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Abstract: With the globalisation of the economy and the increasing interconnectedness of individuals
in the financial markets, companies implementing high energy consumption strategies have become
more widespread due to the “herding effect” as they become more closely linked for development.
In the context of carbon neutrality, the issue of how to reduce the spread of high energy consump-
tion strategies and the issue surrounding the governance of corporate emissions have become a
focus of research. This paper uses the improved SEIJRS infectious disease model to investigate the
phenomenon of corporate high energy strategy infection, combined with optimal control theory, to
provide a reference for governments and regulators to develop reasonable optimal prevention and
control strategies.
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1. Introduction

For a long time, there have been significant impacts of climate change on health,
agriculture, economy, conflict, migration, etc. [1,2]. Reducing greenhouse gas emissions
has become the consensus of the international community. The year 2020 was the deadline
for submitting net-zero emission targets [3], and 53 countries already achieved carbon
peaking by 2020 [4]. Economic recovery through green and low-carbon development
has become the general consensus of the international community. In the last two years,
the normal functioning of the economy and society in various countries has suffered a
serious blow due to the impact of COVID-19 [5]. In addition, the world’s international
situation has become increasingly complex, with the trade war between the US and China,
the Russia–Ukraine conflict and a volatile international situation that has significantly
depressed the global economy. The sudden outbreak of the epidemic and the overlap
of international conflicts have caused climate change, which should have been receiving
constant attention, to be ignored and the corporate low-carbon transition to be put on
hold, but also created some potential opportunities [6]. Some companies have started
to adopt high energy consumption strategies in order to maintain their economic level,
or due to factors such as media attention. Green technology reserves financial slack and
many other factors all have an effect on corporate carbon strategies [7]. The spread of high
energy consumption strategies implemented by energy enterprises in the market has a
high degree of similarity to infectious diseases. When the concept of green and low-carbon
strategies among enterprises is not solid, the government needs to control and govern
in a timely manner to prevent the cross-infection of high energy consumption concepts,
resulting in environmental pollution [8]. So far, governments around the world have
realised the importance of transforming energy-intensive enterprises, and governments
have begun to adopt policies of varying degrees [9]. Due to this background, in this paper,
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we propose a new SEIJRS epidemic model that takes into account the fact that energy-
intensive enterprises can be infected multiple times, including latent and quarantine states,
and considers the ability of enterprises to heal themselves in the latent state and the intensity
of government control in the quarantine state as dynamic variables. This paper uses the
improved SEIJRS infectious disease model to analyse the spread of green beliefs among
different types of companies at different stages in a complex network and combines it with
optimal control theory to provide a reference for governments and managers to formulate
reasonable and optimal prevention and control strategies.

The structure of this paper is as follows: In Section 2, the literature review is presented;
this paper analyses the significance of the contagion model for the spread of green and
low-carbon beliefs by analysing China and companies under the carbon neutrality target,
in conjunction with the herd effect. In Section 3, the methodology, model assumptions,
construction and analysis are carried out. In Section 4, this paper solves the optimal control
problem. In Section 5, numerical simulations are carried out to obtain the dynamics of the
various results for different situations and to plot the images in order to draw conclusions
about the optimal control. Conclusions and limitations are given in Section 6, which is
followed by conclusions in Sections 3–5.

2. Literature Review
2.1. China under the Goal of Carbon Neutrality

Until 2019, national carbon dioxide (CO2) emissions were 10.3 Gt (±13%, confidence
interval (CI) = 90%) and per capital CO2 emissions were approximately 7.4 t [10]. Due to
rapid economic development and urbanisation, China is now the world’s largest emitter of
CO2, already accounting for 28% of global CO2 emissions in 2019 [11]. In September 2020,
China set the goal of “striving to peak CO2 emissions by 2030 and working towards carbon
neutrality by 2060”. Achieving the “double carbon” target places higher demands on
China’s energy consumption intensity and total control. As the world’s largest developing
country, China’s economic growth and carbon emissions are still not fully decoupled, and
the drivers of economic growth are still highly dependent on energy-intensive industries.
Of these, China’s CO2 emissions are mainly attributed to its fossil fuel energy use and
manufacturing-based industrial system [12]. At present, the main development mode
of China’s manufacturing industry is high energy consumption and low efficiency. The
development of the manufacturing industry ignores the coordinated development of energy
consumption and the environment [13]. Therefore, the proper handling of the four pairs
of synergies between development and emissions reduction, overall and local, long-term
and short-term, and government and market has a positive effect on promoting economic
development and achieving the “double carbon” target. For now, China has launched a
low-carbon city pilot project to create green, low-carbon cities by limiting carbon emissions
through the actions of businesses and individuals [14].

China needs to improve its green and low-carbon policy and market system and
increase investment in the development of renewable energy, as well as encourage more
social capital to invest in ecological civilisation, green and low-carbon development, climate
governance and other areas. It is important to develop an emissions reduction programme
that is synergistic with economic and social development goals, and to explore the path
of high-quality transformational development in China under the constraints of carbon
neutrality targets.

