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Abstract: Under the constraints of low-carbon transformation goals, energy enterprises have sig-
nificantly increased their debt default risk levels due to carbon price fluctuations. This article first
analyzes the contagion mechanism of debt default risk among energy enterprises, and based on this,
constructs a debt default risk contagion model among energy enterprises considering carbon price
fluctuations, and then simulates and analyzes the evolution characteristics of debt default risk conta-
gion among energy enterprises. The research results indicate that: (1) As the proportion of carbon
emission cost increment and investor sentiment index increase, the stability of the debt network of
energy enterprises strengthens. As the ratio of commercial credit among energy enterprises and
influence of energy enterprises increase, the impact of debt risk gradually intensifies. (2) The investor
sentiment index has a strengthening effect on the influence of energy enterprises, the proportion of
commercial credit among energy enterprises, and the proportion of carbon emission cost increment.
The commercial credit ratio between energy enterprises and its influence has a mutually reinforcing
effect. (3) The investor sentiment index has suppressed debt default risk for various energy enter-
prises. The joint risk suppression effect of the proportion of carbon emission cost increment and the
influence of energy enterprises in petroleum and petrochemical enterprises is more prominent. The
joint risk constraint ability between the proportion of carbon emission cost increment and investor
sentiment index in coal enterprises is stronger.

Keywords: fluctuations in carbon prices; energy inter-enterprise network; debt default; risk contagion

MSC: 91-10

1. Introduction

In recent years, China’s carbon emission structure has been in urgent need of change
due to the dual impacts of economic downward pressure and low-carbon transition
goals [1]. In order to reach its low-carbon emission reduction targets as soon as possi-
ble, China has promoted a series of ongoing policies to provide financial support to green
and innovative enterprises. By the end of 2022, China had become the world’s largest green
credit market and the second largest green bond market. According to the Wind database,
610 green bonds were issued in 2022, totaling 804.403 billion yuan. However, amid the
surge in green finance initiatives, the risk of corporate debt defaults has risen dramatically,
with the number of companies facing the risk of debt defaults having increased from more
than 800 in 2010 to more than 2400 at present [2]. As one of the key areas for China to realize
the goal of low-carbon transition and accelerate green development, the overall pressure
on the energy industry is rapidly climbing. At the same time, as the establishment of the
domestic carbon trading market was only relatively recent, the carbon trading mechanism
is still immature, and the carbon trading price fluctuates from time to time. Carbon price
volatility triggered by the lack of financial liquidity of energy enterprises, borrowing and
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lending relationship imbalance, and other issues, has led to energy enterprises developing
an obvious debt default risk aggregation. As the debt default risk of energy enterprises
increases in the short term, it will trigger energy and related financial market turbulence,
which will lead to the collapse of these related industries and markets, and cause serious
hidden danger to the high-quality development of China’s economy. Therefore, the study
of debt default risk and risk contagion among energy enterprises in the process of carbon
trading is of great practical significance for maintaining the stability of China’s economy
and realizing China’s low-carbon development goals.

Currently, scholars’ research on the risk of debt default among energy enterprises
mainly focuses on the formation factors and the contagion mechanism. First, in terms of
the formation factors of debt default risk among energy enterprises, when the gearing ratio
of energy enterprises is too high, it will increase the financing cost of the demand side
of funds and easily induce the debt default of energy enterprises [3]. Moreover, internal
factors involving corporate profitability, solvency, operational capacity and viability, as
well as external factors including the macroeconomic environment and energy policy
support, will increase the probability of the formation of debt default risk among energy
enterprises [4]. Second, in terms of the risk contagion mechanism of debt default among
energy enterprises, the risk contagion mechanism of debt among energy enterprises is
analyzed by measuring the risk contagion effect of bonds in the short, medium, and long
term [5]. In addition, the debt default risk contagion mechanism among energy enterprises
was studied by introducing financial regulation of counterparty risk [6]. However, with
the development of low-carbon transition requirements of energy enterprises, more and
more scholars have begun to portray the contagion law of debt default risk among energy
enterprises from the perspective of stock market risk. Studies have shown that under
the uncertainty of international trade policies, risk spillovers from the stock market are
picked up by energy markets such as oil, inducing the creation of debt default risk among
energy enterprises [7]. In addition, equity market risk can increase the likelihood of debt
default among energy enterprises through CDS spreads [8], and it can also exacerbate the
contagion of debt default risk among energy enterprises by lowering energy enterprise
performance through stock pledges [9].

However, existing studies have not considered specific triggers of stock market risk
for energy enterprises, such as carbon price volatility. There is great uncertainty about the
transition of energy firms under the emission reduction requirements of the Paris Agree-
ment. Each adjustment to the carbon price, as opposed to the carbon market’s emissions
trading scheme, is likely to make the market environment more stringent, which could
lead to higher credit spreads, lower bond prices, and higher costs of capital, severely
impacting the revenue levels of energy firms and making it more likely that they will
trigger defaults [10]. Moreover, the interaction between carbon price volatility and investor
sentiment on energy enterprises’ debt default risk is less addressed. Risk shocks are trans-
mitted between sovereign CDS, equity, and volatility markets, influenced by information
flows between credit crisis conditions, stock market expectations, and investor sentiment.
Whereas investor sentiment acts as the main receiver of shocks, the information flow starts
from equities to the CDS market, but shifts to both directions after the debt crisis [11].
Extreme pessimism or optimism on the part of investors, mainly individual investors, may
lead to the undervaluing or overvaluing of liquid assets such as securities, negatively or
positively affecting the pricing of assets such as cash held by firms, thereby exacerbating the
financial constraints of firms, the risk of debt defaults, and the opportunity cost. Reasons
for this may include risk aversion and loss reduction, such as a decline in expected yields
and misinformation in the media and public opinion in the event of the spread of debt
default risk. Such asset pricing effects are particularly pronounced during periods of high
investor sentiment [12].

At present, the trading objects of energy enterprises in China’s carbon market are
mainly electric power enterprises, which is not conducive to a comprehensive study of
carbon market trading in the whole energy industry. Therefore, the study of debt default
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risk contagion among energy enterprises from the perspective of other energy enterprises
can promote other types of energy enterprises to enter the carbon market. This is of great
practical significance for stabilizing carbon prices and reducing market risks. In addition,
for the study of energy enterprise heterogeneity, scholars have mainly focused on the
impact of energy enterprise property rights heterogeneity and business heterogeneity on
the performance of energy enterprises [13,14], but there are fewer studies considering debt
default risk contagion of energy enterprise heterogeneity. Only one study found that risk-
transmitting behaviors due to energy use efficiency are more prominent in high-technology
and high-polluting industries [15].

With the rise of network science, complex network theory has gradually become an
effective method to explain the behavior of risk contagion among economic aggregates,
which provides strong support for the study of energy inter-enterprise debt networks
and their default risk contagion. Currently, studies in this area mainly include: using
artificial neural networks, genetic algorithms, and particle swarm algorithms to design a
network-based risk management tool for inter-enterprise credit guarantees, which provides
a reference for analyzing energy financial risks [16]; constructing a multiplexed network for
debt risk contagion through debt repayment sequencing determined by debt prioritization;
and studying the contagion mechanism of debt risk in the energy sector [17]. Therefore,
with the help of complex network theory, this paper will consider the factors related to
carbon price volatility among energy enterprises and take the overall heterogeneity of
energy enterprises into account so as to further study the debt network among energy
enterprises and their default risk contagion under carbon price volatility.

In summary, this paper starts from the impact of carbon price volatility on energy
enterprises, uses balance sheet and bond market asset prices as the entry perspective of
contagion behavior, and at the same time introduces the behavioral utility function to
measure the borrowing and lending changes brought by carbon price volatility triggered by
various factors on energy enterprises in the process of risk contagion of energy enterprises,
and then refines the problems that arise in the process of risk contagion among energy
enterprises. The main contributions of this paper are: (1) This paper takes carbon price
volatility as the entry perspective, combines the interaction between carbon price volatility
and investor sentiment, and analyzes the formation and contagion mechanism of the debt
default risk of energy enterprises. (2) This paper distinguishes the debt default risk of
petroleum and petrochemical, coal, and public utility enterprises for the consideration of
the overall heterogeneity of the three different types of energy enterprises, and analyzes the
number of debt defaults of the three different types of debt defaults in this paper in contrast
with the number of defaults of the overall energy enterprises. By comparing the number of
defaults with the overall number of energy enterprises, we can more accurately determine
the characteristics and preventive focus of various types of debt default risk, which enriches
the research in the field of debt default risk contagion of energy enterprises. (3) This paper
obtains a number of innovative and useful conclusions: the joint risk inhibition effect
of the incremental carbon emission cost ratio and the influence of energy enterprises in
petroleum and petrochemical enterprises, the risk inhibition effect of the investor sentiment
index on the ratio of influence and commercial credit among energy enterprises, and
the risk inhibition effect of investor sentiment index on the influence and influence of
energy enterprises. The risk-suppressing effect of investor sentiment index on the influence
of energy enterprises and the ratio of commercial credit between energy enterprises is
more prominent. The joint risk-suppressing effect of incremental carbon cost and investor
sentiment index is stronger in coal enterprises.

