Ni(μi, σ2i )
denotes the Gaussian distribution with amean of μi and a variance of
σ2i .

In addition, we construct the subsequent iterative process to
determine the value of the company’s assets. First, the intermediate
variables d1′ and d2′, as well as the asset value V1 and its volatility σA1,
are calculated by Eqs 1–4. Second, the Gaussian mixture model is
then used to derive the probability density functionsfx1

′ andfx2
′ , and

the probability distribution functions Fx1
′ and Fx2

′ for the variables d1′

and d2′. This time, the fitted distribution functions are more
representative to the actual distributions of variables d1 and d2
than the default normal distribution. Third, substitute Fx1

′ and Fx2
′ for

N(d1) andN(d2) in Eqs 1, 2 to obtain the new asset valueV2 and its

volatility σA2. Ultimately, V2 and σA2 are re-introduced into Eqs 3, 4
for a fresh iteration cycle. The loop is terminated when there is no
substantial change in the outputs Vn and σAn, and the final asset
value V and volatility σA are calculated.

4.1.2 Independent variable
The digital economy (DE) is the key explanatory variable in this

study. Tapscott (1996) introduced the term “digital economy” for
the first time in 1996, defining it as an economic system that makes
extensive use of information and communications technologies
(ICT). Since then, the concept of the phrase “digital economy”
has been analyzed and expanded d by multiple scholars (Chihiro
et al., 2018). Based on the methods proposed by Zhang and Jiao
(2017), a comprehensive assessment index system is developed to
assess the digital economy along three dimensions: the digital
foundation, industrial digitalization, and digital industrialization.
Table 1 displays the indices used to estimate the level of the digital
economy, and the entropy technique is utilized to assess the extent of
the provincial level of the digital economy.

4.1.3 Mediator and moderator
New energy industrial development (Industry) serves as the

mediator in this study. Since the low-carbon economy emerged as a
new approach to attaining economically sustainable growth, new energy
industrial development has become an important area of research. The
ratio of each province’s new energy generation to total electricity
generation is chosen to represent the new energy industrial
development.

Knowledge spillover (KS) is the moderator. Based on the
measurement methods of Liu and Chai (2011), the logarithm of
the number of patents granted is adopted as an indicator to reflect
the knowledge spillover level. As information diffusion increases,
regional innovation activities become increasingly diverse.

4.1.4 Control variable
When building a model, the enterprise credit risk is impacted by a

few different variables. Therefore, we must ensure that other variables
are adequately controlled to conduct an accurate quantitative analysis.
Following the research of Guo and Zhu (2021), we use the four
indicators as control variables: 1) Enterprise profitability (Prof),
which is represented by ROA (Return on Assets); 2) Enterprise size
(Size), which is calculated by the logarithm of enterprise assets; 3)
Ownership concentration (OC), which is assessed by the percentage of
the largest shareholder holding; 4) Leverage ratio (Lev), which is
determined by the ratio of total liabilities to assets. We also add the
level of government intervention (Gov) as the control variable since it is
plausible for government spending to impact local enterprise
development by influencing resource allocation. The proportion of
general government expenditure to GDP is a proxy for the level of
governmental intervention. Table 2 lists the variable definitions and
descriptions.

4.2 Empirical methods

4.2.1 Fixed-effect model
Panel data is an excellent way to combine cross-section and time

series, which not only overcomes the defects of a single method but also
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can solve the problems of multicollinearity in time series analysis and
providemore information,more changes, less collinearity,more degrees
of freedom, and improved estimate efficiency. There are usually two
types of models for panel data: random effects and fixed effects
(Firebaugh et al., 2013). The assumption of zero correlation and the
possibility of fluctuation between the observable qualities are two
constraints to which the random effect model must adhere (Greene,
2001). Despite this, the fixed-effects method has many advantages. It
can lessen the impact of confounding factors on estimation findings, the
impact of time-invariant variables and the bias induced by omitted
variables (Allison, 1996; Hsiao, 2003). To examine the direct effect of the
digital economy on the credit risk of new energy enterprises, we perform
the Chow test, LR test, and Hausman test on the panel data. All tests
reject the null hypothesis at the 5% level of significance. Therefore, this
work builds fixed-effect models for the empirical test. In addition,
individual and year-fixed effects are integrated into the model to
minimize the impact of differences between individuals and changes
over time.

DDi,t � α0 + α1 lnDEi,t + α2Controli,t + μi + δi+εi,t (8)
In this formula, DD indicates the default distance; DE represents
the level of the digital economy in province i in period t; Control

stands for the control variables; μi denotes the individual
effect and δi denotes the year effect; εi,t is the random
disturbance term.

According to the abovementioned findings, there may be
moderate mechanisms of action in addition to the direct impact
of the digital economy on enterprise credit risk. Improved on
Zhang’s (2020) research methods, the specific test steps are as
follows:

DDi,t � γ0 + γ1lnDEi,t + γ2lnKSi,t + γ3 lnDEi,t p lnKSi,t
+γ4Controli,t + μi + δi + εi,t (9)

Where KS represents the level of knowledge spillover, and the
other variables are defined in the same way as Eq. 8, whereas Eq. 9
is employed to examine the moderating effect of knowledge
spillover.n

4.2.2 Panel threshold model
Considering that varying knowledge spillover levels may affect

its moderating effect, the panel threshold model proposed by
Hansen (1999) is selected to explore whether the threshold effect
regulates the independent variables. The followings are the specifics
of the single and double threshold models:

TABLE 1 Comprehensive evaluation index system of digital economy degree.

Primary indicators Secondary indicators Measured data Units Weight (%)

Digital foundation Transmission capacity Length of optical cable line per 10,000 people Per ten thousand people 5.31

Mobile infrastructure Internet penetration rate Per one people 6.97

Number of mobile phone base stations per 10,000 people Per ten thousand people 7.02

Industrial digitalization E-commerce benefit E-commerce sales/GDP % 6.74

Enterprise application E-commerce enterprises/total enterprises % 14.81

Websites owned per 100 people Per hundred people 11.12

Digital industrialization Digital benefit Software business revenue/total business revenue % 19.34

Digital development Postal income/GDP % 14.34

Telecommunications income/GDP % 14.35

TABLE 2 Variable definitions and descriptions.

Variable types Variable names Variable symbols Calculation

Dependent variable Distance to default DD See Eq. 6

Independent variable Digital economy DE Calculated by the entropy methods

Mediator New energy industrial development Industry New energy generation/total electricity generation

Moderator Knowledge spillover KS Number of patents granted)

Controls Enterprise profitability Prof Mean of net profit/total assets at the beginning and end of the period

Enterprise size Size Ln(enterprise assets)

Ownership concentration OC Ln (1 + Shareholding ratio of the largest shareholder)

Leverage ratio Lev Total liabilities/assets

Government intervention Gov general government expenditure/GDP
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DDi,t � α0 + β1 lnDEi,t p I lnKSi,t ≤ λ( ) + β2lnDEi,tpI lnKSi,t > λ( )
+β3Controli,t + μi + εi,t (10)

DDi,t � α0 + β1 lnDEi,t · I lnKSi,t ≤ γ1( )
+β2 lnDEi,t · I γ1 < lnKSi,t ≤ γ2( )
+β3 lnDEi,t · I lnKSi,t > γ2( ) + β4Controli,t + μi + εi,t

(11)
In these formulas, lnKS represents a threshold variable, I(·) is an
indicative function with a value of 0 or 1, lnKS stands for the control
variable, εi,t denotes the error term, and λ and γ denote the threshold
value to be estimated in the related equation.

4.3 Data sources and descriptive statistics

Due to the availability and effectiveness of data collection, this
study focuses on listed new energy enterprises in China, and the
period ranges from 2012 to 2020. In terms of sample selection, we
use the cataloged “new energy concept sector” (BK0493) from the
“East Money Information Site” to choose cooperative enterprises for
research purposes. The financial data of the new energy enterprises
used to calculate the distance to default (DD) are available in
CSMAR, and the annual reports of the enterprises. Additionally,
the provincial panel data used to evaluate the level of the digital
economy, new energy industrial development, and knowledge
spillover are collected from The China Statistical Yearbook, The
China Energy Statistical Yearbook, The China Statistical Yearbook
on Science and Technology, and The China Electricity Statistical
Yearbook.

This paper processes the data according to the following
principles: 1) Enterprises with a listing date after 2012 are
eliminated; 2) ST enterprises in the sample are excluded; 3)
Enterprises with incomplete data are removed. After the above
steps, we obtained 1,008 samples from 112 listed companies.
Meanwhile, Tibet, Qinghai, and Xinjiang are not covered since
these provinces have few eligible samples. We eventually collected
252 samples in total from 28 provinces.

The descriptive statistics of each variable are shown in
Table 3. Specifically, DE represents the development of the
digital economy, and the mean value of this variable is 1.462,

the maximum value is 3.546, and the minimum value is 4.198,
indicating that the quality of the digital economy varies
significantly between regions, which is somehow consistent
with the earlier studies.

5 Empirical results analysis

5.1 Basic analysis result

This study adopts the fixed-effect models to examine
whether the digital economy helps mitigate the credit risk of
new energy enterprises. Table 4 reports the results. Columns 1)
and 2) indicate the effects of the digital economy on the
credit risk of new energy enterprises. Both the regression
coefficients are statistically significant at the 1% level,
indicating that new energy enterprise credit risk can be
significantly decreased as the digital economy grows,
supporting Hypothesis H1.

In Table 4, Columns 3) and 4) show the moderating impact of
knowledge spillover. The interaction term between the digital
economy and knowledge spillover has significantly positive
coefficients. This suggests that knowledge spillover has
innovation and agglomeration effects on businesses,
moderating the relationship between the digital economy and
the credit risk of new energy enterprises. As a result, Hypothesis
H2 is confirmed.

The structural equation model is further performed to confirm
the mediating effect of the new energy industry development. The
estimation deviation is adjusted using the non-parametric
bootstrapping method. As shown in Table 5, the coefficient of
direct effect is 0.118, and the 95% confidence interval excludes
0 since it is [0.093,0.149]. This indicates the direct effect of the digital
economy is significant. The coefficient of mediating effect is 0.023,
and the 95% confidence interval excludes 0 with a range of
[0.007,0.038]. This indicates that developing new energy
industries is a vital mechanism for the digital economy to lower
the credit risk of new energy enterprises, hence validating
Hypothesis H3.

5.2 Basic analysis by region

Different regions of China have varying degrees of the digital
economy. The regional fixed-effect model is adopted to
investigate whether there is significant regional heterogeneity.
Table 6 reveals that the influence of the eastern region’s digital
economy is favorable at 1% significance level. However, the
significance of the central and western regions is only 10%.
The reason is that the central and western regions may still be
in the preliminary phase of digital economic development. In
contrast, the convenient geographical conditions of the eastern
region have facilitated its growth. Meanwhile, the Chow
breakpoint test is employed to verify that the uneven
geographical distribution of new energy enterprises does not
influence the conclusions. The result demonstrates that the
conclusion rejects the null hypothesis regarding the absence of
regional heterogeneity at the 5% significance level. In conclusion,

TABLE 3 Descriptive statistics.

Variable Obs Mean Std Min Max

DD 1,008 0.626 0.206 0.001 1.000

DE 252 2.980 0.453 1.831 3.965

Industry 252 0.037 0.040 0.001 0.237

lnKS 252 2.722 1.233 1.144 4.572

Prof 1,008 0.018 0.133 −2.555 0.863

Size 1,008 22.822 1.151 19.551 26.181

OC 1,008 0.132 1.112 0.001 0.696

Lev 1,008 1.615 1.930 0.028 21.718

Gov 252 0.188 0.060 0.118 0.462

Frontiers in Energy Research frontiersin.org07

Su et al. 10.3389/fenrg.2023.1141793

95

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1141793


the impact of the digital economy on the credit risk of new energy
enterprises differs between the two regional samples.

5.3 Threshold effect analysis

This study develops a panel threshold model to test
whether knowledge spillover moderates the relationship between the
digital economy and the credit risk of new energy enterprises beyond a
predetermined threshold. Using knowledge spillover as the threshold
variable, Table 7 reports that the digital economy has a double threshold
effect on enterprise credit risk, with respective thresholds of
3.381 and 3.819.

Table 8 displays that the impact of the digital economy on the credit
risk of new energy enterprises varies according to the level of knowledge
spillover. When the knowledge spillover degree is less than 3.381, the
digital economy significantly impacts the credit risk of new energy
enterprises, and the regression coefficient is 0.266. Although businesses
can only innovate using their intellectual capital during this stage, they
eventually develop intangible assets and obtain inventive advantages
through technological research.When the level of knowledge spillover is
between 3.381 and 3.819, the regression coefficient is lower than in the
previous period. This change may be because the increased knowledge
spillover accelerates the rate of knowledge diffusion and shortens the
product life cycle. To keep up with continuously evolvingmarket needs,
enterprises must raise their R&D spending and innovation efficiency.
As a result, the growing uncertainty produced by the highly competitive
innovation environment mitigates the influence of the digital economy
on the credit risk of new energy firms. However, the digital economy’s
regression coefficient is significantly positive, with a value of 0.292,
when the level of knowledge spillover exceeds 3.819. At a high level of
knowledge spillover, learning new technologies is less expensive than
developing them from scratch. Therefore, enterprises are more likely to
convert external intellectual capital and innovative technologies into
intrinsic growth drivers. At this phase, knowledge spillover’s cost-saving
and efficiency-improving effects will outweigh the uncertainty it creates.
Accordingly, the digital economy’s positive effect on reducing corporate
credit risk will become increasingly prominent.

TABLE 4 Basic regression results.

Variable Direct effect Moderating effect

DD (1) DD (2) DD (3) DD (4)

lnDE 0.179*** (−0.014) 0.278*** (−0.020) 0.097*** (−0.030) 0.211*** (−0.032)

lnKS — — 0.052 (−0.038) 0.012* (−0.038)

lnDE*lnKS — — 0.026** (−0.011) 0.016*** (−0.011)

Control NO YES NO YES

Constant 0.093** (−0.041) 1.559*** (−0.265) 0.265*** (−0.083) 1.720*** (−0.283)

R2 0.159 0.236 0.168 0.244

N 1,008 1,008 1,008 1,008

Notes: Standard errors in parentheses; ***, **, * represent statistical significance at 1%, 5%, and 10%, respectively.

TABLE 5 Mediating effect test.

Coefficients 95% confidence interval

Lower limit Upper limit

Direct effect 0.118** 0.093 0.149

Mediating effect 0.023*** 0.007 0.038

Total effect 0.141*** 0.100 0.187

Notes: ***, **, * indicate statistical significance at 1%, 5%, and 10%, respectively.

TABLE 6 Basic regression results by regions.

Variable East Central & west

(1) (2)

lnDE 0.325*** (−0.029) 0.213* (−0.031)

Control YES YES

Constant 1.794*** (−0.398) 0.902** (−0.437)

R2 0.242 0.144

N 711 297

Notes: Standard errors in parentheses; ***, **, * represent statistical significance at 1%, 5%, and 10%, respectively.
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5.4 Robustness tests

5.4.1 Endogenous tests
On the hand, there may have endogenous issues that are

mutually causative. Therefore, this research employs instrumental
variables to address the endogeneity issue. We reference Kim et al.
(2014) and use the same yearly average level of the digital economy
in other provinces as an instrumental variable (IV) for the
independent variable. On the other hand, in light of the

complexity of the elements determining corporate credit risk, it is
challenging to avoid missing variables in the present research design.
The key explanatory variable is regarded as a one-period lag, which
might mitigate endogeneity to some degree.

Table 9 reports the results of endogenous tests. Based on the
findings of the first stage in column 1), the instrumental variable is
significantly positively linked with the digital economy. As shown by
the results of the second stage in column 2), the estimated coefficient
of the digital economy (lnDE) is significantly positive, indicating
that the findings of this research are resilient even when endogeneity
is taken into account. In addition, we examine if the instrumental
variable is weak and find that the F-statistic is 20.3, which is more
than the threshold value of 1.242, thus excluding the notion of a
weak instrument. This paper also lags the independent variables by
one period to test the samples. Table 8 demonstrates that the paper’s
key conclusions remain unchanged with the inclusion of a one-
period lagged independent variable (L.lnDE) to the model 8).

5.4.2 Replacement of independent variable
Considering that the results of the abovementioned empirical

tests might be affected by the selection of indicators, we adopt
replacing the independent variable to conduct robustness tests.
Initially, government investment in science and technology is
viewed as replacing the digital economy. After performing the
Hausman test, the fixed-effect model is chosen for regression.

TABLE 7 Threshold effect test.

Variable Test Threshold estimation F-statistic p-value Critical value

10% 5% 1%

lnKS Single threshold test 3.819** [3.757,3.856] 68.63 0.010 52.162 56.215 61.242

Double threshold test 3.381** [3.300,4.140] 19.82 0.073 18.788 21.726 24.127

3.819** [3.118,3.856]

Triple threshold test 1.493 [1.477,1.526] 11.20 0.367 47.483 53.871 63.834

3.381 [3.300,4.140]

3.819 [3.118,3.856]

Notes: ***, **, * indicate statistical significance at 1%, 5%, and 10%, respectively.

TABLE 8 Threshold model results.

Variable Value t-Value

lnDE (lnKS≤ 3.381) 0.266*** 13.56

lnDE (3.381< ln KS≤ 3.819) 0.234*** 11.84

lnDE (lnKS> 3.819) 0.292*** 15.23

Control YES

Constant 1.781*** 6.91

R2 0.299

N 1,008

Notes: ***, **, * indicate statistical significance at 1%, 5%, and 10%, respectively.

TABLE 9 Endogenous test results.

Variables First-stage Second-stage Lagging independent variable

(1) (2) (3)

IV 0.042*** (0.001) — —

lnDE — 0.336*** (0.022) —

L.lnDE — — 0.286*** (0.021)

Control YES YES YES

Constant 0.750*** (0.208) 1.994*** (0.275) 1.730*** (0.315)

R2 0.918 0.228 0.235

N 1,008 1,008 896

Notes: ***, **, * indicate statistical significance at 1%, 5%, and 10%, respectively.
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According to the results of Tables 10 and 11, even though the
independent variable has changed, the digital economy remains
significantly advantageous for the credit risk reduction of new
energy enterprises. Regarding impact mechanisms, increasing the
degree of knowledge spillover and the digital economy is beneficial
for mitigating corporate credit risk. And the new energy industrial
development is one of its indirect mechanisms for lowering
enterprise credit risk. In conclusion, the results of this study’s
fixed-effect model are unaffected by alternative measures of the
variables.

5.4.3 Replacement of threshold variable
The logarithm of the regional book collection is then selected as

the threshold variable substitutable for knowledge spillover.

According to the robustness test results of Table 12, the digital
economy’s coefficient varies across distinct phases. As the
knowledge spillover level increases, the digital economy’s effect
initially decreases and subsequently grows. When the degree of
knowledge spillover is high, the digital economy plays the most
prominent role in reducing enterprise credit risk, which is consistent
with the previous empirical results. Therefore, the results of the
threshold regression model are robust.

6 Conclusion and policy implications

The new energy has been a booming industry in recent years and
will affect future energy usage. However, there are many

TABLE 10 Robustness tests for the fixed-effect model.

Variable DD (1) DD (2) DD (3) DD (4)

lnDE 0.069*** (−0.011) 0.072*** (−0.011) 0.093*** (−0.045) 0.087*** (−0.044)

lnKS — — 0.131* (−0.075) 0.118 (−0.078)

lnDE*lnKS — — 0.039*** (−0.013) 0.036*** (−0.013)

Control NO YES NO YES

Constant 0.250*** (−0.060) 0.298* (−0.171) 0.822*** (−0.245) 0.859*** (−0.364)

R2 0.066 0.082 0.130 0.145

N 1,008 1,008 1,008 1,008

Notes: Standard errors in parentheses; ***, **, * represent statistical significance at 1%, 5%, and 10%, respectively.

TABLE 11 Robustness tests for mediating effect model.

Coefficients 95% confidence interval

Lower limit Upper limit

Direct effect 0.048*** 0.028 0.068

Mediating effect 0.019*** 0.011 0.026

Total effect 0.067*** 0.039 0.094

Notes: Standard errors in parentheses; ***, **, * represent statistical significance at 1%, 5%, and 10%, respectively.

TABLE 12 Robustness tests for the threshold regression model.

Variable Value t-Value

lnDE (lnKS≤ 4.111) 0.257*** 12.61

lnDE (4.111< ln KS≤ 4.327) 0.223*** 10.97

lnDE (lnKS> 4.327) 0.268*** 13.98

Control YES

Constant 1.932*** 7.40

R2 0.289

N 1,008

Notes: Standard errors in parentheses; ***, **, * represent statistical significance at 1%, 5%, and 10%, respectively.
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uncertainties in its development. Combining the growth of the
digital economy with an assessment of the credit risk of new
energy enterprises is a novel and distinctive perspective of this
paper.We used the KMVmodel, the fixed-effect model, and the PTR
methods and drew the following conclusions:

1) Digital economy could mitigate the credit risk of new energy
enterprises in three ways: Firstly, the digital economy increases
total factor productivity (TFP) by reshaping corporate processes
and bolstering financial stability. Secondly, the potential cost of
default is exacerbated by the communication effect of the digital
economy, which works as an intangible disciplinary control to
improve firms’ willingness to repay their debts. Thirdly, new
energy industrial development plays an intermediary role,
suggesting that the digital economy indirectly affects the
credit risk of new energy enterprises through this
intermediary factor.

2) In addition, when knowledge spillover is acted as the threshold
variable, the digital economy exhibits a double-threshold effect
on the corporate credit risk. As the level of knowledge spillover
rises, the marginal impact fluctuates from decreasing to growing.
Furthermore, when knowledge spillover is at high levels,
especially across the threshold value of 13.029, the effect of
the digital economy on reducing new energy enterprises’
credit risk is particularly evident.

3) Regional heterogeneity tests reveal that the eastern region has a
more favorable influence on enterprise credit risk than the
central and western regions. In other words, its positive
impact has been more pronounced in China’s eastern
provinces than in the central and western regions. The causes
could be related to differences in economic location and resource
abundance.

To mitigate the credit risk of new energy firms, this research
provides the following policy implications:

1) Make the digital economy a “sharp weapon” to reduce corporate
credit risk. To achieve this objective, government agencies need
to stimulate the growth of the new energy industrial sector by
promoting digital construction and integrating digital
technology into the new energy industry. Meanwhile, a
specialized and competitive integration mechanism based on
the production processes, business patterns, and management
models of new energy businesses should be developed to enable
their digital transformation.

2) Given knowledge spillover’s innovation and agglomeration
effects, the government should focus on improving knowledge
spillover and regional intellectual capital. Specifically, some
innovation participants could be attracted by increasing
investment in science and technology, creating an
environment encouraging innovation, and establishing
platforms for industry-university-research cooperation. These
government practices effectively enhance the positive role of the
digital economy and reduce corporate credit risk by improving
regional knowledge diffusion.

3) China’s regional economy needs to be more balanced since there
are significant inequalities in talent, capital, and technology
between the eastern and western regions. With the

opportunity created by the digital economy, the central and
western regions can combine their substantial energy resource
advantages to develop the new energy sector. Considering the
impact of the digital economy on the credit risk of new energy
enterprises, the central and western regions should enhance the
government’s public function and guiding role, strengthen the
coordinated development of new infrastructure across regions,
and accelerate the commercial application of digital technologies.

Despite providing empirical evidence for developing the
digital economy and new energy, this study has several
limitations. The first limitation is the availability of data. In
this research, the data spans only 9 years, and some of the data are
only at the provincial level, which lacks representativeness at a
broader scale. In future research, a more extended period and
additional data levels should be used to test the validity of the
results. Second, the impact mechanisms require extensive
research and documentation to provide more actionable
implementation advice. In particular, the future study should
concentrate on refining the selection of the digital economy index
to account for regional growth patterns. Thirdly, China’s digital
economy is undergoing dynamic and rapid development. The
direction of future research should include some factors related
to this dynamic digital transformation to shed light on the
intricate relationship between corporate credit risk and the
growth of the digital economy.
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Study on MCFC-integrated GSCC
systems with SEGR in parallel or
series and CO2 capture

Jing Bian and Liqiang Duan*

Key Laboratory of Power Station Energy Transfer Conversion and System, School of Energy, Power and
Mechanical Engineering, North China Electric Power University, Beijing, China

In this paper, two newmolten carbonate fuel cell (MCFC)-integrated gas–steam
combined cycle (GSCC) systems with selective exhaust gas recirculation (SEGR)
and CO2 capture are proposed and analyzed. The CO2 concentration in the gas
turbine emission is increased because CO2 is selectively recycled with the help
of SEGR. Molten carbonate fuel cells (MCFCs) are another way to increase CO2

concentration in the gas turbine flue gas by translating only CO2 from the
cathode to the anode. In these two new gas–steam combined cycle systems,
SEGR connected with MCFC, either in parallel or series, increases CO2

concentration beyond 11%. A gas–steam combined cycle system combined
with MCFC and CO2 capture without SEGR is used as the reference system.
Aspen Plus software is adopted to build the system models, and the
performances of different systems are discussed and compared. The research
results reveal that for the MCFC-integrated gas–steam combined cycle system
with SEGR in series and CO2 capture, the CO2 concentration of gas turbine
exhaust increases to 11.72% and the thermal efficiency is 56.29% when the
overall CO2 capture rate is 88.16%, which is 1.13% higher than that of the
reference system; for the MCFC-integrated gas–steam combined cycle
system with SEGR in parallel and CO2 capture, the CO2 concentration of gas
turbine exhaust increases to 14.15% and the thermal efficiency is 56.62%, which
is 1.46% higher than that of the reference system. Furthermore, the economic
analysis results show that the economic performances of new systems are
mainly influenced by MCFC cost and will be gradually improved with the
decrease in the MCFC cost.

KEYWORDS

gas turbine, molten carbonate fuel cell, selective exhaust gas recirculation, CO2

emissions, economic analysis

1 Introduction

The topic of CO2 emission is attracting considerable attention with the rise in global
warming, which poses a severe hazard to human health and survival. Total CO2

discharge in China has increased from 9.122 billion tons (2011) to 9.912 billion tons
(2020) (Miao et al., 2022). CO2 emissions are mainly generated from fossil fuel-fired
power systems, such as coal-fired power generation systems and gas–steam combined
cycle (GSCC) systems. Although the gas–steam combined cycle has high efficiency,
capturing CO2 from the GSCC system is still a focus of attention in various countries
since natural gas is usually applied as a fuel and still emits a large amount of CO2. The
F-class gas turbine (GT) is widely applied (Tsukagoshi et al., 2007), and its turbine inlet
temperature can reach up to 1,400°C (ElKady et al., 2009). Choi et al. (2014) found that
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using the F-class GT, for the GSCC system integrated with a solid
oxide fuel cell (SOFC), without carbon capture, the efficiency
reaches almost 70%.

Conventional CO2 capture methods usually result in a
significant decrease in efficiency and output power. Compared
with the conventional CO2 capture techniques, MCFC has special
advantages of increasing the efficiency of the entire system. CO2 and
O2 from the GT exhaust gas can form carbonate ions in the cathode
of MCFC, which are carried to the anode by the molten electrolyte of
MCFC. After the carbonate ions react with fuels such as CH4 or H2,
H2O and CO2 are generated at the anode; therefore, after the

combustion of anode flue gas and pure O2 in the afterburner,
only CO2 and H2O are left. The MCFC has higher efficiency and
lower cost than the phosphoric acid fuel cell (PAFC) and a more
simple structure than the SOFC (Zhao and Hou, 2022). Carapellucci
et al. (2019) compared the systems of the steam power plant (SPP)
combined with MCFC and the SPP combined with the
monoethanolamine (MEA) method. The results showed that the
system of SPP combined with MCFC had a higher overall efficiency
and CO2 removal capacity.

Selective exhaust gas recirculation (SEGR) is a type of
technique to recycle CO2 from GT flue gas with membranes

FIGURE 1
Flowchart of the GSCC system combined with MCFC and CO2 capture without flue gas recirculation.

FIGURE 2
Flowchart of the MCFC-integrated GSCC system with SEGR in parallel and CO2 capture.
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to increase the CO2 concentration (cCO2) in the cycle. CO2 is
selectively conveyed through membranes from the exhaust gas;
therefore, higher cCO2 is possible in the emission. As N2 and H2O
in the exhaust gas are ideally not recirculated, the flow rate of
emitted gas is reduced. When the air is applied as the sweep gas,
SEGR can be driven by the cCO2 difference between the air side
and the flue gas side, which means that the CO2 can be enriched
by SEGR with nearly no energy consumption and without
requiring pressurization equipment. Bellas et al. (2019)
conducted experiments on a micro-GT with SEGR and
revealed that cCO2 in the exhaust gas was significantly
improved with the help of SEGR, and the nitrogen oxide
(NOx) emissions were reduced. The cCO2 in the GT exhaust
could be raised to 18% when SEGR and MEA were integrated
into natural gas combined cycle (NGCC) plants (Herraiz et al.,
2018). Diego et al. (2018) proved that SEGR effectively reduced
the energy demand of the NGCC plant combined with MEA.
Merkel et al. (2012) used the H2-selective and CO2-selective
membranes to capture CO2 formed in the integrated gasification
combined cycle (IGCC) power plants. The research results
revealed that there was a decrease in both capital cost and
energy utilization compared with the cold absorption method
of CO2 capture.