The rest of this study is organized as follows: The second part analyzes the contagion
mechanisms of debt default risk in energy enterprises. The third part constructs a model
of debt default risk contagion of energy enterprises under the interaction of carbon price
volatility and external investor sentiment. The fourth part simulates the evolutionary
characteristics of risk contagion from debt defaults of energy enterprises and proposes
strategies to prevent and control risk contagion. The last part puts forward the conclusions.
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2. Contagion Mechanisms of Debt Default Risk among Energy Enterprises

As a key target of the national low-carbon transition, energy enterprises are more
vulnerable to carbon price fluctuations, leading to a decline in the liquidity of their assets
and a significant increase in the level of debt default risk. When energy enterprises’ assets
are illiquid, they mainly seek external financing through the following three ways: bank
borrowing, long-term equity investment, and commercial credit among energy enterprises.
Among them, commercial credit is a borrowing and lending relationship formed by delayed
payment or delayed delivery in commodity transactions, which is a direct credit relationship
between enterprises. As a unique financing method between energy enterprises, inter-
enterprise commercial credit is mainly manifested as accounts receivable and accounts
payable in this paper. The inter-business connection of energy enterprises, through the
existence of inter-business accounts receivable and accounts payable, constitutes a huge
energy inter-business debt network. If an energy enterprise defaults on its debts, the
risk of debt default will most likely spread rapidly through the debt network between
energy enterprises, causing contagious defaults by debt-affiliated enterprises, which in
turn triggers the loss of associated bank loans, market assets, and investor principal, and in
severe cases, triggers even financial system turmoil.

The contagion path and process of debt default risk among energy enterprises under
the effect of carbon price fluctuation is shown in Figure 1, which is specifically manifested
as follows: the fluctuation of carbon emission trading price makes the operating cost
of energy enterprises rise, leading to the decline of profits of energy enterprises and
causing internal impact on the liquidity of energy enterprises’ assets. The carbon market
transactions and media public opinion make external investors holding long-term equity
investments in energy enterprises panic and change their original investment plans
under a cautious attitude, reducing the financing capacity of energy enterprises. At the
same time, investor behavior to a certain extent exacerbates the volatility of the carbon
market, causing external risk impact on the liquidity of energy enterprises. The energy
enterprises within the debt network are less risk-resistant due to the imbalance of their
own asset structure. In addition, internal risk shocks are amplified due to the presence
of energy enterprises’ influence, and the two superimposed on the liquidity of energy
enterprises’ assets deal a severe blow.

To ameliorate the illiquidity of their assets, energy enterprises have been selling
their trading financial assets on an emergency basis and requesting commercial credits
from affiliated energy enterprises in their debt networks in exchange for liquidity. With
a limited number of accounts in the debt network that can be honored, other energy
enterprises are forced to sell their trading financial assets to quickly recoup funds.
However, the massive sale of assets creates an imbalance between supply and demand in
the market, and the market price of the assets rapidly decreases, damaging the value of
the assets of other energy enterprises holding the same type of assets. The above shocks
will lead to a significant reduction in the risk tolerance of energy enterprises within the
debt network. Once an energy enterprise defaults on its debt, it is very likely that the
default risk will be transmitted through the debt network to other energy enterprises
associated with it. At this point, on the one hand, the debt network between energy
enterprises acts as a contagion medium for the risk of debt default and plays a negative
role in increasing the vulnerability of energy enterprises, and further exacerbates the
intensity of internal and external risk shocks. On the other hand, as carbon price volatility
intensifies in times of crisis, it can lead to a concentration of investor divestment and
a lack of corporate liquidity, which, in interaction with debt networks, can lead to
instability in the system of associations of energy enterprises, and consequently to
turmoil in the financial·system.
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price volatility.

3. Contagion Model of Debt Default Risk among Energy Enterprises

In order to further reveal the structure of the debt network among energy enterprises
and the evolutionary characteristics of its risk contagion under the effect of carbon price
fluctuations, this paper establishes a risk contagion model of the debt network among
energy enterprises on the basis of the above risk contagion mechanism of debt default
among energy enterprises. Firstly, this paper constructs a balance sheet between energy
enterprises (Table 1). Referring to past studies [18], this paper assumes that the energy
inter-enterprise debt system is a discrete-time evolutionary system, and expresses the
energy inter-enterprise commercial credit as accounts receivable and accounts payable in
the balance sheet. The total assets Ai(t) of the energy enterprise (i) consist of long-term
equity investments Qi(t), accounts receivable Li(t), trading financial assets Mi(t), and
monetary funds Fi(t). Meanwhile, the total debts Di(t) of the energy enterprise (i) consist
of bank borrowings ωi(t), accounts payable Bi(t), and owners’ equity Ei(t). Commercial
credit among energy enterprises, as a way of spreading the impact of risk among energy
enterprises, is a unique financing method among energy enterprises different from bank
borrowings or the issuance of transactional financial assets such as stocks and bonds, and
is also the main way of contagion of the risk of debt default among energy enterprises.
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Table 1. Energy inter-enterprise balance sheet.

Assets-Ai(t) Debts-Di(t)

long-term equity investments-Qi(t) bank borrowings-ωi(t)
trading financial assets-Mi(t) accounts payable-Bi(t)

accounts receivable-Li(t) owners’ equity-Ei(t)
monetary funds-Fi(t)

According to the balance sheet constant equation, the owners’ equity of an energy
enterprise can be expressed as total assets minus total liabilities:

Ei(t) = Qi(t) + Mi(t) + Li(t) + Fi(t)− ωi(t)− Bi(t) (1)

Given that the proportion of commercial credit among energy enterprises λ directly de-
termines the proportion of long-term equity investments Qi(t), trading financial assets are
denoted by Mi(t) and monetary funds by Fi(t) in assets Ai(t). Then, when t = 0, the energy
enterprise assets can be expressed as Li(0) = λAi(0), Qi(0) + Mi(0) + Fi(0) = (1 − λ)Ai(0),
where 0 < λ < 1. In order to simplify the calculation, it is set that bank borrowings ωi(t)
keep a constant value over time evolution. Long-term equity investments Qi(t) keeps a
constant value in the initial period, and changes proportionally in the later period under
the influence of investor sentiment index.

3.1. The Process of Debt Default Risk Contagion in Energy Inter-Enterprise Networks

The existence of commercial credit among energy enterprises has led to the formation
of a complex network of debts and liabilities in the energy enterprise system, which is
referred to in this paper as the energy inter-enterprise network. Energy inter-enterprise
networks are an important means of equalizing risk shocks and reducing the impact of
risk among energy enterprises, yet they also provide a channel for risk contagion during
periods of default.

According to past research [14], if we do not consider the external shocks of en-
ergy enterprises (i) and only consider the risk contagion among energy enterprises (i),
the energy enterprises’ repayment is determined by two factors. One is the funds avail-
able to energy enterprises (i) to repay accounts payable, including unused long-term
equity investments, accounts receivable and trading financial assets that can be collected,
their own monetary funds, and bank borrowings that need to be repaid: Qi(t) + Mi(t) +
Li(t) + Fi(t) − ωi(t). The second is the energy enterprise’s accounts payable Bi(t). If
Qi(t) + Mi(t) + Li(t) + Fi(t)− ωi(t) ≥ Bi(t), then all of the energy enterprise’s accounts
payable can be repaid. If Qi(t) + Mi(t) + Li(t) + Fi(t)− ωi(t) < Bi(t), then the only ac-
counts payable that the energy enterprise can repay are Qi(t)+ Mi(t)+ Li(t)+ Fi(t)−ωi(t).
Therefore, the reimbursement can be defined as:

B∗
i (t) = Max(Qi(t) + Mi(t) + Li(t) + Fi(t)− ωi(t), Bi(t)) (2)

According to (2), the amount of accounts payable that can be repaid by an energy
enterprise depends on its repayment by other energy enterprises and its long-term equity
investment. In the case of an infected energy enterprise, if the energy enterprise’s long-term
equity investment, monetary funds, and recovered accounts receivable are able to fully
repay its accounts payable:

Qi(t) + Mi(t) + Li(t) + Fi(t)− ωi(t)− Bi(t) > 0 (3)

Then, if Ei(t) > 0, the energy enterprise will not become insolvent and the risk
contagion ends here.
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If the energy enterprise’s long-term equity investment, monetary funds, and collected
accounts receivable cannot fully repay its accounts payable:

Qi(t) + Mi(t) + Li(t) + Fi(t)− ωi(t)− Bi(t) ≤ 0 (4)

Then, if Ei(t) ≤ 0, the energy enterprise is insolvent and bankrupt, and risk contagion
can spread further.

According to Equations (2)–(4), the process of debt default risk contagion within the
energy inter-enterprise network can be portrayed.