Even though both the methods of MCFC and SEGR can enrich
CO2 with less energy consumption compared with the
conventional CO2 capture methods, there are still limitations to
using either MCFC or SEGR alone. When MCFC is adopted alone,
Milewski et al. (2013) verified with experiments that the
performance of MCFC was deeply limited by the cCO2 of the
cathode. When SEGR was adopted alone, Richard et al. (2017)
studied that the rise in cCO2 of exhaust gas was limited, which could
be 15–20 vol%. Therefore, if SEGR is integrated into MCFC, the
cCO2 of exhaust gas can be additionally increased, and the

performance of MCFC can be significantly improved, which has
not been studied yet.

To reduce CO2 emission with less energy consumption and
increase the whole system performance, two GSCC systems
combined with MCFC, SEGR, and CO2 capture are proposed in
this work. The SEGR operating in parallel with the GSCC system
combined with MCFC is investigated in the first system; in the
second system, the SEGR operating in series with the GSCC system
integrated into MCFC is investigated. The thermal and economic
performances of different systems are discussed and compared.
The effects of the SEGR ratio and the CO2 capture rate on the
thermal efficiency and economic performance of new systems are
examined.

2 Description of different systems

2.1 GSCC system integrated into MCFC and
CO2 capture (reference system)

In this study, the GSCC system combined with MCFC and
CO2 capture without SEGR is selected as the reference system,
and the system flowchart is shown in Figure 1. After passing
through compressor 1, the fuel (2) is supplied to the combustor.
After passing through compressor 2, the air (3) is separated into
compressed air (4) and (6). Compressed air (4) is supplied into
the combustor; compressed air (6) is transferred into the GT as
the coolant gas. The combustion chamber emission expands in
the gas turbine to produce electricity, and the gas turbine flue gas
is then transferred to the MCFC cathode. A portion of the anode
flue gas (15) is sent to the pre-reformer to convert the fuel into H2

and CO in order to prevent the carbon deposition problem (Duan
et al., 2014). After being transported from the cathode, the

FIGURE 3
Flowchart of the MCFC-integrated GSCC system with SEGR in series and CO2 capture.
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TABLE 1 System simulation parameters.

Ambient condition (Duan et al., 2014) 298.15 K, 1.01 atm

Generator efficiency (Duan et al., 2014) 99%

Compositions of air (Duan et al., 2014) N2 79% and O2 21%

Gas turbine

Mass flow of GT fuel (kg/s) 15

Content of fuel CH4 100%

Lower heating value of fuel (kJ/kg) (Duan et al., 2014) 50,030

Pressure ratio 16

Turbine entrance temperature (K) 1,673

Membranes

CO2/N2 selectivity (−) (Ramasubramanian et al., 2012) 140

CO2 permeance (gpu) (Ramasubramanian et al., 2012) 3,000

HRSG

LP/MP/HP pressure (MPa) (Duan et al., 2014) 0.39/3.6/17.6

Isentropic efficiency of LP/MP/HP (Duan et al., 2014) 92%/91%/90%

Mechanical efficiency of turbine (Duan et al., 2014) 99%

Air separation unit

Operating pressure (MPa) (Duan et al., 2015) 0.6

Isentropic efficiency (Duan et al., 2015) 80%

CO2 compression

Compression stage quantity (Duan et al., 2014) 3

Exit pressure (atm) (Duan et al., 2014) 80

Exit temperature (K) (Duan et al., 2014) 303.15

MCFC

Mass flow of fuel (kg/s) 3.75

Content of fuel CH4 100%

Lower heating value of fuel (kJ/kg) 50,030

Area (m2) 102,245

Ratio of steam to carbon (Duan et al., 2014) 3.5

Current density (A/m2) (Duan et al., 2014) 1,500

Fuel utilization rate 0.85

Working temperature (K) (Duan et al., 2015) 923.15

ηDC−AC 95%

Active surface area (m2/m3) (Bian et al., 2020) Anode 2.7E5

Cathode 3.0E5

Thickness (mm) (Bian et al., 2020) Anode 0.6

Cathode 0.6

Electrolyte 1

Electrical conductivity (S/m) (Bian et al., 2020) Anode 100

Cathode 100

Electrolyte 138.6

(Continued on following page)
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carbonate ions react with H2 in the anode and produce H2O and
CO2 (Milewski et al., 2013). The cathode flue gas (9) has low cCO2

and high temperature after the electrochemical reaction, and
after discharging heat in the heat recovery steam generator
(HRSG), the cathode flue gas (9) is released into the
atmosphere (10). In the afterburner, pure O2 (19) generated
from the air separation unit is utilized to combust the rest
anode flue gas (16). Then, the afterburner flue gas (20) is
supplied into the HRSG to release heat. Finally, the
afterburner flue gas (21), consisting of H2O and CO2, is
condensed and compressed to generate the liquid CO2 (25).

2.2 MCFC-integrated GSCC system with
SEGR in parallel and CO2 capture

The simplified flowchart of the MCFC-integrated GSCC
system with SEGR in parallel and CO2 capture is shown in
Figure 2. The GT exhaust gas (8) is separated into two parts:
(9) and (13). After being heated by the afterburner flue gas to
923.15 K (Duan et al., 2014), the flue gas (9) is transferred to the
MCFC cathode. After being cooled in the HRSG and further cooled
in cooler 1 to 353.15 K, exhaust gas (13) is supplied into the
condenser to remove H2O (15). Then, the water-excluded flue gas
(17) is blown into the selective CO2 transfer system. The air mixed
with CO2 selected by the membranes is then compressed in
compressor 2.

2.3 MCFC-integrated GSCC system with
SEGR in series and CO2 capture

Figure 3 shows a simplified flowchart of the MCFC-integrated
GSCC system with SEGR in series and CO2 capture. The GT flue gas
(11) is cooled in HRSG and further cooled in cooler 1 to a
temperature of 303.15 K. Then, the water-excluded flue gas (14)
is blown into the selective CO2 transfer system. The sweep air 1 (3) is
transferred to the selective CO2 transfer system.

3 System modeling

Aspen Plus software is adopted to establish the simulationmodels.
In brief, theMCFC is simulated using a Fortran code, and the selective
CO2 transfer system is modeled using Aspen Custom Modeler. The
new system parameters are obtained as shown in Table 1. During the
establishment of the models, the suppositions to be considered are as
follows (Bian et al., 2022):

1) Thermally insulated MCFC, and no entropy flow to the outside
environment.

2) Constantmembrane permeability, and the coupling impact is ignored.
3) Kinetic or potential energy effects are ignored.
4) Incompressible ideal gas and steady-state conditions are

supposed.

The main equations of the MCFC model used in the Fortran
code are listed in Table 2 (Eqs 1–25). To guarantee that the
afterburner combustion gas contains only CO2 and H2O, the
MCFC anode is supplied with pure CH4. In Eq. 5, ΔG is the
Gibbs free energy (kJ/kg) and pi represents the partial pressure of
species i (MPa). In Eqs 8–11, j is the current density (A/m2); j0
represents the exchange current density (A/m2); and j00 is the
standard exchange current density (A/m2). In Eq. 13, Rohm stands
for the Ohmic polarization cell resistance (Ω ·m2); τ is the
thickness (mm); and σ is the electrical conductivity (S/m-1). The
gas transport models in porous media are used (Eqs 17–21) to
calculate the gas partial pressures at the three-phase boundaries
(pi,TPB). pi,TPB represents the partial pressure of the species i at the
three-phase boundary (MPa) and Deff is the effective diffusivity
(m2/s).

The gas permeance equations are listed in Table 2 (Eq. 26). The
selective CO2 transfer system is arranged as counter-current. Qi is
the permeability of the species i (kmol/(m2s · MPa)); d _ni represents
the gas permeance of species i for a segment of area (kmol/s); A
represents the area (m2); pi,f represents the partial pressure of the
species i at the feed side (MPa); and pi,p represents the partial
pressure of species i at the permeate side (MPa).

4 Model validation with
experimentation

4.1 Gas turbine systemmodel validation with
literature data

The GT system model is validated with the data from Choi et al.
(2014). In the literature, an F-class GSCC system with SOFC is studied.
The specifications of the two GSCC systems are shown in Table 3. The
simulated data are in excellent agreement with the literature data.

4.2 MCFC model validation using
experiments

The model accuracy is validated using unit MCFC cell
equipment, as shown in Figure 4A. The unit fuel cell includes

TABLE 1 (Continued) System simulation parameters.

Standard exchange current (A/m2) (Bian et al., 2020) Anode 50

Cathode 2

Effective diffusivity (m2/s) (Bian et al., 2020) Anode 3.97E-6

Cathode 1.89E-6
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a porous anode of Ni/Cr alloy, a porous cathode of NiO, and an
electrolyte matrix filled with the combination of 62% Li2CO3 and
38% K2CO3. The experimental device consists of a temperature
control facility, a gas flow control facility, and the unit fuel cell.
The operating temperature is 650°C under atmospheric
conditions. The electrochemical workstation is applied to set
and measure the current density and voltage. The simulation and
actual voltage values at different cCO2 are shown in Figure 4B. In
this paper, the value of the error indicator RMSE is 0.014 V,
which is calculated using Eq. 32. It is noticeable that the
simulation results are in good agreement with the test values.

RMSE x( ) �
�������������������������
1
N

∑N

i�1 Iexperimental
i − Iestimated

i( )2√
. (32)

5 Results and discussion

In this section, results of the models with SEGR in parallel and
series are discussed and compared with the reference system.

5.1 MCFC-integrated GSCC system with
SEGR in parallel and CO2 capture

The flowchart of an MCFC-integrated GSCC system with
SEGR in parallel and CO2 capture is shown in Figure 2. One part
of the exhaust gas regenerated by the HRSG is supplied to the
selective CO2 transfer system. CO2 is passed through membranes
selectively and then supplied to the compressor with the
sweep air.

Figure 5A shows the variations in the MCFC CO2 utilization rate
that is demanded to capture 88.16% of CO2 produced by the
combustion as a function of the SEGR for different selective CO2

transfer rates (SCTRs). For a constant SCTR, the MCFC CO2

utilization rate rises at a higher recirculation rate. This is because
the CO2 discharged by the selective CO2 transfer system increases
with the increase in the recirculation rate since the cCO2 in the exhaust
gas is higher. A considerable amount of CO2 is captured in theMCFC.

When the SCTR is held constant at 0.95 and the selective
exhaust gas recirculation rate is increased from 0 to 0.7, the mass
flow rate of sweep air decreases. The reason is that the turbine
entrance temperature should be kept invariable. Therefore, the
cCO2 in GT flue gas increases, and the O2 concentration (cO2)
decreases, as illustrated in Figure 5B. O2 in the combustor exceeds
the limit of 17% for F-class GT (Evulet et al., 2009), as shown in
Figure 5B.

When the SCTR is held constant at 0.95 and the selective
exhaust gas recirculation rate is raised from 0 to 0.7, the cCO2 is

TABLE 2 Main reaction equations.

MCFC

Reforming reaction (Duan et al.,
2014)

CH4 +H2O → CO + 3H2 (1)

CO +H2O → CO2 +H2 (2)

Cathode reaction (Duan et al., 2014) 0.5O2 + CO2 + 2e− → CO2−
3 (3)

Anode reaction (Duan et al., 2014) H2 + CO2−
3 → H2O + CO2 + 2e− (4)

Ideal reversible voltage (Bian et al.,
2020)

ENerst � ΔG
nF + RT

nF ln[
pH2

(pO2 )0.5PCO2 ,ca

PH2OPCO2 ,an
] (5)

ΔG � 242, 000 − 45.8T (6)

Activation loss (Bian et al., 2020) ηact � ηact,an + ηact.ca (7)

ηact,an � RT
αnF ln

jpH2
j0,anpH2 ,TPB

(8)

ηact,ca � RT
αnF ln

j(pO2 )0.5pCO2 ,ca
j0,ca(pO2 ,TPB)0.5pCO2 ,ca,TPB

(9)

j0,an � j00,an(pH2
)0.25(pH2O)0.25(pCO2 ,an)0.25

(10)

j0,ca � j00,ca(pO2
)0.375(pCO2 ,ca)−1.25 (11)

Ohmic loss (Arpornwichanop et al.,
2013)

ηohm � jRohm (12)

Rohm � τan
σan

+ τelec
σelec

+ τca
σca

(13)

Concentration loss
(Arpornwichanop et al., 2013)

ηconc � ηconc,an + ηconc.ca (14)

ηconc,an � RT
2F ln(

pH2
pH2O,TPB

pCO2,an,TPB
pH2 ,TPB

pH2O
pCO2,an

) (15)

ηconc.ca � RT
2F ln(

pCO2 ,ca(pO2 )0.5
pCO2 ,ca,TPB(pO2 ,TPB)0.5

) (16)

pH2 ,TPB � pH2
− RTτan

2FDef f ,an
j (17)

pH2O,TPB � pH2O + RTτan
2FDef f ,an

j (18)

pCO2,an,TPB � pCO2,an + RTτan
2FDef f ,an

j (19)

pO2 ,TPB � pO2
− RTτca

4FDef f ,ca
j (20)

pCO2 ,ca,TPB � pCO2 ,ca − RTτca
2FDef f ,ca

j (21)

Actual MCFC voltage (Bian et al.,
2022)

Vcell � ENerst − ηact − ηohm − ηconc (22)

MCFC power output (Bian et al.,
2020)

WMCFC � AcjVcell (23)

Net power output WMCFC,net � ηDC−ACWMCFC (24)

MCFC thermal efficiency ηMCFC � WMCFC,net

_mMCFCLHV (25)

Selective CO2 transfer system

Species i gas permeance (Franz
et al., 2013)

d _ni � dA · Qi(pi,f − pi,p) (26)

Performance indicators

MCFC fuel utilization rate (Duan
et al., 2015)

Ufuel � 1 − mfuel,outlet

mf uel,inlet
(27)

MCFC CO2 utilization rate (Duan
et al., 2015)

UCO2 � 1 − mCO2 ,outlet

mCO2 ,inlet
(28)

Overall CO2 capture rate (Duan
et al., 2015)

OCCR � mCO2 ,capture

mCO2 ,emissions
(29)

(Continued in next column)

TABLE 2 (Continued) Main reaction equations.

MCFC

Thermal efficiency of MCFC ηMCFC � WMCFC
_mMCFCLHV (30)

Overall thermal efficiency η � Wtotal,net

_mMCFCLHV+ _mGTLHV (31)
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significantly influenced by the change in the SEGR. According to
Eq. 5, the ideal reversible voltage mainly increases with the
increase in cCO2 in GT exhaust gas. According to Eq. 16, the
cathode concentration loss is reduced with the increase in cCO2.
Therefore, the actual cell voltage increases with the increase in
SEGR as the cCO2 increases, according to Eq. 22. As shown in
Figure 5C, when the SEGR increases from 0.6 to 0.7, the slope of
the voltage is smaller because of the significant decrease in the O2

concentration, leading to a massive rise in the cathode
concentration loss according to Eq. 16. When the SEGR is
changed and the SCTR is held constant, the system thermal
efficiency is principally affected by the output of MCFC. The
output of MCFC is regulated by the voltage as the current density
is maintained at 1500 A/m2. As the SEGR is increased from 0 to
0.6, the system thermal efficiency increases as the voltage
increases. With the increase in the SEGR, the sweep air mass
flow rate decreases to maintain the invariable turbine entrance
temperature, which gives rise to the reduction in the mass flow

rate of the expanding gas into the gas turbine. Therefore, the
output of GT is reduced with the increase in the SEGR. While the
SEGR increases from 0.6 to 0.7, as the drop in the GT output is
larger than the increase in the MCFC output, the system thermal
efficiency decreases, as shown in Figure 5C.

5.2 MCFC-integrated GSCC system with
SEGR in series and CO2 capture

The flowchart of theMCFC-integrated GSCC system with SEGR
in series and CO2 capture is illustrated in Figure 3. After CO2 is
excluded by MCFC, the emission of GT is supplied to the selective
CO2 transfer system.

Figure 6A shows the changes in the MCFC CO2 utilization rate
required to capture 88.16% of CO2 as a function of SCTRs. Themore
the CO2 conveyed to the combustion air, the less the CO2 utilization
rate demanded by the MCFC.

TABLE 3 GSCC specifications.

Parameter Reference (Choi et al., 2014) Simulation result

Turbine entrance temperature (K) 1,673 1,673

Turbine rotor entrance temperature (K) 1,600 1,600

Compressor pressure ratio 16 16

Turbine coolant rate to compressor intake (%) 16 16

Fuel mass flow of GT (kg/s) 10.16 15

Specific GT power (MJ/kg) 18.07 19.28

Specific ST power (MJ/kg) 10.09 8.96

Combined cycle power/fuel mass flow (MJ/kg) 28.16 28.23

Combined cycle efficiency (%) 57.1 56.4

FIGURE 4
(A) Unit MCFC cell facility and (B) simulation and test voltages under various cCO2.
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When the SCTR increases from 0.65 to 0.91, the mass flow of
sweep air (air 1) decreases to maintain the turbine entrance
temperature constant; therefore, the cCO2 in GT exhaust
increases, and the cO2 decreases, as illustrated in Figure 6B.
As O2 in the combustor must be maintained above 17 vol%
for an F-class gas turbine, the largest cCO2 in GT exhaust gas can
be achieved at 11.72% when the SCTR is 0.91.

When the SCTR increases from 0.65 to 0.91, the MCFC voltage is
mainly regulated by the cCO2 in the GT exhaust gas as the cCO2 is
influenced by the change in the SCTR. The MCFC voltage increases
with the increase in the SCTR as the cCO2 increases, according to Eqs
5 and 16. When the SCTR increases from 0.9 to 0.91, the slope of the
MCFC voltage is smaller because of the decrease in the O2

concentration, as shown in Figure 6C. As the SCTR is varied,
according to Eq. 23, the MCFC power output increases as the
MCFC voltage increases and the current density is held constant.
The system thermal efficiency increases as the MCFC power output
increases, according to Eq. 25. However, with the increase in the SCTR,

the sweep airmass flow rate decreases tomaintain the invariable turbine
entrance temperature, which gives rise to the reduction in themass flow
rate of the expanding gas into the gas turbine. Therefore, the output
power of the GT is reduced with the increase in the SCTR. When the
SCTR increases from 0.9 to 0.91, as the drop in the GT output is larger
than the increase in the MCFC output, the system thermal efficiency
decreases, as shown in Figure 6C.

5.3 Comparison of the results for different
systems

The major operating parameters of the MCFC voltage and
GSCC system for SEGR in series and parallel with MCFC are
shown in Table 4. Parallel 96/90 denotes that the new system with
SEGR in parallel operates with a 0.96 CO2 utilization rate of
MCFC and 0.9 SCTR of the membrane. Series 91/28, 90/36, and
85/46 denote that the new system with SEGR in series operates

FIGURE 5
Impact of the SEGR on (A) UCO2, (B) gas concentration, and (C) MCFC voltage and system thermal efficiency (the OCCR is 88.16%).
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with MCFC CO2 utilization rates of 0.91, 0.9, and 0.85 and
membrane SCTRs of 0.28, 0.36, and 0.46, respectively. An
MCFC-integrated GSCC system with CO2 capture and without
SEGR is considered the reference system. The current density and
the area of MCFC are held constant. The key stream data of
different systems are shown in Table 4. The data on the streams
from parallel 96/90 and series 90/36 are shown in detail in the
Supplementary Material. The power and thermal efficiency of
different systems are listed in Table 4. Compared with the
reference system, there is an increase in the entire thermal
efficiencies of the systems with SEGR in parallel and series.
The efficiency of the parallel 96/90 system is greater than that
of the series 90/36 system.

Figure 7A indicates the air mole flow rate at the compressor
entrance and the GT net output. In contrast to the reference
system, with the increase in the selective flue gas recirculation,
to keep the GT inlet temperature constant at 1400°C, the air into
the selective CO2 transfer system decreases. Therefore, the air mole

flow rate at the compressor inlet decreases, which results in the
decrease in the GT output power, which is in contrast to the
reference case. When the SCTR of the GSCC system with SEGR in
series is reduced from 0.91 to 0.85, the air mole flow rate at the
compressor entrance increases and so is the GT net power. The GT
exhaust gas mole flow rate is regulated by the air mole flow rate at
the compressor entrance, and the net power consumed by the
blower is affected by the GT exhaust gas mole flow rate, as shown
in Figure 7B.

Figure 7C shows the comparison of cCO2 and cO2 in the GT
exhaust gas and MCFC voltage of the GSCC system with SEGR in
parallel and series and the reference case. For the reference
system, the cCO2 in GT exhaust is 4.39%, which results in a
low MCFC voltage as the fuel cell performance is significantly
influenced by the cCO2 of the gas mixture fed into the MCFC
cathode. With SEGR in parallel or in series, the cCO2 in GT
exhaust gas increases, and cO2 is decreases, which leads to the
increase in the MCFC voltage.

FIGURE 6
Impact of SCTR on (A) UCO2, (B) gas concentration, and (C)MCFC voltage and system thermal efficiency (SEGR in series when the OCCR is 88.16%).

Frontiers in Energy Research frontiersin.org09

Bian and Duan 10.3389/fenrg.2023.1256000

110

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1256000


6 Economic and environmental
performance evaluation

In this section, the economic and environmental performances
of new systems are compared with those of the reference system.

The principal economic criteria used to assess various CO2

capture methods are the specific primary energy consumption for
CO2 avoided (SPECCA) and the cost of CO2 avoided (CCA). The
equations for cost estimation are listed in Table 5. For the power
section, α is 0.7, β is 0.45, and γ is 0.35; for the CO2 removal section,
α is 1.1, β is 0.45, and γ is 0.7 (Gatti et al., 2020).

Table 6 shows the comparison results of the economic evaluation.
Contrast to the CCA of the conventional MEA technique for CO2

capture (Leto et al., 2011), the overall thermal efficiency of the parallel
96/90 system in this paper is higher, which results in a negative
SPECCA index. Figure 8A shows the thermodynamic performance
(SPECCA) of the systems investigated. The cost per kW MCFC is
fixed at 555 $/kW (Gatti et al., 2020). Over the last 20 years, theMCFC
cost has been reduced significantly (Campanari et al., 2014), and
further decrease exists according to DOE targets (Spendelow et al.,
2012). The investment lifetime is 25 years, the fuel cost is 4.5$/GJ, and
the equivalent hours at full load is 7880 h per year (Gatti et al., 2020).
In Figure 8B, CCA is displayed as a function of the specific TPC
($/kW). The closer the system is to the bottom left corner, the more
attractive it is because it represents lower operating and specific
investment costs.

TABLE 4 Parameters of the investigated configurations.

Parameter Reference system Parallel 96/90 Series 91/28 Series 90/36 Series 85/46

Recirculation rate (%) - 60 - - -

MCFC CO2 utilization rate 0.85 0.9 0.28 0.36 0.46

Selective CO2 transfer rate - 0.96 0.91 0.9 0.85

OCCR (%) 88.16 88.16 88.16 88.16 88.16

MCFC

Voltage (V) 0.59 0.725 0.722 0.721 0.69

Current density (A/m2) 1,500 1,500 1,500 1,500 1,500

Area (m2) 102,245 102,245 102,245 102,245 102,245

CO2-enriched air at the compressor inlet

Temperature (K) 298.15 298.15 298.15 298.15 298.15

Pressure (MPa) 0.102 0.102 0.102 0.102 0.102

Mole flow (kmol/s) 20.35 19.27 19.16 19.29 19.69

cCO2 (vol%) 0.03 6.6 7.42 6.6 4.03

cO2 (vol%) 20.73 19.1 17.88 18.28 19.42

Flue gas at GT exhaust

Temperature (K) 949.03 970.49 972.48 969.97 961.91

Pressure (MPa) 0.102 0.102 0.102 0.102 0.102

Mole flow (kmol/s) 21.29 20.2 20.1 20.22 20.62

cCO2 (vol%) 4.39 10.93 11.72 10.92 8.38

cO2 (vol%) 11.29 8.97 7.75 8.19 9.48

H2O concentration (vol%) 8.79 9.26 9.3 9.25 9.07

GT net power (MW) 289.25 283.08 282.42 283.17 285.52

ST net power (MW) 157.25 160.05 160.4 160.03 158.95

MCFC net power (MW) 90.96 111.24 110.71 110.65 105.91

CO2 compressor (MW) −17.77 −17.77 −17.77 −17.77 −17.77

ASU (MW) −2.24 −2.24 −2.24 −2.24 −2.24

Blower (MW) - −3.27 −5.77 −5.81 −5.95

Net power output 517.45 531.09 527.75 528.03 524.42

Overall thermal efficiency (%) 55.16 56.62 56.26 56.29 55.91

Frontiers in Energy Research frontiersin.org10

Bian and Duan 10.3389/fenrg.2023.1256000

111

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1256000


7 Conclusion

In this paper, the MCFC-integrated GSCC systems with CO2

capture and SEGR in series/parallel are investigated and
contrasted with the MCFC-integrated GSCC system with CO2

capture and without SEGR (the reference case). The results show

that the new systems markedly increase the cCO2 in the emission
of the gas turbine, maintaining oxygen concentration in the
combustor at above 17 vol%. The CO2 concentrations of the
GT exhaust gas reached 14.15 vol% and 11.72 vol% for SEGR
parallel (96/90) and series (91/28), respectively, when the OCCR
is 88.16%. In addition, the thermal efficiencies of new systems
increasingly contrasted to that of the reference system (55.16%).
For SEGR in parallel (96/90) and series (90/36), the thermal
efficiencies reached 56.65% and 56.29%, respectively, which are
0.19% higher and 0.14% lower than that of the GSCC system
without CO2 capture (56.43%).

1) For the systems with SEGR in parallel, the OCCR is held
constant at 88.16%. As the SEGR increases and the SCTR
remains unchanged, the MCFC CO2 utilization rate
increases; when SEGR is kept unchanged and SCTR
increases, the MCFC CO2 utilization rate decreases. When
the SEGR increases from 0.1 to 0.7 and the SCTR is held
constant at 0.95, the cCO2 of the GT flue gas increases from
4.87% to 14.15% and the cO2 in the combustor inlet exhaust is
reduced from 20.86% to 18.27%. When the SCTR is held
constant at 0.95 and the SEGR increases from 0.1 to 0.6, the

FIGURE 7
(A) Air mole flow at the compressor inlet and GT net power output. (B) GT exhaust gas mole flow and net power consumed by the blower. (C)CO2/O2

concentration in the GT exhaust and MCFC voltage for the GSCC system with SEGR in parallel and in series, which is in contrast to the reference system.

TABLE 5 Equations for cost estimation.

SPECCA SPECCA[ MJLHV
kgCO2,avoided

] � ( 1
ηCCS

− 1
ηREF

)
EREF−ECCS

· 3600 (33)

TEC TEC[M$] � C0( S
S0
)f (34)

INST INST � α · TEC (35)

IC IC � β · (1 + α) · TEC (36)

EPC EPC � TEC + INST + IC � (1 + α) · (1 + β) · TEC (37)

OCC OCC � γ · EPC � γ · (1 + α) · (1 + β) · TEC (38)

TPC TPC � EPC + OCC � (1 + α) · (1 + β) · (1 + γ) · TEC (39)

CCA CCA[ $
tCO2

] � (COE)CCS−(COE)REF
(kgCO2kWh−1)REF−(kgCO2kWh−1 )CCS

(40)
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system thermal efficiency increases from 55.17% to 56.64%;
when the SEGR increases from 0.6 to 0.7, the system thermal
efficiency decreases from 56.64% to 56.55%.

2) For the systems with SEGR in series, the OCCR is held constant at
88.16%; when the SCTR increases from 0.65 to 0.91, theMCFCCO2

utilization rate is reduced from 0.66 to 0.34. When the SCTR

increases from 0.65 to 0.91, the cCO2 of the GT flue gas increases
from 5.67% to 11.72% and the cO2 in combustor entrance gas
decreases from 20.52% to 17.88%. When the SCTR increases from
0.65 to 0.9, the system thermal efficiency increases from 55.07% to
56.29%; when the SCTR increases from 0.9 to 0.91, the system
thermal efficiency is reduced from 56.29% to 56.26%.

TABLE 6 Economic performance evaluation results of investigated systems.