3.2. Risk of Contagion from Debt Defaults among Energy Enterprises Hit by Carbon
Price Volatility
3.2.1. Risk Contagion of Debt Defaults among Energy Enterprises Linked by
Balance Sheets

If we consider the external shocks that energy enterprises may be subjected to, the risk
contagion among energy enterprises will be affected by investor sentiment, trading market
volatility, and other factors [19–21]. Among them, investors’, as the provider of long-term
equity investment, emotional attitudes are easily disturbed by external public opinion and
market orientation, and they are prone to drastically adjust their investment decisions
under the effect of irrational emotions such as panic and the herd effect. Temporary
adjustments in investor behavior increase the financing costs of energy companies and
affect the value of corporate assets through fluctuations in the relevant trading markets. For
reasons of stability and risk prevention, energy companies seek to increase cash holdings
and reduce the risk of default through various channels of external financing. The volatility
of the carbon market price makes the production and operation costs of energy companies
selling mainly electric heating energy rise sharply, reducing their profits and lowering the
liquidity of their assets. At the same time, the existence of climate risk makes the rise in
production and operation costs of energy enterprises more uncertain, exacerbating the
financial difficulties of energy enterprises. In addition, under the influence of the herd
effect, the irrational behavior of investment will be further amplified, thus reducing the
risk resistance of energy enterprises, which may lead to energy enterprise debt default
rising sharply.

Debt risk impact intensity based on the formation of carbon price fluctuations are
closely related to the investor sentiment index, the incremental share of carbon emissions
costs, and other factors, while the risk of debt defaults is related to the proportion of
commercial credit between energy enterprises and the influence of energy enterprises
to expand or reduce its impact. These factors tend to interactively affect the risk shock
intensity, mainly including: The investor sentiment index θ; the larger the θ, the greater the
fluctuation of investor sentiment index by the market, public opinion, and other external
information, resulting in irrational investment postponement and disinvestment behavior,
and the more likely that the energy enterprise suffers from the impact of changes in the
external environment [21]. The ratio of commercial credit among energy enterprises λ; the
larger the λ, the higher the ratio of commercial credit among energy enterprises, the higher
the proportion of funds of energy enterprises affected by commercial credit relationships,
the more likely that the impact of external debt default risk shocks will be amplified [18,22].
The proportion of carbon emission cost increment β; the larger the β, the higher the
operating costs of energy enterprises, the smaller the profitability of energy enterprises,
which directly increases the probability of debt default of energy enterprises [23,24]. energy
business impact ε; the larger the ε, the more likely greater risk shocks in the debt network
among energy enterprises will be triggered [25].

Therefore, in order to comprehensively reflect the interactive effects of factors related to
carbon price volatility on the intensity of risk shocks, this paper draws on Sundaresan’s [26]
behavioral utility function: U(W) = − 1

γ e−γW , where χ represents the individual patience
and Bi(t+ 1)− Bi(t) = χ(Bi(0)− Bi(t)) + σi(t)υi(t) represents the individual risk aversion
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index. The risk shock strength coefficient, the proportion of energy enterprises’ assets
exposed to shocks (ξ), is defined as:

ξ(θ, β, λ, ε) = e−
θβ

1
2

λε (5)

Internal and external risk shocks will directly affect the operating conditions of energy
enterprises, which in turn reduces the commercial credit that could have been obtained
by energy enterprises externally. Therefore, this paper refers to Lux [27] to reflect the risk
contagion behavior of debt default among energy enterprises through the impact of risk
shocks on commercial credit among energy enterprises. Combining the risk shock intensity
coefficients defined above, the change in commercial credit of each energy enterprise
evolving over time obeys a mean-reverting process and is defined as:

Bi(t + 1)− Bi(t) = χ(Bi(0)− Bi(t)) + σi(t)υi(t) (6)

where χ represents the mean reversion factor, which reflects the magnitude of volatility.
σi(t) = ξ Ai(t) reflects the intensity of risky shocks. The economic meaning of Equation (6)
is that the commercial credit of each energy enterprise, whether above or below the mean,
will tend to regress to the mean with high probability. This also reflects the fact that the
amount of commercial credit among energy enterprises is basically maintained within a
certain range over a short period of time.

Based on the debt network constituted by the balance sheets among energy enterprises
and the internal and external risk factors affected by carbon price fluctuations, this paper
assumes that the maturity of commercial credit among all energy enterprises is 1. There-
fore, the risk contagion process of energy enterprises’ debt default (the long-term equity
investment, monetary funds, and owner’s equity of energy enterprises) is updated as:

Qi(t) = (1 − θ)Qi(t − 1) (7)

Fi(t) = Fi(t − 1) + [χ(Bi(0)− Bi(t − 1)) + σi(t − 1)υi(t − 1)]− Bi(t − 1)[1 + r1(t − 1)] + Li(t − 1)[1 + r2(t − 1)] (8)

Ei(t) = Ei(t − 1)− θ · Qi(t − 1) + [χ(Bi(0)− Bi(t − 1)) + σi(t − 1)υi(t − 1)]− Bi(t − 1)[1 + r1(t − 1)] + Li(t − 1)[1 + r2(t − 1)] (9)

Equation (7) indicates that the long-term equity investment of energy enterprises is
affected by the change of investor sentiment index; Equation (8) indicates how the monetary
funds of energy enterprises are affected by the commercial credit among energy enterprises
and the interest rate; and Equation (9) indicates the change of the owner’s equity of energy
enterprises under the influence of both the investor sentiment index and the commercial
credit among energy enterprises. This reflects the mutual influence between business credit
among energy enterprises and external investor sentiment index, which together determine
the operational status of energy enterprises. Therefore, under the influence of carbon price
volatility, the internal loss of energy enterprises by risk impact is defined as:

lossc
i = θ · Qi(t− 1)− [χ(Bi(0)− Bi(t − 1)) + σi(t − 1)υi(t − 1)] + Bi(t− 1)[1 + r1(t − 1)]− Li(t− 1)[1 + r2(t − 1)] (10)

3.2.2. Risk Contagion of Debt Defaults among Energy Enterprises Linked by Asset Prices

The risk of debt default among energy enterprises is not only contagious through
direct balance sheet linkages, but also indirectly through asset markets. In addition to
the above risk shocks, the assets of energy enterprises are exposed to asset losses due to
the depreciation of traded financial assets when carbon prices fluctuate. As asset market
participants, energy enterprises often hold traded financial assets in order to make profits
and maintain asset liquidity. In the process of debt default, energy enterprise (i) will sell
their trading financial assets when they encounter the risk of debt default in order not to
default. This behavior will be affected by the supply and demand relationship in the asset
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market and policies, and will have an impact on the price of traded financial assets during
the trading process, which in turn will affect the asset value of other energy enterprises
holding similar traded financial assets. According to a previous study by Lee et al. [28],
investor sentiment and stock market volatility change the state of asset markets, such as
bullish or bearish markets. The state of the asset market affects the volatility of asset prices,
and other energy firms sell their assets to minimize asset losses. This behavior further
exacerbates asset price volatility and negatively affects investor sentiment volatility, and
the risk of debt defaults by energy companies continues to rise. Drawing on the ideas of
past research [29], this paper assumes that the amount of trading financial assets held by
energy enterprise is Mi(t), of which the amount of trading financial assets due to the sale
of depreciation is α · Mi(t), so that the energy enterprise (i) suffering from the loss of the
sale of trading financial assets is defined as:

lossm
i = (1 − α) · Mi(t) (11)

The total loss suffered by energy enterprises to ensure the liquidity of corporate assets
under the impact of carbon price volatility is defined as:

lossi = lossc
i + lossm

i (12)

The owner’s equity of the energy enterprise is updated from Equation (9) due to the
impact of asset price depreciation sales in the market for traded financial assets:

Ei(t)− lossm
i = Ei(t − 1)− θ · Qi(t − 1) + [χ(Bi(0)− Bi(t − 1)) + σi(t − 1)υi(t − 1)]− Bi(t − 1)[1 + r1(t − 1)]

+Li(t − 1)[1 + r2(t − 1)]− (1 − α)Mi(t − 1)
(13)

If Ei(t)− lossm
i > 0, then the energy enterprise (i) does not go bankrupt. If Ei(t)− lossm

i ≤ 0,
then the energy enterprise (i) becomes insolvent and goes bankrupt and creates a debt
default risk shock to other energy enterprises within the energy inter-enterprise debt
network, and the risk contagion of energy inter-enterprise debt default spreads further.