GSCC system without CO2 capture (Duan et al., 2014) Reference system Parallel 96/90 Series 90/36

System fuel input (MWLHV) 750.6 938 938 938

GT net power (MW) 289.25 289.25 283.08 283.17

ST net power (MW) 134.34 157.25 160.05 160.03

MCFC net power (MW) - 90.96 111.24 110.65

CO2 compressor (MW) - −17.77 −17.77 −17.77

ASU (MW) - −2.24 −2.24 −2.24

Blower (MW) - - −3.27 −5.81

Net power (MW) 423.59 517.45 531.09 528.03

Overall thermal efficiency (%) 56.43 55.16 56.62 56.29

Specific CO2 emission (g/kWh) 349.22 44.34 43.2 43.45

CO2 avoided (%) - 87.3 87.63 87.56

SPECCA (MJLHV/kgCO2,avoided ) - 0.48 −0.072 0.052

Plant component equipment cost

Gas turbine (M$) 62.89 62.89 62.89 62.89

Steam turbine (M$) 25.34 28.66 28.79 28.77

HRSG (M$) 28.01 46.08 41.67 41.66

Heat rejection (M$) 30.55 45.86 47.08 47.15

MCFC + BOP (M$) - 50.48 61.74 61.41

Membrane (M$) - - 25.34 52.46

ASU (M$) - 5.82 5.82 5.82

CO2 compressor (M$) - 16.78 16.78 16.78

Power section TEC (M$) 146.79 183.49 180.43 180.47

Power section TPC (M$) 488.48 610.61 600.43 600.56

CO2 removal section TEC (M$) - 73.08 109.68 136.47

CO2 removal section TPC (M$) - 378.3 567.76 706.44

Total TPC (M$) 488.48 988.91 1168.2 1307

Fuel cost (M$) 95.72 119.62 119.62 119.62

Fixed O and M cost (M$) 10 25.8 28 29.3

Consumables (M$) 6.4 10.22 12.73 13.3

First year capital charge (M$) 163.38 280.76 304.62 333.74

COE ($/MWh) 48.95 68.86 72.79 80.21

CO2 specific avoidance (g/kWh) - 304.88 306.02 305.77

CCA ($/tCO2) - 65.3 77.9 102.23
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3) When the CO2 utilization rate of the MCFC is 0.96 and the SCTR
of the membrane is 0.90, the new system with SEGR in parallel
exhibits a better economic and environmental performance.

Because of the high cost of the MCFC at present, the new system
does not have significant advantages in terms of technical or
economic performance. The advantage of the MCFC-based CO2

capture system, as well as forthcoming technological improvements,
will contribute to advancing its economic performance.
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Nomenclature

A area, m2

Ac cell active area, m2

ASU air separation unit

BOP balance of the plant

cCO2 CO2 concentration

cO2 O2 concentration

CCA cost of CO2 avoided, $/tonCO2

COE cost of electricity, $/MWh

Deff effective diffusivity, m2/s

ECO2 CO2-specific emissions, g/kWh

ENerst ideal reversible voltage, V

EPC engineering, procurement, and construction costs, M$

F Faraday constant, 96,487 C/mol

ΔG Gibbs free energy, kJ/kg

GSCC gas–steam combined cycle

GT gas turbine

HRSG heat recovery steam generator

IC indirect cost, M$

IDC interest during construction, M$

IGCC integrated gasification combined cycle

INST installation cost, M$

J current density, A/m2

j0 exchange current density, A/m2

j00 standard exchange current density, A/m2

LHV low heat value of fuel, kJ/kg

mCO2 ,inlet CO2 mass flow rate in the cathode inlet, kg/s

mCO2 ,outlet CO2 mass flow rate in the cathode outlet, kg/s

mfuel,inlet fuel mass flow rate in the anode inlet, kg/s

mfuel,outlet fuel mass flow rate in the anode outlet, kg/s

_mMCFC mass flow rate of MCFC input fuel, kg/s

_mGT mass flow rate of gas turbine input fuel, kg/s

MCFC molten carbonate fuel cell

N number of single cells

NGCC natural gas combined cycle

n number of electrons released in the dissociation of H2 molecule

OCC owner’s cost and contingencies

SPECCA specific primary energy consumption per unit of CO2 avoided

SPP steam power plant

TEC total equipment cost

TPC total plant cost

ηDC−AC conversion efficiency of DC (direct current) into AC (alternative
current)

ηohm Ohmic voltage loss, V

ηconc concentration voltage loss, V

τ thickness, mm

σ electrical conductivity, S/m-1

Subscripts

act activation

an anode

ca cathode

conc concentration

elec electrolyte

f feed side

i species i

ohm Ohmic

p permeate side

TPB three-phase boundary
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An empirical study on the
relationship between economic
growth and forest carbon sink
value based on PVAR model

Yukun Song*

School of Economics and Management, Northeast Forestry University, Harbin, China

The dynamic relationship between the value of forest carbon exchange and
economic growth has a significant impact on the sustainable development of
China’s economy and society. Hence, the consequences cannot be ignored even
when China enjoys a win-win situation concerning environment and
development. This study examines the economic growth and forestry data
from 1995 to 2020 (2021 data from the Statistical Yearbook of China Forestry
and Grassland in February 2023 has not been released) to calculate the forest
carbon sink (using the forest stock method), estimate the forest carbon sink price,
and establish a panel vector autoregression model. Pulse response analysis and
variance decomposition are also used to test the dynamic relationship between
economic growth and forest carbon sink value. The study finding reveal that
during the research period, economic growth promoted the development of
forest carbon sinks; forest carbon sinks “suppressed” economic growth in the
short term; and the inhibitory effect of forest carbon sinks is no longer significant.
The possible innovations and contributions of this study are: 1) Expanding relevant
research on the calculation of the value of forest carbon exchange, using the
forest accumulation method to calculate the province’s forest carbon exchange,
and using the production function of the number to estimate the price of forest
carbon exchange. 2) Based on the requirements of the high-quality development
stage of the economy, it can serve as a reference to formulate and improve
policies for relevant departments (according to the empirical results), thereby
helping the country achieve the “dual carbon” goal as soon as possible.

KEYWORDS

forest carbon sink value, economic growth, PVAR model, high-quality development,
carbon sink development policy

1 Introduction

As socialism reflecting Chinese features has entered a new era, the country’s economy
has shifted to a high-quality development stage. Ecological civilization has emerged as a
common demand worldwide. The “Outline of the 13th Five-Year Planning of the National
Economic and Social Development” clearly mentions that it is essential to tackle the issue of
climate change actively and promptly. Since the 18th National Congress of the Communist
Party of China (CPC), China has accumulated 960 million acres and 1.24 billion acres of
forests, thereby increasing the forest coverage rate to 24.02%. Contributing approximately a
quarter of the new green area to the world, China is being recognized today as the fastest-
growing forest resource in the world. The area of preserved plantation forests has reached
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1.314 billion mu in China, ranking first in the world. At the 75th
Session of the United Nations General Assembly, the “double
carbon” goal also put forward higher requirements for China’s
economic development. In the process of achieving a win-win
dynamic balance between the environment and development, the
role of forest carbon sinks cannot be neglected.

Hence, the 2035 vision of a “stable decline in carbon emissions
after peaking, fundamental improvement of ecological environment,
building a beautiful China” in accordance with the standards for a
progressive economic development phase, is in perfect alignment
with the principal social and economic development objectives
highlighted in the 14th Five-Year Plan period, aiming for “new
progress in ecological civilization construction.” Therefore, from the
perspective of forest carbon sequestration, this study organically
integrates the value of forest carbon sequestration with the pace of
economic growth, exploring the dynamic relationship between the
two factors. In addition, this study proposes several policy
recommendations based on the empirical results, provides
references for the relevant departments to formulate and improve
policies, and promotes the development of forest carbon sink project
effectively. To sum up, it realizes the ecological, social, and economic
benefits of the win-win scenario for China to help the achieve the
“double carbon” goal in the nearest future.

2 Literature review

As highlighted by Lin Ling, considering the volume and
calculation of forest carbon exchange, diverse tree species in a
respective locality display fluctuations in carbon exchange
volume. Also, differences in geographical locations and climate
conditions across diverse areas call for the consideration of
additional factors (Wang, 2022). Liu et al. (2023) evaluated the
carbon sink capacity of Canadian boreal forests; approximately 43%
of the forest experienced a significant increase in tree mortality, thus
resulting in a significant loss of biomass carbon. With an increase in
drought conditions, the capacity of the Canadian boreal forest as a
carbon sink is expected to reduce further. Girardin et al. (2022)
evaluated the effects of different winter conditions on tree growth
and forest carbon sequestration potential. Anderegg et al. (2022)
provided risk maps of key climate-sensitive disturbances in the
United States to improve forest carbon cycle modeling. Using six
dynamic global vegetation models, Yu et al. (2022) estimated
spatially explicit patterns of biomass losses from large
unmanaged forest plots to constrain predictions of net primary
productivity, heterotrophic respiration, and net carbon sinks. As
defined by Shi et al. (2014), forest carbon sink measurement
methods are principally dependent on sample surveys and
micrometeorology techniques, including biomass, forest stock,
sample land inventory, micrometeorology, box, and remote
sensing estimation. Wang (2022) underlines the geographical
distinctions in adopting various measurement models for forest
carbon sink, thereby ensuing significant variations in parameter.
Therefore, the establishment of a comprehensive forest carbon sink
measurement and detection system is recommended. Zhang and Lin
(2021) highlighted that the forest carbon sink calculated (based on
data provided by the national forest resources inventory) is simple
and practical, offering the advantage of directly and

macroeconomically estimating the forest carbon sink in each
province.

The determination of forest carbon sink price is a prerequisite
for value measurement. Even though there is a fundamental
difference between the two points, they affect each other
considerably. The measurement of the value of forest carbon sink
refers to the monetary measurement of the carbon dioxide that can
be absorbed and stored by the forest. The determination of the unit
price of a forest carbon sink and accurate measurement of forest
carbon storage are the core processes to obtain the value of a forest
carbon sink. The common forest carbon sink pricing methods in
academia include the afforestation cost method, artificial fixed
carbon dioxide method, carbon tax law, market price method,
and mean value method. Zhang and Yi (2022) calculated the
forest carbon storage of Chengde City using the accumulation
expansion method. They also calculated the optimal price of
forest carbon sinks using the optimal price model. Zhang and
Chen (2021) calculated forest carbon storage in Fujian Province
using the stock expansion method. In addition, they estimated the
forest carbon sink value using the market value method. Cao et al.
(2021) combined the self-value and option value of carbon sinks and
built a carbon sink value evaluation model. They also engaged in the
evaluation, analysis, and testing of the carbon sink value of the
carbon sink afforestation project of the Fengning Qiansongba Forest
Farm. According to Zhang et al. (2019), the evolutionary game has
the evolutionary stable strategy (under the dynamic carbon trading
price). Dynamic carbon trading pricing policy is effective in
accelerating carbon reduction.

The development of forest carbon sinks contributes to both
ecosystem betterment and economic development. Using the global
forest product model, Ke et al. (2023), simulated the dynamic
changes in China’s forest resources from 2018 to 2060 under
different carbon sequestration price scenarios. Thereafter, it was
suggested that China’s forest carbon sink would facilitate carbon
peaking and carbon neutrality. Raihan and Tuspekova (2022)
investigated the potential of economic growth, renewable energy
utilization, and forest carbon sink capacity to achieve environmental
sustainability inMalaysia. Yao et al. (2022) established a panel vector
autoregression (PVAR) model based on the data from Chinese
forestry from 1998 to 2018. Their findings demonstrated that
economic growth could promote the development of forest
carbon sinks; however, forest carbon sinks would negatively
“inhibit” economic growth in the short term. Qin and Qu (2021)
analyzed the advantages, disadvantages, opportunities, and
challenges of county economic development to achieve carbon
neutrality in Yiyang City using SWOT analysis. Du et al. (2021)
discussed the transnational spillover effects of forest carbon sinks
and expounded the direct effects of various economic development
factors on forest carbon sinks. Xu et al. (2021) asserted that the
forestry foreign exchange increase inflicts numerous positive effects
on economic and social development with the tendency to promote
the realization of the “carbon neutrality” goal. Based on the
perspective of the social economy, Zhang and Lin (2021) claimed
that the current improvement of the social and economic
development may negatively enhance per capital GDP on forest
carbon sinks. Miao et al. (2020) found that an increase in forest
carbon storage promotes the growth of the total forestry output
value in the province.
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Despite the existence of different studies on forest carbon sinks,
no conclusive study related to the long-term interaction between
economic growth and the value of forest carbon sinks is available.
Quantitative research is relatively scarce, the online carbon market
time is short, and the operation situation is comparatively immature.
Therefore, there is a need to further enrich the data and quantitative
models. It is particularly important to select appropriate indicators
to measure the price of forest carbon sinks (Wang and Zhi, 2018). In
this study, 32 provinces (municipalities and autonomous regions)
were selected as research samples from 1995 to 2020. The forest
stock accumulation method was utilized to calculate the forest
carbon sink in each province, whereas the translog production
function was used to estimate the price of the forest carbon sink.
Based on the available data and resources, a PVAR model was
established using panel data. The dynamic relationship and
mechanism between economic growth and forest carbon sink
value were explored from the perspective of economic value,
revealing that economic growth can positively promote the
development of forest carbon sinks. Additionally, the realization
of forest carbon sink value has a “negative” effect on economic
growth in the short term. Hence, this study proposes the formulation
of long-term forest carbon sink development policies, improvement
in forest carbon sink trading platform, improvement in forest
carbon sink pricing mechanism, solidification of forest
protection, strengthening forest carbon sink poverty reduction
function, and implementation of forest ecological compensation
mechanism (Liu, 2021).

Based on the previous research experience, it can be concluded that
there are mutually restricting factors in the synchronous development
of economy and ecology. When it comes to the interaction between the
development of forest carbon sinks and economic development,
“whether constraints have always existed,” “whether constraints have
always existed” and “how to overcome them” are the major issues to
study, address, and resolve. The possible innovations and contributions
of this study are reflected in two aspects:

1) enrichment of the research theory on the relationship between
forest carbon sink and economic growth. By using the
transcendental logarithmic production function to estimate
the price of forest carbon sink, and then calculating the value
of forest carbon sink, the study could be considered persuasive
and pertinent.

2) In this paper, the interaction between forest carbon sink and
economic growth is explored. Additionally, the assumptions are
made from the perspective of forest carbon sink and economic
growth. Factors that may affect each other are analyzed in detail.
Likewise, the stages of mutual promotion and constraint are
deeply studied, thereby helping in the expansion of research
content in related fields.