3.2.3. Risk of Contagion from Debt Defaults among Energy Enterprises

If Ei(t)− lossm
i ≤ 0, the energy enterprise (i) defaults and goes bankrupt. This paper

assumes that the direct loss incurred by the energy enterprise (i) as the demand side of
commercial credit for the energy enterprise (j) on the supply side of commercial credit
is Min

(∣∣Ei(t)− lossm
i

∣∣, Lj(t − 1)[1 + r2(t − 1)]
)
. The indirect loss (lossm

j ) caused by the
downturn in the market price of assets due to the sale of trading financial assets by the
energy enterprise (i) is the depreciation of assets held by other energy enterprises. Then,
the loss of the energy enterprise (i) on the demand side of the commercial credit due to the
default of the energy enterprise (j) on the supply side of the commercial credit between its
energy enterprises is the loss of the energy enterprise on the supply side of the commercial
credit between its energy enterprises:

lossj = Min(|Ei(t)− lossm
i |+ (1 − α) · Mj(t), Lj(t − 1)[1 + r2(t − 1)] + (1 − α) · Mj(t)) (14)

Then, the owner’s equity of the energy enterprise is transformed:

Ej(t) = Ej(t)− lossj (15)

Ej(t) = Max
(
Ej(t)− |Ei(t)− lossm

i | − (1 − α) · Mj(t), Ej(t)− Lj(t − 1)[1 + r2(t − 1)]− (1 − α) · Mj(t)
)

(16)

Ej(t) = Max

 Ej(t − 1)− θ · Qj(t − 1) +
[
χ
(

Bj(0)− Bj(t − 1)
)
+ σj(t − 1)υj(t − 1)

]
− Bj(t − 1)[1 + r1(t − 1)]

+Lj(t − 1)[1 + r2(t − 1)]−
∣∣Ei(t)− lossm

i

∣∣− (1 − α) · Mj(t), Ej(t − 1)− θ · Qj(t − 1)+[
χ
(

Bj(0)− Bj(t − 1)
)
+ σj(t − 1)υj(t − 1)

]
− Bj(t − 1)[1 + r1(t − 1)]− (1 − α) · Mj(t)

 (17)

If Ej(t) ≤ 0, then the energy enterprise (j) is contagious to the i energy enterprise’s
losses and defaults. This process will continue until no new energy enterprises incur
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defaults. If Ej(t) > 0, then there are no debt defaults by the energy enterprise (j) and debt
default risk contagion ends there.

4. Simulation Analysis

In this paper, based on the 216 listed energy enterprises in China and their balance
sheet data in 2022 in the database of CSMAR (Full title: China Stock Market & Accounting
Research Database, data from: https://data.csmar.com/, accessed on 28 February 2024),
three categories of utilities, coal, petroleum, and petrochemicals are selected as the catego-
rization standard of energy enterprises in China. According to these studies [27,30], this
paper sets the benchmark values of the parameters (Table 2) and simulates and analyzes the
structure of the debt network among energy enterprises and its risk contagion evolution
characteristics based on the above risk contagion model of debt default among energy en-
terprises. Among them, in order to simplify the formula operation, the accounts receivable
interest rate (r1) and accounts payable interest rate (r2) are unified as the commercial credit
interest rate (r) among energy enterprises in the simulation process.

Table 2. Baseline values of the model.

Parameters Meanings Reference Value Scope of Change

N total number of energy enterprises 216 positive integer

β
proportion of carbon emission
cost increment 0.2 (0, 1)

θ investor sentiment index 0.5 (0, 1)

λ
ratio of commercial credit among
energy enterprises 0.2 (0, 1)

ε influence of energy enterprises 0.72 (0, 1)
χ mean reversion factor 0.5 positive number

r energy inter-enterprise commercial
credit rates 0.0435 positive number

α range of asset price changes 0.8 positive number

4.1. Carbon Price Volatility and the Structure of Debt Networks among Energy Enterprises

This part of the simulation studies the evolution characteristics of the debt network
structure among energy enterprises under the effect of carbon price fluctuations (Figure 2).
In Figure 2, the nodes represent enterprises, the node size represents the net asset size of
energy enterprises, and the debt relationship among energy enterprises is represented by
arrows pointing to commercial credit providers. As can be seen in Figure 2, the stability
of the debt network is strengthened over time as energy enterprises gradually reduce the
amount of funds they provide or seek from energy enterprises in the network. When
t = 10, since the funding providers are not the energy enterprises with the largest assets,
the commercial credit they can provide is limited. At that time, a default by a few of the
demanders of funds would have a direct impact on the assets of the providers of funds,
forcing the providers of funds to reduce the amount of commercial credit. When t = 20, new
commercial credit providers emerge. At the same time, after the last round of risk contagion
within the debt network, some commercial credit providers reduce commercial credit lines
due to the decline in funding liquidity, and some funding demanders reduce commercial
credit demand due to obtaining commercial credit at lower interest rates to realize their
own development. When t = 30, the vulnerability of the debt network decreases as new
and old commercial credit providers alternate and decrease under the effect of carbon price
fluctuations. At that time, under the effect of carbon price fluctuations, the debt relationship
of energy enterprises within the debt network tends to stabilize, the risk of debt default
among energy enterprises is reduced, energy enterprises realize benign development, and
the vulnerability of the debt network is reduced to a minimum.

https://data.csmar.com/
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Figure 2. Characteristics of the evolution of debt network structure among energy enterprises under
the effect of carbon price fluctuations.

This section finds that debt networks have a benign role in maintaining the stability of
energy enterprises under the effect of carbon price volatility. However, how these factors
affect the debt default risk of energy enterprises is unclear, which is not conducive to a
comprehensive understanding of the essential characteristics of debt networks among
energy enterprises. Therefore, the next part of this paper will further analyze the impact of
carbon price volatility on the contagion evolution characteristics of debt default risk among
energy enterprises in the context of energy inter-enterprise debt networks.

4.1.1. Single Factors under Carbon Price Volatility and the Risk of Debt Default Contagion
among Energy Enterprises

This part of the simulation studies the impact of a single factor on the number of default
energy enterprises (acronyms NDE) under carbon price volatility in the debt network of
energy enterprises, which in turn reflects the characteristics of the contagion evolution of
the risk of debt default among energy enterprises (Figure 3).

From Figure 3a,d, the number of defaults of energy enterprises is positively related
to the proportion of commercial credit among energy enterprises λ and the influence of
energy enterprises ε. This is basically consistent with the findings of Zhao et al. [30]; that is,
the number of energy enterprises with contagious defaults increases significantly with the
increase in the proportion of commercial credit among energy enterprises and the expansion
of the influence of energy enterprises. This is due to the fact that, influenced by the energy
enterprises’ own asset structure and the degree of affiliation of other energy enterprises,
the higher the proportion of energy inter-enterprise commercial credit, the stronger the
dependence on the energy inter-enterprise commercial credit provided within the debt
network. In addition, the greater the influence of energy enterprises, the stronger the impact
of default risk on other energy enterprises within the debt network. Therefore, in order to
reduce the risk level of the overall debt network, the structure of energy inter-enterprise
commercial credit and energy enterprise influence should be strictly controlled.

As can be seen in Figure 3b, the number of defaulting energy enterprises shows a
monotonically decreasing trend as the incremental share of energy enterprises’ carbon
emission costs β increases, which is basically consistent with the findings of Braga et al. [31].
This is due to the fact that, for energy enterprises in the case of smaller incremental carbon
emission costs, corporate risk perception response is more sluggish, the sense of defense
is weaker, and the level of risk contagion within the debt network of energy enterprises
is higher. In the case of larger incremental carbon emission costs, the government will
focus on regulation to reduce the level of risk impact by changing policy support, co-
ordinating market prices, etc., and energy enterprises will also be more sensitive to the
related risk perception, which will reduce the level of risk contagion of debt default by
energy enterprises.
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Figure 3. Characteristics of the contagion evolution of debt default risk among energy enterprises
under the role of a single factor. (a) Characteristics of contagion evolution of energy enterprises’
debt default risk in the presence of ratio of commercial credit among energy enterprises factors.
(b) Characteristics of contagion evolution of energy enterprises’ debt default risk in the presence of
proportion of carbon emission cost increment factors. (c) Characteristics of contagion evolution of
energy enterprises’ debt default risk in the presence of investor sentiment index factors. (d) Charac-
teristics of contagion evolution of energy enterprises’ debt default risk in the presence of influence of
energy enterprises factors.

As can be seen from Figure 3c, when the investor sentiment index is small, the number
of defaulting energy enterprises is negatively correlated with the investor sentiment index.
When the investor sentiment index is large, the number of defaulted energy enterprises
is positively related to the investor sentiment index. This is basically consistent with the
findings of Ye et al. [32] and Lee et al. [28]. The investor sentiment index is set in this
paper as the overall confidence level of the investor community. The larger the investor
sentiment index is, the lower the investor group’s trust in the energy enterprise is, and the
more cautious the related investment decision is. This behavior increases the financing
cost of energy companies and is not conducive to reducing the risk of debt default. The
smaller the investor sentiment index, the higher the trust of the investor community in
energy companies, which is conducive to reducing the cost of financing and default risk
of energy companies. From a behavioral perspective, investor behavior is divided into
irrational and rational behavior. In the early stage of mood fluctuations, investor behavior
is dominated by irrational behavior and emotional investors blindly withdraw their funds
out of panic, raising the level of debt default risk of energy companies. In the middle
of the fermentation of sentiment, energy companies’ earnings are not as expected, the
confidence of the investor community declines in order to avoid the loss of the collective
withdrawal of funds, causing liquidity impacts on energy companies. In the late stage
of sentiment development, investor behavior is dominated by rational behavior; rational
investors act in the interests of the measurement of the change in investment decisions,
the impact of energy enterprise liquidity, so that the number of defaults on the number of
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enterprises appeared to rise slightly. Therefore, the role of investor sentiment index on the
risk contagion of debt default among energy enterprises has a stage-by-stage nature, and
we should focus on investor behavior in the early stage of sentiment fluctuation.

In addition, in order to test the robustness of the carbon price volatility factor, this
paper conducts a sensitivity analysis of the parameters (Tables 3 and 4). As can be seen from
Tables 3 and 4, the trend of the same parameter is basically the same under different value
settings, which indicates that the factors are robust. In times of financial crisis, investor
sentiment, as a key determinant of changes in credit default spreads, can best explain the
phenomena of leverage and stock volatility [28]. This is also consistent with the empirical
findings of Ye et al. [32]. While the volatility of carbon price makes traditional energy bonds
more volatile compared to green bonds, the rise in the cost of capital reduces the yield [31],
which is more robust to the study of the debt default risk contagion of energy enterprises.

Table 3. Sensitivity analysis of the impact of the proportion of carbon emission cost increment, ratio
of commercial credit among energy enterprises, investor sentiment index, and influence of energy
enterprises on the evolution characteristics of debt default risk diffusion among energy enterprises.

β
λ

Expectation Variance
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

θ = 0.2, ε = 0.72

0.1 0.415 0.645 0.746 0.803 0.839 0.864 0.882 0.896 0.907 0.777 0.025
0.2 0.289 0.537 0.661 0.733 0.780 0.813 0.837 0.856 0.871 0.709 0.036
0.3 0.218 0.467 0.602 0.684 0.738 0.776 0.805 0.827 0.844 0.662 0.042
0.4 0.173 0.415 0.557 0.645 0.704 0.746 0.778 0.803 0.823 0.627 0.046
0.5 0.140 0.375 0.520 0.612 0.675 0.721 0.755 0.782 0.804 0.598 0.048
0.6 0.116 0.341 0.488 0.584 0.650 0.699 0.735 0.764 0.787 0.574 0.050
0.7 0.098 0.313 0.461 0.559 0.628 0.679 0.717 0.748 0.772 0.553 0.051
0.8 0.083 0.289 0.437 0.537 0.608 0.661 0.701 0.733 0.759 0.534 0.052
0.9 0.072 0.268 0.415 0.517 0.590 0.645 0.686 0.719 0.746 0.518 0.052

θ = 0.5, ε = 0.72

0.1 0.111 0.334 0.481 0.578 0.645 0.693 0.731 0.760 0.783 0.568 0.050
0.2 0.045 0.212 0.355 0.460 0.537 0.596 0.642 0.678 0.708 0.470 0.051
0.3 0.022 0.149 0.281 0.386 0.467 0.530 0.581 0.622 0.655 0.411 0.048
0.4 0.012 0.111 0.231 0.334 0.415 0.481 0.534 0.578 0.614 0.368 0.045
0.5 0.007 0.086 0.195 0.293 0.375 0.441 0.496 0.541 0.579 0.335 0.041
0.6 0.005 0.068 0.166 0.261 0.341 0.408 0.464 0.510 0.550 0.308 0.038
0.7 0.003 0.055 0.144 0.234 0.313 0.380 0.436 0.484 0.524 0.286 0.036
0.8 0.002 0.045 0.126 0.212 0.289 0.355 0.412 0.460 0.502 0.267 0.033
0.9 0.001 0.037 0.111 0.193 0.268 0.334 0.390 0.439 0.481 0.250 0.031

θ = 0.8, ε = 0.72

0.1 0.030 0.173 0.310 0.415 0.495 0.557 0.605 0.645 0.677 0.434 0.050
0.2 0.007 0.083 0.191 0.289 0.370 0.437 0.492 0.537 0.576 0.331 0.041
0.3 0.002 0.048 0.132 0.218 0.296 0.363 0.419 0.467 0.509 0.273 0.034
0.4 0.001 0.030 0.096 0.173 0.245 0.310 0.366 0.415 0.458 0.233 0.028
0.5 0.000 0.020 0.073 0.140 0.208 0.270 0.326 0.375 0.418 0.203 0.024
0.6 0.000 0.014 0.057 0.116 0.179 0.238 0.292 0.341 0.384 0.180 0.020
0.7 0.000 0.010 0.045 0.098 0.156 0.212 0.265 0.313 0.356 0.162 0.018
0.8 0.000 0.007 0.036 0.083 0.137 0.191 0.242 0.289 0.331 0.146 0.015
0.9 0.000 0.005 0.030 0.072 0.121 0.173 0.222 0.268 0.310 0.133 0.013
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Table 4. Sensitivity analysis of the impact of the proportion of carbon emission cost increment, ratio
of commercial credit among energy enterprises, investor sentiment index, and influence of energy
enterprises on the evolution characteristics of debt default risk diffusion among energy enterprises.

β
λ

Expectation Variance
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

θ = 0.5, ε = 0.2

0.1 0.000 0.019 0.072 0.139 0.206 0.268 0.323 0.372 0.415 0.202 0.024
0.2 0.000 0.004 0.024 0.061 0.107 0.155 0.202 0.247 0.289 0.121 0.012
0.3 0.000 0.001 0.010 0.033 0.065 0.102 0.141 0.181 0.218 0.083 0.007
0.4 0.000 0.000 0.005 0.019 0.042 0.072 0.104 0.139 0.173 0.062 0.004
0.5 0.000 0.000 0.003 0.012 0.029 0.053 0.080 0.110 0.140 0.047 0.003
0.6 0.000 0.000 0.002 0.008 0.021 0.040 0.063 0.089 0.116 0.038 0.002
0.7 0.000 0.000 0.001 0.005 0.015 0.031 0.050 0.073 0.098 0.030 0.001
0.8 0.000 0.000 0.001 0.004 0.011 0.024 0.041 0.061 0.083 0.025 0.001
0.9 0.000 0.000 0.000 0.003 0.009 0.019 0.034 0.052 0.072 0.021 0.001

θ = 0.5, ε = 0.5

0.1 0.042 0.206 0.349 0.454 0.531 0.590 0.637 0.673 0.704 0.465 0.051
0.2 0.011 0.107 0.225 0.327 0.409 0.475 0.528 0.572 0.608 0.362 0.044
0.3 0.004 0.065 0.161 0.254 0.334 0.401 0.457 0.504 0.544 0.303 0.038
0.4 0.002 0.042 0.121 0.206 0.282 0.349 0.405 0.454 0.495 0.262 0.032
0.5 0.001 0.029 0.095 0.171 0.243 0.308 0.364 0.413 0.456 0.231 0.028
0.6 0.000 0.021 0.076 0.144 0.212 0.275 0.331 0.380 0.423 0.207 0.024
0.7 0.000 0.015 0.061 0.123 0.188 0.248 0.303 0.351 0.395 0.187 0.021
0.8 0.000 0.011 0.051 0.107 0.167 0.225 0.279 0.327 0.370 0.171 0.019
0.9 0.000 0.009 0.042 0.093 0.150 0.206 0.258 0.305 0.349 0.157 0.017

θ = 0.5, ε = 0.8

0.1 0.139 0.372 0.517 0.610 0.673 0.719 0.754 0.781 0.803 0.597 0.049
0.2 0.061 0.247 0.394 0.497 0.572 0.628 0.671 0.705 0.733 0.501 0.052
0.3 0.033 0.181 0.319 0.425 0.504 0.565 0.613 0.652 0.684 0.442 0.050
0.4 0.019 0.139 0.268 0.372 0.454 0.517 0.569 0.610 0.645 0.399 0.048
0.5 0.012 0.110 0.229 0.331 0.413 0.479 0.532 0.576 0.612 0.366 0.045
0.6 0.008 0.089 0.199 0.298 0.380 0.446 0.501 0.546 0.584 0.339 0.042
0.7 0.005 0.073 0.175 0.271 0.351 0.418 0.474 0.520 0.559 0.316 0.039
0.8 0.004 0.061 0.155 0.247 0.327 0.394 0.450 0.497 0.537 0.297 0.037
0.9 0.003 0.052 0.139 0.227 0.305 0.372 0.429 0.477 0.517 0.280 0.035

4.1.2. Multifactor Interactions and Debt Default Risk Contagion among Energy Enterprises
under Carbon Price Volatility

Based on the above research on the role of single factors, this part further explores
the impact of the interaction of factors under the influence of carbon price volatility on the
evolutionary characteristics of debt default risk contagion among energy enterprises in the
energy enterprises’ debt network (Figure 4).