3 Theoretical analysis and hypothesis

In 1993, Panayotou propounded the Environmental Kuznets
Curve (EKC) hypothesis while studying the relationship between the
environment and economic growth. The EKC hypothesis describes
the relationship between environmental quality and per capital
income with an inverted U-shaped curve. Chinese scholars have

studied the relationship between environmental quality and
economic growth in the country employing both theoretical and
empirical perspectives. The conclusions drawn resembled
Panayotou’s. The EKC pattern has a certain reference value for
analyzing China’s economic development practice. The above
studies provide references for the analysis of the interaction
between economic growth and forest carbon sink value (Figure 1).

Considering this specific study area, it is expected that economic
development will experience a steady increase in environmental
pollution, especially if Kuznets Curve Theory principles are
employed. After reaching a critical threshold, pollution levels are
expected to decline, adding to a general improvement in
environmental conditions. This relationship between economic
growth and environmental impact is truly dynamic. An
underdeveloped economy is affected by uncontrolled population
growth and the subsequent food demand. As the agricultural
production level is low, more land will be reclaimed for planting
food crops, crowding out forestry land. Additionally, extensive use of
resources and increasing demand for wood and other forest products
lead to the degradation of forest resources and low forestry economic
returns. In this case, forests serve as carbon sources. However, with
economic development and advancement of planting technology,
food production is no longer dependent on farmland planting
areas. In contrast, many farmlands with low economic yield have
been returned to the forest. Scientific and technological progress has
brought improvements in people’s living standards; society has started
to pay more attention to environmental protection; laws and
regulations related to environmental protection have been
improved; the structure of the forestry industry has become more
reasonable; forest resources have gradually recovered; the forest
carbon sink function has emerged.

Hence, this study analyzes the following two aspects:

3.1 Economic growth helps increase the
value of forest carbon sinks

Despite China’s switch to high-quality development, there is still
a long way to go when it comes to ecological environmental
protection with more emphasis on the green and low-carbon

FIGURE 1
Environmental Kuznets curve.
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economic development model. Since the 18th National Congress of
the CPC, China’s key forestry ecological projects have been
successful in achieving remarkable results. Forest carbon
sequestration is not only an important way to offset industrial
carbon emissions, but also an economic option to develop a
green and low-carbon economy. Ding Shiyong, a member of the
National Committee of the Chinese People’s Political Consultative
Conference and Vice Chairman of Chongqing, stressed in an
interview that to help the green transformation of traditional
industries, the development of a financial hierarchical incentive
method with a combination of points and points is crucial.
According to Jiang et al. (2022), when the profits of the
manufacturing industry exceed the investment, enterprises can
form a stable situation of adopting corporate green and low-
carbon innovation technologies. Forest carbon sinks have both
natural and socio-economic attributes. Therefore, the study of
forest carbon sink value should be concerned with nature and
social economy aspects. As identified in this study, the impact of
economic growth on the value of forest carbon sinks has three
aspects. First, economic growth promotes technological progress
and produces a substitution effect, making forestry industry
structure more reasonable. The more developed the forest
economy is, the higher the output value of the tertiary industry
will be. Weakening the dependence of forest farmers on the primary
and secondary forestry industries helps change the extensive
economic model. The impact of social economic activities on the
ecosystem also increases the input to the forest ecosystem.
Increasing investment in the tertiary industry, making use of the
former state-owned forest farm department and other existing
buildings and existing construction land, constructing the
infrastructure for the integrated development of the three
industries in the forest area, and constructing the infrastructure
for tourism in the forest area, are conducive to the healthy
development of forestry, the improvement of forest carbon
reserves, and the increase of forest carbon sink value. Second,
with the sustainable and healthy economic development, the
government increases the investment in the forest ecosystem,
continuously improves the policies supporting forest operation,
expands the supply of forestry investment, promotes the increase
of forest resources, and increases the value of forest carbon sink. At
the same time, increasing government financial appropriation has a
positive effect on improving enterprises’ enthusiasm to participate in
carbon sink trading activities, ultimately promoting the
development of forest carbon sinks, and improving the forest
carbon sink value. Third, China’s traditional growth mode of
“high energy consumption and high emission” did achieve high
growth to some extent in the early stage of economic development.
However, in recent years, as economic development gradually enters
a high-quality development mode, the government gives more
importance to the environment with strong efforts to reduce
emissions. Consequently, it results in the reduction of carbon
emissions, and forest carbon sinks become a scarce commodity.
It is, therefore, essential to promote the increase of forest carbon sink
scale and the value of forest carbon sink. Hypothesis H1 is proposed
in this study.

H1: Economic growth promotes the development of forest carbon
sinks and increases the value of forest carbon sinks.

3.2 The realization of forest carbon sink
value can promote economic growth

Since the 18th National Congress of the CPC, the government
has attached great importance to environmental protection. Local
governments have intensified their efforts to protect forest
resources. While realizing the value of forest carbon sinks,
certain measures have been taken to promote economic growth,
including increase in the income level of forest farmers,
augmentation of training and employment opportunities, and
improvement in the regional forestry industry structure.
According to this study, the impact of forest carbon sink value
on economic growth can be explained considering the following
three aspects:

1) The route to carbon finance; through the direct implementation
of carbon sink projects, expansion of financing channels,
realization of diversified social capital financing, and
stimulation of the vitality of carbon financial capital can be
achieved. In turn, it may help in the transformation of
“ecological value” to “economic value.”

2) The government ecological compensation route; with forest
natural capital investment as the intermediary, the diversified
economic benefits of forest resources can be realized, and
government financial revenue can be increased using carbon
trading and carbon credit. The government will then
implement long-term investment projects and forest carbon
sink equity financing and issue forest carbon sink bonds. The
government will also implement forestry ecological
engineering projects and forest ecological benefit
compensation projects. If the income is distributed to rural
households, forest land investment, property rights transfer,
participation in reforestation projects, forest tourism
development projects, and other economic activities could
help them increase their income using diverse channels. Thus,
the forest carbon sink can play a critical role in poverty
reduction, effective expansion of the total social supply,
development of opportunities for the poor, and promotion
of sustainable and healthy economic development.

3) The industrialization route of forest carbon sink; the
ecological basis of forest resources provides the premise for
establishing industries with forest carbon sinks as the core and
promotes the optimization of the forestry industry structure.
Reliance on forest carbon sinks’ development and
industrialization, their economic value, high-value-added
agricultural and forestry products, and ecological tourism
and similar economic values can be shown. The economic
income can be reinvested in the forest carbon sink and other
projects to ensure running a positive cycle. For example, in
provinces with developed forest resources, ecological tourism
can be developed utilizing the resources to achieve
coordinated development of forest carbon sinks and
economic growth. Therefore, hypothesis H2 is proposed in
this study.

H2: The realization of forest carbon sink value can promote
economic growth.
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4 Research design

4.1 Research sample and data source

In this study, data from 32 provinces (municipalities and
autonomous regions) from 1995 to 2020 was used for analysis.

Missing data from the Hong Kong Special Administrative Region,
Macao Special Administrative Region, Taiwan Province, and
Chongqing Municipality was excluded. Due to the lack of data on
the number of employees and the amount of investment in fixed
forestry assets at the end of 2001 in the Tibet Autonomous Region, the
arithmetic average of the end of 2000 and the end of 2002 were
calculated to replace it. To eliminate data heteroscedasticity and
reduce data fluctuation, log processing was performed on the
original data. The logarithmic gross regional product per capital
(lnGDP) and the value of the forest carbon sink after logarithmic
growth (lnV) were calculated. After the screening process, the study
samples comprised 792 observations from 30 provinces (municipalities
and autonomous regions).

Data was obtained from several authentic sources, including the
National Bureau of Statistics, the State Forestry and Tobacco
Administration, the China Statistical Yearbook, the China
Forestry and Grassland Statistical Yearbook, the China Forestry
Statistical Yearbook, National Forestry Statistical Data, and the
National Tai’ and Financial Research Database (CSMAR). Since
the latest edition of the China Forestry and Grassland Statistical
Yearbook has not yet been published, latest data from 2020 was used
for empirical research and analysis.

4.2 Primary variable definition

The per-capital gross regional product of each province was
selected as an indicator of economic growth, and the product of the
calculated forest carbon sink and forest carbon sink prices was used
to measure the value of the forest carbon sink. The variables used in
this study are as follows:

4.2.1 Economic growth
Economic growth refers to the increase in the production

capacity of goods and services in a country or region within a
certain period. The indicators used to measure economic growth
include GDP, per capital GDP, and GDP growth rate. This study
used the per capital GDP of each province (city or autonomous
region) to measure economic growth.

4.2.2 Forest carbon sink–related variables
4.2.2.1 Forest carbon sink (C)

Forest carbon sink can be regarded as the carbon sequestration
capacity of the forest ecosystem, that encompasses tree species,
understory vegetation, and woodlands. Hence, these features must
be considered when analyzing and calculating forest carbon sinks.
Considering data availability and calculation simplification, the forest
stock method was adopted to calculate the forest carbon sink in each
province. The principle of the forest stock method is to multiply the
measured unit stock biomass of dominant forest tree species by the
total stock to obtain the total biomass. The carbon content coefficient
is also multiplied to obtain the desired forest carbon sink. Forest

carbon sinks consist of three parts: biological carbon sequestration of
trees, carbon sequestration of understory plants, and carbon
sequestration of woodlands. The calculation method was as follows:

C � C1 + C2 + C3

� v × δ × ρ × γ + α v × δ × ρ × γ( ) + β v × δ × ρ × γ( ) (1)
where C represents the total forest carbon sink obtained by the
study; C1, C2, and C3, respectively represent forest carbon sink,
understory plant carbon sink, and forest carbon sink; v stands for
forest stock; δ, ρ, and γ denote the accumulation expansion
coefficient, volume density, and carbon content, respectively; α
and β represent the carbon conversion coefficients of understory
plants and woodland, respectively. α and β use the default values of
0.195 and 1.244, respectively, by the Intergovernmental Panel on
Climate Change. Thus, (1) can be simplified as:

C � 2.439 v × δ × ρ × γ( ) (2)
This study used the simplified method for calculating forest

carbon sink, where δ, ρ, and γ were 1.9, 0.5, and 0.5, respectively.
Since the update cycle of China’s forest resources inventory data is
5 years, the calculated forest carbon sink of each province remains
unchanged during each inventory period.

4.2.2.2 Forest carbon sink price (P)
The unit price of carbon sink is an important parameter to

measure the economic value of forest carbon sinks. Currently, there
is no uniform method to calculate the pricing of carbon sinks.
Therefore, previous studies have employed different calculation
methods, including the Cobb-Douglas Production Function
Method and the Translog Production Function Method. In the
Cobb-Douglas Production Function Method, the factors of each
year are constant, a characteristic not aligned with reality. Hence,
several studies have demonstrated the advantage of using the
Translog Production Function Method to obtain more accurate
results as it complements the available data. In addition, this study
examined the interactive relationship between economic growth and
forest carbon sink value. The Translog Production FunctionMethod
was used for forecasting considering its better reflection of the
interaction between variables. The general form of the Trans-
logarithmic Production Function is as follows:

lnY � α +∑n

i�1αilnXi + 1
2
∑n

i�1∑n

j�1βijlnXilnXj (3)

Considering different factors of the national economy, this study
used the inclusive Translog Production Function to effectively study
the interaction of input factors in the production function and the
difference in the technological progress of each input. Based on the
theory of marginal productivity, panel data covering the total output
value of forestry, forestry capital stock, forest carbon sink, and
forestry labor force and referring to the research method of Chen
et al. (2022), a translogarithmic production function was used to
estimate the price of forest carbon sink in each province.

lnYi,t � α1 ln Li,t + α2 ln Ki,t + α3 ln Ci,t + αlc ln Li,t ln Ci,t

+ αkc ln Ki,t ln Ci,t + αlk ln Li,t ln Ki,t + αcc ln Ci,t( )2
+ αll ln Li,t( )2 + αkk ln Ki,t( )2 (4)
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where Y, L, K, and C represent the total output value of forestry,
forestry capital stock, forestry labor force, and the forest carbon
sink, respectively; i and t represent time and study area,
respectively. α1, α2, and α3 respectively represent the output
elasticity of forestry labor force, forestry capital stock, and
forest carbon sink. Alc, αkc, αlk, αcc, αll, and αkk, respectively
represent the elasticity coefficients of the cross term and square
term of each element of the forestry labor force, forestry capital
stock, and forest carbon sink. After deriving and further
simplifying Eq. 4, we can obtain:

P � Y
C

αc + αkclnKi,t + αcclnCi,t + αlclnLi,t( ) (5)

The forestry data from provinces (municipalities and
autonomous regions) during 1995–2020 were substituted into Eq.
4. Thereafter, linear regression analysis was performed using
stata16.0. The elastic coefficients obtained from the regression
were substituted into Eq. 5 to calculate the forest carbon sink
prices for each province during 1995–2020.

4.2.2.3 Forest carbon sink value (V)
To calculate the value of the forest carbon sink, the amount of

carbon dioxide absorbed by the forest was expressed in monetary
form (Liu et al., 2020). To better understand the economic benefits
of forest carbon sink, the product of forest carbon sink and its unit
price is generally used. In this study, the product of forest carbon
sink and its price was used to measure the value of forest carbon
sink.

V � C × P (6)

4.2.2.4 Forestry output (Y)
Considering the availability of data, this study selected the total

value of forestry output, expressed in monetary form as the total
amount of tangible and intangible labor achievements in the
cultivation, protection, management, and utilization of forestry
resources over a certain period, as the index to measure forestry
output.

4.2.2.5 Forestry labor force (L)
The forestry labor force consists of all personnel engaged,

directly or indirectly, in production, technology, and economic
activities in the forestry sector (Li and Zhang, 2021). However,
due to the complexity of forestry production, it is relatively difficult
to accurately count the number of employees outside the forestry
system. Therefore, this study selected the number of employees in
the local forestry system at the end of the year to reflect the forestry
labor force.

4.2.2.6 Forestry capital stock (K)
The investment of forestry fixed assets in the completion of

forestry fixed asset investment in each province during
1995–2020 was selected to replace capital stock.

Table 1 presents the statistical information on the numerical
characteristics of the variables involved in this study.

4.3 Model construction

Newey extended the time-series analysis method to panel data
analysis and proposed a Panel Vector Autoregressive (PVAR)

TABLE 1 Descriptive analysis results.