As can be seen in Figure 4a, the number of defaulting energy enterprises shows an
overall monotonically increasing trend with small fluctuations as energy business impact
ε and ratio of commercial credit among energy enterprises λ increase in parallel. This
reflects the mutually reinforcing effect of energy business impact ε and ratio of commercial
credit among energy enterprises λ, which in turn exacerbates the turbulence of the inter-
enterprise debt network. In addition, as shown in Figure 4b, the number of defaulting
energy enterprises shows a monotonically decreasing trend with small fluctuations on
the whole as energy business impact ε increases in tandem with proportion of carbon
emission cost increment β. Combined with the findings in Figure 3, it can be found that the
ability of proportion of carbon emission cost increment β to constrain the risk contagion
of debt default among energy enterprises is stronger than the reinforcing effect of energy
business impact ε on the risk contagion of debt default among energy enterprises, which
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in turn reduces the risk contagion of debt default among energy enterprises on the whole.
Therefore, government departments can control the proportion of carbon emission cost
increment β of energy enterprises through macro-control of carbon price fluctuations in
the carbon trading market, and appropriately reduce the ratio of commercial credit among
energy enterprises λ and energy business impact ε so as to achieve the purpose of mitigating
the impact of the risk of contagion of debt default among energy enterprises.
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Figure 4. Characteristics of contagion evolution of debt default risk among energy enterprises under
multifactor interaction. (a) Characteristic of contagion evolution of energy enterprises’ debt default
risk under the interaction of two factors: ratio of commercial credit among energy enterprises and
influence of energy enterprises. (b) Characteristic of contagion evolution of energy enterprises’ debt
default risk under the interaction of two factors: proportion of carbon emission cost increment and
influence of energy enterprises. (c) Characteristic of contagion evolution of energy enterprises’ debt
default risk under the interaction of two factors: investor sentiment index and influence of energy
enterprises. (d) Characteristic of contagion evolution of energy enterprises’ debt default risk under
the interaction of two factors: investor sentiment index and ratio of commercial credit among energy
enterprises. (e) Characteristic of contagion evolution of energy enterprises’ debt default risk under
the interaction of two factors: investor sentiment index and proportion of carbon emission cost
increment. (f) Characteristic of contagion evolution of energy enterprises’ debt default risk under the
interaction of two factors: ratio of commercial credit among energy enterprises and proportion of
carbon emission cost increment.
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From Figure 4c,d, it can be seen that as the investor sentiment index θ of energy
enterprises increases in tandem with the ratio of commercial credit among energy enter-
prises λ and energy business impact ε, the number of defaulted energy enterprises shows
a monotonically increasing trend with small fluctuations on the whole. Combined with
Figure 3, it can be found that the investor sentiment index θ of energy enterprises plays a
“reinforcing” role in the contagion ability of debt default risk of ratio of commercial credit
among energy enterprises λ and energy business impact ε, which in turn increases the
instability of the debt network among energy enterprises. Therefore, in order to improve
the stability of the inter-enterprise debt network and reduce the contagion of debt default
risk among energy enterprises, industry regulators, and energy enterprises should reduce
the fluctuation of investor sentiment by restricting the negative public opinion that affects
the rational judgment of investors and building up investors’ good investment confidence.
At the same time, it can be achieved by reasonably reducing the ratio of commercial credit
among energy enterprises λ and energy business impact ε.

From Figure 4e,f, it can be seen that the number of defaulted energy enterprises shows
a monotonically decreasing trend of small fluctuations on the whole as the proportion
of carbon emission cost increment β increases, in tandem with the investor sentiment
index θ of energy enterprises and the ratio of commercial credit among energy enterprises
λ. Combined with Figure 3, it can be found that the proportion of carbon emission cost
increment β and the investor sentiment index θ of energy enterprises play a joint inhibitory
role on the risk of debt defaults of energy enterprises, which in turn strengthens the stability
of the energy inter-enterprise debt network in general. The ability of the proportion of
carbon emission cost increment β to constrain the contagion of debt default risk among
energy enterprises is stronger than the reinforcing effect of the ratio of commercial credit
among energy enterprises λ among energy enterprises on the contagion of debt default
risk among energy enterprises, which in turn reduces the contagion of debt default risk
among energy enterprises in general. Therefore, by synchronizing the proportion of carbon
emission cost increment β and the investor sentiment index θ of energy enterprises, and
reducing the ratio of commercial credit among energy enterprises λ, we can effectively
limit the risk contagion of debt default among energy enterprises.

4.2. Risk of Debt Default Contagion among Classified Energy Enterprises under Carbon Price
Volatility
4.2.1. Single Factors and the Risk of Debt Default Contagion among Various Types of
Energy Enterprises

This part of the simulation studies the impact of a single factor under carbon price
volatility on the number of various types of defaulting energy enterprises among energy
enterprises in the energy enterprises’ debt network, which in turn reflects the characteristics
of the contagion evolution of the risk of defaulting on energy enterprises’ debt among
petroleum and petrochemical enterprises (Figure 5), coal enterprises (Figure 6), and utility
enterprises (Figure 7).
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tics of the contagion evolution of the risk of defaulting on energy enterprises’ debt among 
petroleum and petrochemical enterprises (Figure 5), coal enterprises (Figure 6), and utility 
enterprises (Figure 7). 

  

Figure 5. Cont.



Mathematics 2024, 12, 2776 17 of 27Mathematics 2024, 12, x FOR PEER REVIEW 18 of 28 
 

 

  

Figure 5. Characteristics of contagion evolution of debt default risk among petroleum and petro-
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among petroleum and petrochemical enterprises in the presence of investor sentiment index factors. 
(d). Characteristics of contagion evolution of debt default risk among petroleum and petrochemical 
enterprises in the presence of influence of energy enterprises factors. 

  

  

Figure 6. Characteristics of the contagion evolution of debt default risk among coal enterprises un-
der the role of a single factor. (a). Characteristics of contagion evolution of debt default risk among 
coal enterprises in the presence of ratio of commercial credit among energy enterprises factors. (b). 
Characteristics of contagion evolution of debt default risk among coal enterprises in the presence of 
proportion of carbon emission cost increment factors. (c). Characteristics of contagion evolution of 
debt default risk among coal enterprises in the presence of investor sentiment index factors. (d). 
Characteristics of contagion evolution of debt default risk among coal enterprises in the presence of 
influence of energy enterprises factors. 

Figure 5. Characteristics of contagion evolution of debt default risk among petroleum and petrochem-
ical enterprises under the role of a single factor. (a) Characteristics of contagion evolution of debt
default risk among petroleum and petrochemical enterprises in the presence of ratio of commercial
credit among energy enterprises factors. (b) Characteristics of contagion evolution of debt default risk
among petroleum and petrochemical enterprises in the presence of proportion of carbon emission cost
increment factors. (c) Characteristics of contagion evolution of debt default risk among petroleum
and petrochemical enterprises in the presence of investor sentiment index factors. (d) Characteristics
of contagion evolution of debt default risk among petroleum and petrochemical enterprises in the
presence of influence of energy enterprises factors.
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Figure 6. Characteristics of the contagion evolution of debt default risk among coal enterprises
under the role of a single factor. (a) Characteristics of contagion evolution of debt default risk
among coal enterprises in the presence of ratio of commercial credit among energy enterprises
factors. (b) Characteristics of contagion evolution of debt default risk among coal enterprises in the
presence of proportion of carbon emission cost increment factors. (c) Characteristics of contagion
evolution of debt default risk among coal enterprises in the presence of investor sentiment index
factors. (d) Characteristics of contagion evolution of debt default risk among coal enterprises in the
presence of influence of energy enterprises factors.



Mathematics 2024, 12, 2776 18 of 27Mathematics 2024, 12, x FOR PEER REVIEW 19 of 28 
 

 

  

  
Figure 7. Characteristics of the contagion evolution of debt default risk among utility enterprises 
under the role of a single factor. (a). Characteristics of contagion evolution of debt default risk 
among utility enterprises in the presence of ratio of commercial credit among energy enterprises 
factors. (b). Characteristics of contagion evolution of debt default risk among utility enterprises in 
the presence of proportion of carbon emission cost increment factors. (c). Characteristics of conta-
gion evolution of debt default risk among utility enterprises in the presence of investor sentiment 
index factors. (d). Characteristics of contagion evolution of debt default risk among utility enter-
prises in the presence of influence of energy enterprises factors. 

As can be seen from Figures 5–7, although the overall development trend of the num-
ber of defaults of all types of energy enterprises and the number of all energy defaulting 
enterprises tends to be consistent, there are still large differences in the changing trend of 
the number of defaults of all types of energy enterprises. Comparing Figures 5a, 6a, and 
7a, where the number of defaults of energy enterprises continue to rise, all types of energy 
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Comparing Figures 5b, 6b, and 7b, it can be seen that compared to the continuous 
downward trend in the number of defaults of energy enterprises, the overall downward 
trend of all types of energy enterprises shows a “downward and then upward” trend. 
When the incremental cost of carbon emissions accounts for a relatively small amount, the 
risk of debt default can be absorbed by the energy enterprises themselves and the level of 
risk contagion decreases due to the supply and demand relationship in the energy market 
and the original profitability of the energy enterprises. Later, as the proportion of carbon 
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Figure 7. Characteristics of the contagion evolution of debt default risk among utility enterprises
under the role of a single factor. (a) Characteristics of contagion evolution of debt default risk among
utility enterprises in the presence of ratio of commercial credit among energy enterprises factors.
(b) Characteristics of contagion evolution of debt default risk among utility enterprises in the presence
of proportion of carbon emission cost increment factors. (c) Characteristics of contagion evolution
of debt default risk among utility enterprises in the presence of investor sentiment index factors.
(d) Characteristics of contagion evolution of debt default risk among utility enterprises in the presence
of influence of energy enterprises factors.

As can be seen from Figures 5–7, although the overall development trend of the num-
ber of defaults of all types of energy enterprises and the number of all energy defaulting
enterprises tends to be consistent, there are still large differences in the changing trend of
the number of defaults of all types of energy enterprises. Comparing Figures 5a, 6a and 7a,
where the number of defaults of energy enterprises continue to rise, all types of energy en-
terprises show a fluctuating but overall upward trend. When the proportion of commercial
credit among energy enterprises is small, due to the nature of their enterprises and holdings,
the possibility of needing external financing is lower, and the level of risk contagion affected
by carbon price fluctuations is reduced. On the other hand, as the ratio of commercial
credit among energy enterprises increases, the imbalance in the commercial credit structure
of various energy enterprises increases their dependence on external financing, and the
carbon price fluctuation drives up the level of risk contagion.

Comparing Figures 5b, 6b and 7b, it can be seen that compared to the continuous
downward trend in the number of defaults of energy enterprises, the overall downward
trend of all types of energy enterprises shows a “downward and then upward” trend.
When the incremental cost of carbon emissions accounts for a relatively small amount, the
risk of debt default can be absorbed by the energy enterprises themselves and the level of
risk contagion decreases due to the supply and demand relationship in the energy market
and the original profitability of the energy enterprises. Later, as the proportion of carbon
emission cost increment β rises, energy enterprises are unable to make ends meet and
cannot afford the high cost of carbon emissions, and the risk of debt default by energy
enterprises under the influence of carbon price fluctuations gradually increases.
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Comparing Figures 5c, 6c and 7c, it can be seen that the investor sentiment index θ as
the dominant factor in the investment behavior of investors, the investment behavior of
various types of energy enterprises, and the overall energy enterprise development trend
are different, and there is a cyclical change similar to the “blindly follow the wind to sell—
favorable additional investment”. As shown in the trend of the number of defaults of the
three types of energy enterprises, the number of defaults of all types of energy enterprises
show a cyclical fluctuation of first declining and then increasing, slowly reducing the cycle
and amplitude of fluctuations. This is due to the negative emotions of investors more or
less affecting the rational judgment ability of investors. Through irrational disinvestment
behavior, it negatively affects the ability of energy enterprises to repay their debts, which
in turn promotes risk contagion within the debt network among energy enterprises. The
difference lies mainly in the fact that under carbon price volatility, the highest level of debt
default risk contagion is found in utility enterprises, followed by coal enterprises, and
finally petroleum and petrochemical enterprises, which are affected by fluctuations in the
investor sentiment index.

Comparing Figures 5d, 6d and 7d, it can be seen that the number of defaults of all types
of energy enterprises shows a repeated upward trend of increasing and then decreasing
compared to the continuous upward trend of energy enterprises. Most of China’s petroleum
and petrochemical enterprises are state-owned enterprises or controlled by state-owned
enterprises, and energy business impact ε on the contagion of the risk of debt default is
relatively small. The overall growth trend of the number of defaults of coal-based energy
enterprises shows a flat trend, and the level of risk contagion is driven by the energy
business impact ε to rise slightly. The number of defaults of utility-type energy enterprises
is higher than that of other types of energy enterprises, and the phenomenon of increased
risk contagion of defaults is more seriously affected by the energy business impact ε, and
the contagion effect of the energy business impact ε on the risk of debt defaults has been
magnified in utility-type energy enterprises.

4.2.2. Multi-Factor Interaction and the Risk of Debt Default Contagion among Various
Types of Energy Enterprises

This part further explores the impact of the interaction of factors under the influence
of carbon price volatility on the evolutionary characteristics of debt default risk contagion
among petroleum and petrochemical enterprises (Figure 8), coal enterprises (Figure 9), and
utility enterprises (Figure 10) in the debt network of energy enterprises.

As can be seen from Figures 8–10, although the number of defaults of all types of
energy enterprises tends to be consistent with the overall development trend of the number
of defaulting enterprises in the whole energy sector under the interaction of multiple
factors, there are still large differences in the changing dynamics of the number of defaults
of different types of energy enterprises. Comparing Figures 8a, 9a and 10a, it can be
found that the number of defaults of various types of energy enterprises shows the same
rising trend as that of the overall energy enterprises under the interaction of the ratio of
commercial credit among energy enterprises λ and energy business impact ε, but the speed
of its rise is much faster than that of the overall energy enterprises. Among them, the
oil and petrochemical and utility enterprises have a much higher level of risk contagion
than other energy enterprises when the influence of defaulting energy enterprises is high.
The reason for this is that the overly large debt structure squeezes the enterprise’s capital
turnover cycle and debt repayment space, which is not conducive to the healthy operation
of energy enterprises. Therefore, by limiting the amount and overall ratio of commercial
credit among energy enterprises and focusing on the risk level of representative enterprises
of various types of energy enterprises, we can effectively control the contagion scope and
influence of the risk of debt default of energy enterprises.
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of its rise is much faster than that of the overall energy enterprises. Among them, the oil 
and petrochemical and utility enterprises have a much higher level of risk contagion than 
other energy enterprises when the influence of defaulting energy enterprises is high. The 
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credit among energy enterprises and focusing on the risk level of representative 

Figure 8. Characteristics of debt default risk contagion evolution among petroleum and petrochemical
enterprises under multi-factor interaction. (a) Characteristic of debt default risk contagion evolu-
tion among petroleum and petrochemical enterprises under the interaction of two factors: ratio
of commercial credit among energy enterprises and influence of energy enterprises. (b) Charac-
teristic of debt default risk contagion evolution among petroleum and petrochemical enterprises
under the interaction of two factors: proportion of carbon emission cost increment and influence
of energy enterprises. (c) Characteristic of debt default risk contagion evolution among petroleum
and petrochemical enterprises under the interaction of two factors: investor sentiment index and
influence of energy enterprises. (d) Characteristic of debt default risk contagion evolution among
petroleum and petrochemical enterprises under the interaction of two factors: investor sentiment
index and ratio of commercial credit among energy enterprises. (e) Characteristic of debt default risk
contagion evolution among petroleum and petrochemical enterprises under the interaction of two
factors: investor sentiment index and proportion of carbon emission cost increment. (f) Characteristic
of debt default risk contagion evolution among petroleum and petrochemical enterprises under the
interaction of two factors: ratio of commercial credit among energy enterprises and proportion of
carbon emission cost increment.
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Comparing Figures 8b, 9b, and 10b, it can be seen that the number of defaults of all 
types of energy enterprises decreases under the interaction of the proportion of carbon 

Figure 9. Characteristics of debt default risk contagion evolution among coal-based energy enterprises
under multi-factor interaction. (a) Characteristic of debt default risk contagion evolution among coal-
based energy enterprises under the interaction of two factors: ratio of commercial credit among energy
enterprises and influence of energy enterprises. (b) Characteristic of debt default risk contagion
evolution among coal-based energy enterprises under the interaction of two factors: proportion
of carbon emission cost increment and influence of energy enterprises. (c) Characteristic of debt
default risk contagion evolution among coal-based energy enterprises under the interaction of
two factors: investor sentiment index and influence of energy enterprises. (d) Characteristic of
debt default risk contagion evolution among coal-based energy enterprises under the interaction
of two factors: investor sentiment index and ratio of commercial credit among energy enterprises.
(e) Characteristic of debt default risk contagion evolution among coal-based energy enterprises
under the interaction of two factors: investor sentiment index and proportion of carbon emission
cost increment. (f) Characteristic of debt default risk contagion evolution among coal-based energy
enterprises under the interaction of two factors: ratio of commercial credit among energy enterprises
and proportion of carbon emission cost increment.
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among energy enterprises λ  , the number of defaults of coal enterprises and utility 

Figure 10. Characteristics of debt default risk contagion evolution among utility enterprises under
multi-factor interactions. (a) Characteristic of debt default risk contagion evolution among utility
enterprises under the interaction of two factors: ratio of commercial credit among energy enterprises
and influence of energy enterprises. (b) Characteristic of debt default risk contagion evolution among
utility enterprises under the interaction of two factors: proportion of carbon emission cost increment
and influence of energy enterprises. (c) Characteristic of debt default risk contagion evolution among
utility enterprises under the interaction of two factors: investor sentiment index and influence
of energy enterprises. (d) Characteristic of debt de-fault risk contagion evolution among utility
enterprises under the interaction of two factors: investor sentiment index and ratio of commercial
credit among energy enterprises. (e) Characteristic of debt default risk contagion evolution among
utility enterprises under the interaction of two factors: investor sentiment index and proportion of
carbon emission cost increment. (f) Characteristic of debt default risk contagion evolution among
utility enterprises under the interaction of two factors: ratio of commercial credit among energy
enterprises and proportion of carbon emission cost increment.