VarName Obs Mean Sd. P5 Median P95

lnGDP 792 0.6671 1.0145 −0.9576 0.7703 2.1747

lnC 792 9.6293 1.9410 5.4399 9.9339 12.1577

P 792 70.4701 248.7848 0.7649 19.5805 208.1844

lnV 792 12.4492 1.5016 9.2431 12.6959 14.5583

lnY 792 12.9111 1.4482 9.8994 13.1662 14.9606

lnL 792 0.8980 1.2974 −1.9540 1.0402 2.8956

lnK 792 11.8448 2.0324 8.3891 12.0907 14.6862

TABLE 2 Results (LLC unit root test).

Whether the time trend item is included Variable LLC inspection

Statistical value p-value

No lnV −1.3036 0.0962

lnGDP −6.7276 0.0000***

Yes lnV −1.8472 0.0324*

lnGDP −1.1483 0.1254

Description: *p < 0.05, **p < 0.01, ***p < 0.001.
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model. The PVAR method amalgamates the advantages of both the
classical VAR method and panel data to process and analyze
statistical data offering better identification of the influence of
individual feature differences on regression fitting. All variables
in the PVAR model are analyzed as endogenous variables. The
response of one variable to the impact of another variable can be
obtained through the orthogonalization of the error term, thus
reflecting the dynamic interaction between different variables in
the model. The PVAR model can be expressed as:

Yi,t � αi + βt + φ1Yi,t−1 + φ2Yi,t−2 +/ + φpYi,t−p + εi,t (7)

where Yi,t is the variable q × 1-dimensional vector of the section
individual i at the time point t. φ1, . . ., φp are the coefficients of a
matrix of q × q to be estimated (q is the number of variables). αi and
βt are individual effect vectors and time effect vectors of q × 1,
respectively. Yi,t-p is the p-order lag term of yi,t. The perturbation εi,t
satisfies the expectation of zero. The covariance matrix of Γ
identically distributed independent variables, namely, εi,t~i.id(0,
Γ), simultaneously meeting the conditions of E (εi,tqαi,tq,βi,tq,yi,t-
2
q, . . .) = 0.

The endogenous problem of mutual causality is inevitable
among macro variables (Fan and Peng, 2021). Therefore, this
study used the PVAR model (without considering the
endogenous problem) to investigate the interactive relationship
between forest carbon sink value and economic growth. The

selection of a PVAR model can not only retain the excellent
characteristics of the vector autoregressive model, but also
extends the simple time series model to the spatial direction,
reduces the requirements on data length in modeling, and fully
considers the heterogeneity of cross-section individuals. The PVAR
model established in this study is as follows:

Yi,t � ω0 +∑m

j�1βjY i,t−j + εi,t (8)

where Yi,t = (GDP, V) is the column vector of variables; economic
growth and forest carbon sink value; ω0 is the intercept term; i and t
represent city and time, respectively; m represents the order of lag; βj
represents the coefficient of each lag term and the degree of
interpretation of Yi,t; and εi,t is the random disturbance term.

5 Empirical test based on the PVAR
model

5.1 Data stationarity test

Before conducting PVAR analysis, it is important to assess data
stability and whether it is used without a unit root. Considering the
significance of this condition, the LLC test method was adopted to
conduct a unit root test on lnV and lnGDP. The LLC test results are
presented in Table 2.

TABLE 3 Results (Fisher-ADF unit root test).

Whether the time trend item is included Variable Fisher’s test—ADF

Statistical value p-value

No lnV 168.0946 0.0000***

lnGDP 136.7831 0.0000***

Yes lnV 81.7400 0.0325*

lnGDP 279.9960 0.0000***

Description: *p < 0.05, **p < 0.01, ***p < 0.001.

TABLE 4 AR model (lag order selection test).

Lag CD J J p-value MBIC MAIC MQIC

1 0.9997023 19.59049 0.07542 −57.75815 −4.409513 −25.1315

2 0.9999072 17.7785 0.0229498 −33.78726 1.778497 −12.03616

3 0.9999023 5.082401 0.2789466 −20.70048 −2.917599 −9.824929

TABLE 5 Estimated results [panel vector autoregressive (PVAR) model].

Variable name lnGDP lnV

Estimated value Z value Estimated value Z value

L.lnGDP 1.322*** 17.28 0.371*** 3.60

L.lnV −0.404*** −4.50 0.546*** 4.52

Description: *p < 0.05, **p < 0.01, ***p < 0.001.
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To ensure the robustness of the unit root test results, the Fisher-
ADf Test was used to conduct the second Unit Root Test for lnV and
lnGDP. The results are listed in Table 3.

Based on the graph judgment, the lnV and lnGDP data passed
the stationarity test, concluding that the estimation results of the
model construction are significant for this study.

5.2 PVAR estimation

5.2.1 Optimal lag order selection
The PVARmodel is highly sensitive to Lag Order. If the selected

lag order is too large, the estimated parameters of the model will be
amplified, and the degree of freedom will be reduced. If the selected
lag order is too small, the reliability of the estimated results will be
reduced (Ma and Zhao, 2021). Therefore, it is imperative to first
determine the optimal lag order. In this study, the optimal lag order
selection was conducted based on the principles of MBIC, MAIC,
andMQIC (and the test results are listed in Table 4). The optimal lag
order of the model was determined to be 1.

5.2.2 PVAR estimate
After the data passed the stationarity test and the optimal lag

order of the model was determined, “L.” was used to represent one
period of lag. L.lnGDP and L. lnV are the lagged data of the primary

variables, lnGDP and lnV, respectively. The PVAR model was
constructed using processed data. The estimated results are
shown in Table 5.

5.2.3 Model stability test
After constructing the PVAR model, it is essential to test the

stability of the model. An AR root graph was used to test the
stability of the PVAR model (results shown in Figure 2). The
PVAR model has two real characteristic roots that fall within the
unit circle. The PVAR model established in this study passed the
stability test.

5.3 Granger causality test

The Granger Causality Test means that if the past information of
variables X and Y are included, the prediction effect of variable Y is
better than that of Y alone; that is, variable X helps to explain the
future changes that may occur in variable Y; thus, variable X is
considered to be the Granger cause of variable Y. Based on the PVAR
model, this study further tested the Granger causality between the
economic growth and forest carbon sink value of the provinces
during the study period (Table 6).

At 0.01 significance level, the original hypothesis—“economic
growth is not the Granger cause of the value of forest carbon sinks” is
rejected. Instead, we suggest that economic growth is the Granger
cause of the value of forest carbon sinks, indicating that the previous
changes in the economic growth situation in the provinces can
effectively explain the changes in the values of forest carbon sinks.
Likewise, forest carbon sink value is the Granger cause of economic
growth, and the early changes in forest carbon sink values in each
province can also effectively explain the changes in economic
growth. To sum up, a Granger causality exists between economic
growth and forest carbon sink value.

5.4 Impulse response function analysis

The Impulse Response Function Model can reflect the economic
significance contained in the PVAR model more intuitively and in
detail. The Stata16.0 Software was used to conduct 300 Monte Carlo
Simulation Impulse Response Analyses for economic growth
(lnGDP) and forest carbon sink value (lnV) (results shown in
Figure 3). The x-coordinate represents the number of response
periods of the impact response, the y-coordinate represents the
utility value of the impact, the dashed line represents the impulse
response function, and the shaded part represents the standard
deviation band of the 95% confidence interval. Figures 3A, B
demonstrate the response of forest carbon sink value and per
capita GDP, respectively, under the impact of forest carbon sink
value. Figures 3C, D reflect the response of the forest carbon sink

FIGURE 2
Stability test (panel vector autoregressive model).

TABLE 6 Results (The Granger causality test).

Null hypothesis Chi2 statistics Degree of freedom p-value Conclusion

lnV does not Granger-cause lnGDP 20.224 1 0.000 Refuse

lnGDP does not Granger-cause lnV 12.947 1 0.000 Refuse
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value and per capita GDP, respectively, under the impact of per
capita GDP.

As shown in Figure 3A, the forest carbon sink value had a positive
impact on itself in the first phase. However, the impact effect declined
later. In the second phase, the standard deviation band of the 95%
confidence interval exceeded the zero-value boundary and became a
negative effect, thereby hindering the increase in the forest carbon sink
value. The negative effect finally stabilized. Figure 3B shows that from the
first to the fifth phase, faced with the impact of the forest carbon sink
value, per capita GDP presented a negative inhibitory effect. In the sixth
phase, the standard deviation of the 95% confidence interval covered the
horizontal line y = 0. Yet, the hindrance to the increase in per capitaGDP
cannot reject the original hypothesis at the 5% significance level. As seen
in Figure 3C, the shadowpart gradually deviated from the horizontal line
y = 0 from the first phase due to the impact of per capita GDP, thus
indicating that the impact effect of per capitaGDP on the value of forest
carbon sink was gradually enhanced. As shown in Figure 3D, per capita
GDP had a positive impact on itself in the first period, while the impact
effect gradually became stronger and more stable.

5.5 Variance decomposition

The variance decomposition results of the endogenous variables,
lnGDP and lnV, in the PVAR model obtained using the
Stata16.0 Software are shown in Table 7.

According to the contribution rates of lnGDP and lnV to
lnGDP, the economic growth in the first period was completely

dependent on the economic growth in the previous period. To be
precise, it had nothing to do with the value of forest carbon sink. In
the following nine periods, the contribution rate of forest carbon
sink value to economic growth showed a steady growth trend, with
an average contribution degree of 43.22%. According to the
contribution rates of lnGDP and lnV to lnV, the contribution of
economic growth to the forest carbon sink value in the first phase
was 17.8%. The remaining 82.20% was the contribution of the forest
carbon sink value to itself. Progressing from the second to the fifth
phase, the contribution rate of economic growth to the value of
forest carbon sink gradually increased, reaching a peak of 52.61% in
the fifth phase. However, there is a gradual decrease from the sixth to
the tenth phase, with an average contribution of 41.04% (consistent
with the conclusion of the impulse response analysis).

6 Analysis of empirical results

6.1 Economic growth has a positive effect on
forest carbon sink development

In this study, the forest carbon sink value was considered the
explained variable. According to the estimation results of the PVAR
model, the impact of the first-order lagged economic growth on the
forest carbon sink value was significantly positive, with a
p-value <0.001, thereby indicating that economic growth had a
significant positive effect on the improvement of the forest carbon
sink value (supporting Hypothesis 1). The impulse response shows

FIGURE 3
Impulse response analysis.
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that the forward shock increased continuously from the first till the
tenth period.

Economic growth has led to increased investments in forestry.
Forestry, forest management, and infrastructure construction
cannot be excluded or separated from capital investment.
Coupled with the externality and weak condition of forestry,
state financial investment is extremely important for the
development of forestry. In China, with the sustained and
healthy development of the economy, the central and local
governments have gradually increased their investments in the
forestry system, thereby vigorously implementing afforestation
and forest tending projects, improving the ecological conditions
of the forest, promoting the upgrading of the forestry industry, and
promoting the development of the ecological economy as ongoing
measures. Additionally, healthy economic growth makes forestry
more attractive for social funding. Increased social investment is
conducive to the construction of forest ecosystems, increasing forest
stocks and promoting the development of forest carbon sinks
consequently.

Economic growth has also contributed to the optimization of the
structure of the forestry industry. According to the environmental
Kuznets Curve, when economic development passes a critical value,
the negative impact of human activities on the ecological environment
weakens gradually, thus promoting an improvement in environmental
quality. Presently, China’s forestry industry structure is sequenced as
“two, one, three.” As China’s economy enters a stage of high-quality
development, the country attaches more importance to ecological
environmental issues. The primary and secondary forestry industries,
which were mainly based on timber harvesting, transportation,
processing, and manufacturing, gradually transition to the tertiary
forestry industry. It is important to note that these industries are
reliant on forest landscape resources, changing the focus of the
forestry economic development mode. Thus, it is significant to
promote the optimization of the forestry industry structure, reduce
forest resource consumption, and promote the development of forest

carbon sinks through the employment of high-quality economic
development, as it changes people’s cognition, affects consumption
preferences and consumption structures, and modifies the demand
structure of forest products. This leads to the transformation of the
original resource-based consumption into ecological consumption,
promotion of the innovation and technological progress of forest-
related science and technology, upgradation efforts to develop the
forestry industry, and reduction of the irrational consumption of
forest resources. Increasing the forest area and forest stock, promotion
of the development of forest carbon sinks, and improvement of the value
of forest carbon sinks are significantly imperative as well.

Economic growth has also optimized the allocation of forestry
elements. According to the theory of economic growth, factor input
serves as the principal driving force and source of economic growth.
The total input of forestry capital, labor, and land, and the proportion of
the input among these factors, are the key elements that affect the
development of regional forestry. In the context of high-quality
economic development, reliance on large-scale production factor
inputs and forest resource consumption to achieve forestry
production benefits and outputs is not appropriate for the current
strategic position of forestry. Instead, it is suggested to utilize and
depend on scientific and technological progress and employee quality as
new ways of promoting the development of the forestry industry.
Optimizing the input of forestry factors is an important measure to
encourage high-quality development of forestry. From 1995 to 2020, the
forest stock volume increased year by year, and the number of
employees in the forestry system demonstrated a significant
declining trend at the end of the year. In addition, forestry
investment fluctuated, and the proportion of capital in the input
factors increased annually. Capital investment is the key to
promoting the development of high-quality forestry. It is important
to mention that the forestry factor allocation is in line with the
requirement of high-quality development with the propensity of
effectively promoting the development of the forestry industry. In
addition, it helps improve forest carbon sink capacity.

TABLE7 Results (variance decomposition of forest carbon sink value and economic growth).

Period Contribution rate to lnGDP Contribution rate to lnV

lnGDP lnV lnGDP lnV

0 0 0 0 0

1 1 0 0.1780283 0.8219718

2 0.8918289 0.1081711 0.2809851 0.7190149

3 0.7475816 0.2524184 0.3961055 0.6038946

4 0.624397 0.3756029 0.4868334 0.5131666

5 0.5305028 0.4694973 0.5261054 0.4738946

6 0.4604968 0.5395032 0.5188595 0.4811406

7 0.4078834 0.5921167 0.4866295 0.5133706

8 0.3676499 0.6323501 0.4469432 0.5530568

9 0.3362869 0.6637131 0.4086529 0.5913471

10 0.3113853 0.6886147 0.3749224 0.6250776

Average value 0.56780126 0.43219875 0.41040652 0.58959352
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6.2 The development of forest carbon sinks
“inhibits” economic growth

In this study, economic growth was taken as the explained
variable, and the estimated results of the PVAR model showed
that the impact of the first-order lagged forest carbon sink value (L.
lnV) on economic growth (lnGDP) was −0.395, which was
significant at the 1% significance level and inconsistent with
hypothesis 2. It continues to reveal that forest carbon sink has a
statistically significant negative “inhibition” effect on economic
growth, primarily manifested in the middle and early stages.
Since the sixth stage, the negative “inhibition” effect is not
noteworthy at the 95% significance level.