Comparing Figures 8b, 9b and 10b, it can be seen that the number of defaults of all
types of energy enterprises decreases under the interaction of the proportion of carbon
emission cost increment β and the energy business impact ε, which suggests that the risk-
suppressing effect of the proportion of carbon emission cost increment β is stronger than
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the risk-enhancing effect of the energy business impact ε for all types of energy enterprises.
Compared with the overall energy enterprises, the number of defaults of all types of energy
enterprises declines at a slower rate and the risk-suppressing effect is weakened. The reason
for this is that the cost of carbon emissions, as a major source of operating costs for energy
enterprises, has a direct impact on the risk of debt default for all types of energy enterprises.
Furthermore, corporate influence is an influence on the debt default risk contagion factors
of oil and petrochemical energy enterprises’ debt default risk caused by indirect impacts,
so the impact of energy enterprise debt default risk by the carbon emission cost limit is
reduced. Therefore, through the macro-monitoring of the carbon trading market to limit
the cost of carbon emissions, and in the period of risk contagion focus on energy enterprises
with high influence of various types of energy enterprises, the contagion scope and degree
of influence of the debt default risk of energy enterprises can be effectively controlled.

Comparing Figures 8c, 9c and 10c with Figures 8d, 9d and 10d, it can be seen that,
unlike the overall energy enterprises’ continuously rising development trend, the number
of defaults of all types of energy enterprises shows a trend of increasing and then decreasing
under the interaction of the investor sentiment index θ with the energy business impact ε
and the ratio of commercial credit among energy enterprises λ. This means that for all types
of energy enterprises, the risk-suppressing effect of investor sentiment index θ in the early
stage of development is weaker than the risk-enhancing effect of energy business impact ε
and the ratio of commercial credit among energy enterprises λ; the risk-suppressing effect
of investor sentiment index θ in the late stage of development is also stronger than the
risk-enhancing effect of energy business impact ε and the ratio of commercial credit among
energy enterprises λ. This means that the risk-suppressing effect of investor sentiment
index θ is more significant for all types of energy enterprises. The reason for this is that for
all types of energy enterprises issuing bonds, the investor sentiment index θ will directly
affect the duration of the issuance of corporate bonds and the amount of investment, and at
the same time, it will have an impact on the solvency and capital turnover cycle of energy
enterprises. The same is true for the ratio of commercial credit among energy enterprises λ.
The influence of the energy business impact ε and the ratio of commercial credit among
energy enterprises λ on the number of debt defaults of energy enterprises is limited by the
investor sentiment index θ, and the fluctuation of the investor sentiment index to a certain
extent influences the propagation of the risk of debt defaults of various types of energy
enterprises. Therefore, stabilizing investor sentiment through reasonable media reports
can effectively reduce the risk of debt default of various energy enterprises, especially for
petroleum and petrochemical enterprises.

Comparing Figures 8e, 9e and 10e, it can be seen that the number of defaults of
various types of energy enterprises, contrary to the overall energy enterprises, shows a
decreasing trend under the interaction between the investor sentiment index θ and the
proportion of carbon emission cost increment β. This is mainly due to the fact that under
the profitability pressure caused by rising carbon emission costs, energy enterprises of all
types strive to promote their own low-carbon transformation in order to reduce the risks of
liquidity and debt defaults. In the late stage of rising carbon emission costs, the number of
defaults and the risk of debt defaults of energy enterprises have instead decreased under
the risk-suppressing effect of the equivalent investor sentiment index. Therefore, effectively
stabilizing investor sentiment through reasonable media reports can effectively reduce
the risk of debt default for all types of energy enterprises. For coal enterprises, we can
consider limiting the change of carbon emission cost to reduce the debt default risk of
energy enterprises.

Comparing Figures 8f, 9f and 10f, it can be seen that under the interaction between the
proportion of carbon emission cost increment β and the ratio of commercial credit among
energy enterprises λ, the number of defaults of coal enterprises and utility enterprises
shows a different trend of increasing and then decreasing compared with the overall trend
of energy enterprises. This suggests that for these two types of energy enterprises, the
risk-enhancing effect of the proportion of carbon emission cost increment β is stronger
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than the risk-suppressing effect of the ratio of commercial credit among energy enterprises
λ in the early stage of the interaction, and the risk-enhancing effect of the proportion
of carbon emission cost increment β is weaker than the risk-suppressing effect of the
ratio of commercial credit among energy enterprises λ in the late stage of the interaction.
Therefore, the interaction between the ratio of incremental carbon emission costs and the
ratio of commercial credit among energy enterprises has a stage-specific effect on the risk
contagion of debt defaults among various types of energy enterprises, and should be treated
differently.

5. Conclusions

The urgent need for low-carbon transition affects the price volatility of the carbon
trading market, while the asset price channel broadens the contagion scope of debt default
risk of energy enterprises to a certain extent. This paper constructs a debt default contagion
model among energy enterprises based on carbon price fluctuations, and examines the
impact of carbon price fluctuations on the debt default risk of energy enterprises based on
the statistical results of China’s energy enterprise data from the CSMAR database in 2022.
The main conclusions obtained from the study are:

(1) Under the influence of carbon price volatility, the risk of debt default among energy
enterprises is amplified with the increase in the proportion of commercial credit
and the influence of energy enterprises, which in turn exacerbates the instability of
the debt network among energy enterprises. When the incremental share of carbon
emission costs is small, it is positively correlated with the number of defaulting
enterprises. As the incremental share of carbon emission costs increases, the adverse
impact on the debt network of energy enterprises is relatively reduced, which helps
to enhance the stability of the debt network of energy enterprises after the impact.
When the investor sentiment index is small, it strengthens the external investment
volatility and the pressure to repay debt on schedule, and exacerbates the operational
difficulties of energy enterprises. However, when the investor sentiment index is
increasing, the external investment supply slowly recovers and the possibility of debt
default is significantly reduced. Therefore, the government should actively guide
energy enterprises to optimize their asset structure by means of broadening financing
channels and enhancing policy support, monitoring, timely warning, and macro-
regulation of carbon price fluctuations in the carbon trading market in real time, and
pay timely attention to investor sentiment in order to effectively control the degree of
risk impact in a timely manner in the event of default risk;

(2) The investor sentiment index plays a risk-enhancing role for energy enterprise in-
fluence, the ratio of commercial credit among energy enterprises, and the share of
incremental carbon emission costs. The ratio of commercial credit among energy
enterprises and the influence of energy enterprises are mutually risk-enhancing. The
risk-enhancing effect of the commercial credit ratio of energy enterprises on the risk of
debt default contagion among energy enterprises is stronger than the inhibiting effect
of the incremental carbon emission cost ratio on the risk of debt default contagion
among energy enterprises. The ability of the share of incremental carbon costs to
constrain the risk of contagion of debt default among energy enterprises is stronger
than the reinforcing effect of energy enterprises’ influence on the risk of contagion of
debt default among energy enterprises. Therefore, energy enterprises should establish
and improve the risk monitoring system among energy industries, and timely assess
the adverse impacts of carbon price fluctuations on themselves. At the same time,
they should strengthen the control of the cost fluctuation of carbon emissions trading
in the process of production and operation, and prepare sufficient liquidity reserves.
Moreover, through media reports and other means, investors should be appeased in
a timely manner, so as to improve the risk prevention awareness and risk response
ability of energy enterprises;
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(3) The enhanced risk of debt default triggered by the enhanced ratio of commercial credit
among energy enterprises, and the joint risk-constraining ability of the incremental
carbon emission cost ratio and the investor sentiment index are both more significant
for coal-based energy enterprises. The enhanced risk of debt default triggered by
the increase in the share of incremental carbon emission costs, and the joint risk-
enhancing effect of the proportion of commercial credit among energy enterprises
and the influence of energy enterprises, the joint risk-suppressing effect of the share
of incremental carbon emission costs and the influence of energy enterprises, and the
risk-suppressing effect of the index of investor sentiment on the other three factors are
more significant in the petroleum and petrochemical category of energy enterprises.
The risk-enhancing effects of investor sentiment index, energy enterprises’ influence
on debt default risk, and the joint risk-enhancing effect of energy enterprises’ com-
mercial credit ratio and energy enterprises’ influence are all most significant for utility
enterprises. The effects of the incremental cost of carbon emissions and the commer-
cial credit ratio between energy enterprises on debt default risk are reinforcing in
petroleum and petrochemical enterprises, while they are generally constraining in coal
and utilities energy enterprises. Therefore, the government and energy enterprises
should take differentiated and targeted measures to prevent internal risk contagion
and internal and external cross-risk contagion among different types of energy enter-
prises according to the nature of the enterprises and the degree of influence of each
factor on them. Petroleum and petrochemical enterprises should pay more attention
to the control of carbon emission costs, while coal enterprises should pay attention to
the control of carbon emission costs and at the same time should also pay attention to
the appeasement of investor sentiment.

Based on the impact of carbon price fluctuation, this paper constructs a debt default
contagion model among energy enterprises, showing the process and characteristics of debt
default risk contagion among energy enterprises, which helps to enrich the research results
in this field and provides theoretical references for the decision-making of financial and
energy regulators. However, because the Chinese carbon market is still in its infancy, and
the data on the assets and liabilities of energy companies are collected only from three types
of listed energy companies in China, and the results of this study have certain geographical
and time limitations. With the gradual development and improvement of China’s carbon
trading market, the gradual entry of other types of energy companies, such as new energy
companies, will have different impacts on the risk contagion of debt default among energy
companies. Therefore, this paper will introduce more types of energy enterprises in the
subsequent study of debt default risk contagion, and expand and deepen this study in
terms of geography and development stage.
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