Forest carbon sinks have a lagging effect on the economy. The
development of forest carbon sinks requires the input of production
factors, such as capital, land, and labor resources. Additionally, it
requires a development process from factor inputs to outputs of
ecological and social benefits. Moreover, it is not sustainable to
promote economic growth by relying on factor driving. The reason
is simple. Improvement of the total factor productivity of forestry
and promotion of efficiency reform in the forestry industry would
take time. The development of forest carbon sinks has a lag effect on
the economy (Gupta, 2015).

The structure transformation pressure of the forestry industry is
significant. With only 30 years between China’s commitment to
“carbon peaking” and “carbon neutrality,” it is encountering several
challenges, such as industrial transformation. The pressure of
environmental protection is great, and forest ecosystems need to be
repaired urgently. However, the economic benefits generated by the
activities of increasing forest carbon sink, such as returning farmland to
forest, are difficult to highlight in the early stages of forest formation.
Hence, the foundation of realizing the comprehensive transformation of
the forestry industry structure consequently weakens. As mentioned,
the structure of China’s forestry industry is presented in the form of
“two, one, three”. Under the “double carbon” goal, the primary and
secondary industries of forestry can directly bring economic benefits,
may be seriously impacted, and may also “restrain” the economic
growth in the short term.

The forest carbon sink trading market is still in its immature
phase. The national forest carbon sink trading market has recently
been established, whereby several functions are imperfect, thus
failing to maximize the ecological value of forest carbon sinks
into economic value. Currently, the immature forest carbon sink
trading market reflects the lack of laws and regulations that
specifically stipulate forest carbon sink trading. A few existing
departmental rules are used to guide and regulate national forest
carbon sink trading, which is unauthoritative or inoperable. Further,
the measurement, accounting, and pricing mechanisms of forest
carbon sinks needmajor improvements. Forest resource endowment
and forest carbon sink capacity differ in diverse parts of China.
However, only the net carbon sink amount generated by approved
forest carbon sink projects can participate in forest carbon sink
market trading. Forest carbon sink pricing methods can be divided
into direct and indirect methods. With gradual improvement in the
forest carbon sink trading market, the ecological value of forest
carbon sinks can be transformed into economic value. According to
the pulse response chart, the negative “inhibition” effect of forest
carbon sink value on economic growth will weaken gradually.

7 Research conclusion and theoretical
enlightenment

7.1 Research conclusion

In this study, GDP per capita from 1995 to 2020 was selected as an
indicator of economic growth. The product of the forest carbon sink and
forest carbon sink price was utilized as an indicator of the value of forest
carbon sink. Based on the PVARmodel, impulse response and variance
analyses were used to explore the interaction between economic growth
and forest carbon sink value. Hence, it is concluded that economic
growth can positively promote the development of forest carbon sinks,
whereby the positive promoting effect is continuously enhanced during
Period 1 to 10. These empirical results are supported by Hypothesis 1.
The realization of forest carbon sink value has a “negative” effect on
economic growth in the short term. It is pertinent to note that the
negative effect cannot be significant at the 95% significance level since the
sixth period—a finding inconsistent with Hypothesis 2. Therefore, from
the perspective of development, capturing the dynamic relationship
between the trend of forest carbon sink value and economic growth, and
realizing the long-term development of both, are the challenging pain
points. From the perspective of cost, the implementation of relevant
subsidy policies and compensation measures will also play a crucial role
in the realization of forest carbon sink value and economic development.
Above conclusions imply that the synchronous development of
economy and ecology does have mutually limiting factors. Hence, it
is indeed a challenge to find out the limiting factors, find the balance
point between economy and ecology, and pursue coordinated
development. Due to the limitations of the current disclosed/
unavailable data and reference cases related to forest carbon sink,
future studies need to demonstrate the relationship between
economic growth and forest carbon sink value from a multi-
dimensional perspective.

7.2 Theoretical inspiration and policy
suggestions

Considering China’s economic and social development and the
actual forest carbon sink potential, combined with the above
research results, this study suggests:

7.2.1 Formulation of long-term policies for forest
carbon sink development

According to the impulse response function between forest carbon
sink value and economic growth obtained in this study, it is apparent
that even though each curve can stabilize in the late response period, the
amplitude and period of fluctuation are different. Considering the
different influences exerted by forest carbon sinks and economic
growth at different times in a large country with significant regional
differences, it is essential to improve the long-term development policy
for forest carbon sinks, design a differentiated policy combination
according to the actual situation in each region, and establish and
perfect the technology system of energy-saving and emission reduction.
High-quality projects, enterprises, and areas with favorable conditions
for the development of forest carbon sinks are required to promote the
flow and agglomeration of energy factors to green, low-carbon, and
circular development. For example, after the “double carbon” goal was
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proposed, Shanxi, Inner Mongolia, Hebei, and other heavy industry-
developed regions were put under great pressure to reduce carbon and
reach the peak. As there is a large space for energy conservation and
emission reduction, they were compelled to employmeasures to achieve
industrial emission reduction. Further, these regions have low rainfall,
and the cost of developing forest carbon sinks is higher than that in
other regions. However, the southeastern coastal areas of China, with
sufficient rain and a suitable climate, have cost advantages for the
development of forest carbon sinks. Moreover, these areas are more
suitable for the development of forest carbon sinks and emission
reduction due to several factors—developed economy, a high
proportion of tertiary industries, and small space for industrial
energy conservation. Differentiated policy combinations must be
implemented in different regions to reduce the cost of emission
reduction for the entire society and maximize social welfare.

To increase the support for energy conservation and emission
reduction according to local conditions, it is essential to take various
effective measures, such as implementing tax policies conducive to
the development of forest carbon sinks, strengthening the
supervision of the green finance industry, provision of targeted
subsidies to enterprises that exceed the level of carbon reduction
target responsibility assessment, supporting enterprises to develop
green energy technology, and addressing the failure of carbon
market using mandatory government regulation. To legislate and
supervise the development of forest carbon sink projects, it is equally
important to reduce the spillover effect of the forestry economy,
strengthen the macro-guiding role of the government, increase the
construction and services of green infrastructure, refine the system
and standards for environmental impact assessment of enterprises,
mobilize enterprises to reduce carbon emissions, strengthen the
supervision capacity of regulators, address both short-term benefits
and long-term vision, and safeguard and regulate the legitimate
rights and interests of participants. All such measures could prove
critically helpful in achieving efficiency and effectiveness.

7.2.2 Improvement of trading platforms for forest
carbon sinks

Carbon emission trading is a market-based environmental
regulation tool that internalizes the negative external pollution of
enterprises guided by the government and promoted by the market.
It can encourage enterprises to adopt a low-carbon generation
approach and carbon-neutral behavior. The Chinese carbon
market is in the early stages of development. Therefore, it is
imperative to further build and improve the carbon market
trading mechanism, gradually tighten the issuing standard of the
carbon quota, make carbon emission rights a scarce resource, and
improve the enthusiasm of reduction enterprises to participate in
carbon trading. Through the forest carbon sink market trading
platform, forest carbon sinks can realize the transformation from
ecological value to economic value. A sound forest carbon sink
trading platform can not only guarantee the green development of
the economy, but also promote the active participation of all sectors
in society. Under a carbon currency market with a diversified
compensation mechanism, the principle of “who invests, who
gains” is followed to protect the income distribution rights of all
participants. It also increases social enterprises’ willingness to
participate. This marketization process is beneficial for realizing
carbon sink trading procedures and compliance. In the long term,

such endeavors may help China realize industrial transformation
and upgrading through the marketization of forest carbon sinks.

Currently, China is in the rudimentary stage of carbon sink
marketization. There is, however, room for progress. In future, it is
indispensable to learn from the mature carbon sink market trading
modes of other countries. In this context, it is the responsibility of
the government and respective authorities to take the lead and
establish climate exchange as an intermediary, review forest carbon
sink projects, evaluate the carbon sink credit of enterprises,
promote carbon sink trading, increase publicity, and allow more
enterprises to participate in carbon sink trading. This top–down
participation mechanism may also contribute to the reasonable
formulation of compensation standards. In the context of China’s
“double carbon” goal, improving the forest carbon sink trading
platform would prove beneficial to adjust the interesting
relationship and realize the diversification of forest carbon sink
values.

7.2.3 Improvement of the pricing mechanism of
forest carbon sinks

The government uses carbon pricing to regulate carbon emission
reduction. It measures the impact of carbon dioxide, generated by
socioeconomic activities of enterprises, on the environment in the form
of money. This data allows the authorities to express the negative
externalities of carbon dioxide emission of enterprises in the form of
carbon emission price. The carbon emission behavior of commercial
enterprises can improve their willingness to reduce emissions
effectively. Simultaneously, it may also increase their enthusiasm to
participate in carbon trading. Additionally, it may facilitate an increase
in the government’s fiscal revenue. The major types of carbon pricing
include carbon emission trading system pricing, carbon taxes, and
carbon pricing offset mechanisms. Carbon pricing can be interpreted as
an extension of the Paris Agreement. The OECD published an
environmental paper, highlighting that a joint, worldwide
implementation of carbon pricing and the expansion of the carbon
pricing sector can produce more economic and environmental benefits.
If carbon pricing is implemented to cover non-carbon emission sectors,
compared to the implementation of carbon pricing only in carbon
emission sectors, the cost of emission reduction could be reduced by
approximately 50%.

Owing to large differences in the measurement models and
parameters of forest carbon sinks in different regions, research on
the pricing of forest carbon sinks is limited to the theoretical level.
Moreover, the distribution of forest resources is unbalanced.
Forestry resources in the southwest and northeast areas are
relatively rich, and those in the developed coastal areas are
relatively short. The carbon sink price cannot accurately reflect
the scarcity of resources. Regrettably, the market incentive ability is
not fully utilized, and the role of resource allocation cannot be fully
realized. The pricing of forest carbon sinks needs to be based on the
deployment of scarce resources by the “invisible hand,” with the
participation of the government. Consequently, it not only supports
the development of the carbon sink industry and prevents operators
from altering their business strategies (due to low revenue and loss of
market confidence caused by the low price of the forest carbon sink),
but also prevents unreasonably high prices caused by an increased
demand, which will affect the development of the forest carbon sink
market.
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7.2.4 Intensification of the efforts to protect forests
The development of forest carbon sinks cannot be separated from

the growth of forest natural resources. Forest protection strengthening
process can be initiated from the two aspects of afforestation and
deforestation control, and the active prevention and control of
diseases, insects, rats, and forest fires. Considering the present
scenario, it is high time for all regions to increase afforestation
efforts, actively implement the policies of returning farmland to
forests, plan afforestation phase-wise, optimize tree species, and
enrich forest vegetation diversity according to local conditions. The
following processes must be considered: strictly controlling the
intensity of deforestation, reasonable planning, strict examination
and approval, safeguard supervision and regular inspection, and active
use of biological control technology to prevent diseases, insects, and
rodents. It has also provided quality training for forest management
and personnel protection, strengthened forest fire prevention work,
established forest fire prevention workstations, increased the number
of forest patrols in dry seasons, and implemented real-time dynamic
monitoring of forest land (using remote sensing and other
technologies). At the same time, local governments should crack
down on criminal activities related to deforestation, make authentic
efforts to curb illegal occupation of forest land and other unlawful
activities, and uphold the ecological red line to ensure the healthy and
stable development of forestland ecosystems.

7.2.5 Giving full play to the role of forest carbon
sinks in poverty reduction

Owing to the typical spatial and geographical characteristics of
China’s population, a large proportion is distributed in remote
rural and mountainous areas, rich in forest resources. The rapid
development of China’s carbon market has laid a good foundation
for small farmers to engage in direct participation. The
government and relevant departments are constantly exploring
apt models for farmer participation. As forest carbon sinks help in
poverty reduction, the implementation of forest carbon sink
projects in mountainous areas can help transform the external
value of forest carbon sink products into financial incentives for
ecological protection, thereby ensuring a win-win situation
between sustainable forest development and poverty alleviation
in mountainous areas. Hence, some suggestions are as follows:
carbon sink projects between developed and poor areas should be
coordinated, forest carbon sinks should be purchased in developed
areas; from the perspective of policies, farmers’ rights and interests
in forestry carbon sink projects must be protected; reasonable
subsidy standards for carbon sink afforestation and forest
operation should be formulated; and compensation objects and
ways for carbon sink afforestation must be clarified. Farmers living
in mountainous areas can increase their income through
participation in economic activities, such as reforestation and
forest tourism projects. It vigorously conducts skill training for
farmers, implements special entrepreneurship training programs
for farmers, and provides training on opportunities to identify
forest carbon sink participation, project selection, plan
formulation, and risk avoidance. Consequently, such
opportunities allow farmers to improve their understanding of
current technologies, products, and models and learn about the
local ecological environment. Moreover, it improves their income.
In conclusion, forest carbon sequestration needs to be

incorporated to combat against poverty—a measure that is
conducive to the integrated development of rural primary,
secondary, and tertiary industries, breaking the pattern of rural
populations’ dependence on agriculture.

7.2.6 Implementation of a compensation
mechanism for forest ecology

Introducing and implementing a compensation mechanism
for forest ecology can facilitate economic development. Currently,
there are several market-based compensation methods for forest
carbon sinks in developed countries, whereby the integration of
ecological compensation mechanisms with the carbon sink
market is relatively mature. For instance, South Korea has
subsidized the declaration fees for forest carbon sink projects.
Similarly, the Australian government has established a special
fund for energy conservation and emission reduction to
compensate for the sunk costs that forest operators give
up. However, it is still dependent on the promotion and
practice of the carbon emission trading market and forestry
authorities. Local forest land management departments should
fully understand the current situation of forest resources, forest
carbon sink capacity, and related information. This information
must be combined with the economic development situation for
several reasons; to expand the scope and level of forest ecological
compensation, to navigate through forest economic development
process suitable for local conditions, to implement reasonable
planning of resources, to set up special fund support and
compensation, to attract high-end talent, and to intensify
efforts for exploring the economic benefits of forest ecological
resources. Building a forest ecological industry system and
promoting low-carbon economic development would help
China realize the “double carbon” goal in the nearest future.
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