2.2. Enterprises under the Goal of Carbon Neutrality

A low-carbon economy is the ideal model for economic development, where GDP
revenues increase and energy consumption decreases. A lower carbon footprint is an
economic model that is good for people and good for the planet [15,16]. Hafeznia et al. [17]
argue that a low-carbon economy is a form of economy that falls under the category of
sustainable development and that a low-carbon development model is a specific pathway
to a low-carbon economy. Business is a major player, contributor and leader in achieving a
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low-carbon economy. Recently, some scholars have proposed that enterprise heterogeneity
should be fully considered to develop more targeted energy saving and emissions reduction
policies [18,19]. The importance of corporate emissions reduction is becoming increasingly
apparent, and research by experts and scholars on corporate low-carbon strategies is heat-
ing up, with some valuable academic results achieved. Pinkse [20], Kim [21], and Zhou
and Wen [22] collected and sorted out the low-carbon practices of enterprises and initially
established the conceptual framework of low-carbon practices of enterprises. Creating a
social environment for high-quality development throughout society requires promoting
entrepreneurship, craftsmanship and green consumption awareness. Companies in all
countries are now actively addressing climate change and are developing strategies with
carbon neutrality as a strategic goal. In order to achieve “peak carbon and carbon neutral-
ity”, companies are facing a continuous transformation and upgrade of their industrial and
energy structures.

Some companies have implemented high energy consumption strategies, either volun-
tarily or by force, due to restrictions on their business operations and increased costs of
declining revenues. With the increasing intensity of linkages between the various energy
companies, individual companies have resorted to high energy consumption strategies
for short-term gains in the face of market turbulence. This can have an impact on other
companies that use green and environmentally friendly strategies. In order to reduce the
occurrence of this phenomenon, the ethics of companies themselves, government regu-
lation and decision making by senior leaders play a key role [23]. Zhu and Sarkis [24]
found through their analysis that external constraints such as government regulation and
market norms have a positive effect on corporate low-carbon practices. As the corporate
low-carbon operational strategists, senior leaders have the important task of identifying
the organisational environment, identifying organisational capabilities and undertaking
organisational strategic planning and change [25]. At the same time, government manage-
ment departments and relevant management agencies should also start from the enterprise
management level to regulate and standardise the enterprise, as well as the whole. Govern-
ment management is an important tool to improve the green development of industry and
the sound industrial low-carbon economic system. Currently, the Chinese government is
constantly refining and adjusting its green innovation strategy. Mi, Weisong et al. extended
the analysis of “incremental” spatial and temporal characteristics based on “total” green
innovation, providing a basis for the government to adjust green innovation policies [26].

2.3. Herd Effect

The “herd effect” is essentially the herding behaviour of decision makers who ig-
nore private information and follow the masses in an environment of information uncer-
tainty [27]. Keynes [28] was the first to point out the herding effect in financial markets,
arguing that it was more costly for investors to collect and process information about com-
panies. With less information transparency, decision makers are more likely to be “unsure”
and end up blindly following the actions of others, which contributes to the herding effect.
Allen [29] defines the high degree of correlation prevalent between markets as the interde-
pendent effect of markets. In the financial markets, the same types of sewage companies
have the need to obtain information from peer companies and learn from them in terms of
decision making. Welch [30] proposed a herding theory based on an information waterfall,
where managers have different access to information in the market, resulting in different
decisions being made. Different types of companies therefore have different attitudes and
resilience to high energy consumption strategies. Manski [31] systematically attributed
the interaction between focal and peer individuals to the “peer effects” hypothesis, stating
that peer effects are the result of the interaction between decision maker preferences, cogni-
tive abilities and external environmental constraints. As a result, the “herding effect” in
financial markets, where individual companies take high energy consumption decisions
and profit, has increased market volatility. This could lead to copycat behaviour by other
companies of the same types of emissions and lead to increased environmental pollution,
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which is not in line with the context of China’s green development and the goal of carbon
neutrality. The external environment should restrain this phenomenon at this time, i.e., the
government administration should take appropriate control strategies to prevent the herd
effect from having further influence.

2.4. The Significance of the Infectious Disease Model for the Spread of Green Low-Carbon Beliefs

Cha and Sekyung [32] use a multivariate VAR model to study the risk contagion from
the US stock market to emerging country stock markets. However, the VAR approach to
calculating the risk of a financial asset or portfolio is based on statistical analysis of past
return characteristics to predict the volatility and correlation of its price and, thus, estimate
the maximum possible loss. The analysis is not comprehensive as it is based solely on
the objective probability that a risk may cause a loss and focuses only on the statistical
characteristics of the risk. Bae [33] uses a polynomial logit model to estimate the probability
of financial crisis contagion and finds a strong spillover effect between financial markets in
Latin America. However, it only warns of speculative shock currency crises on the basis of
a few key financial assets or economic indicators, such as interest rates and exchange rates,
and is of little significance to the study of the diffusion of low-carbon ideas.

Academic research on the transmission of beliefs and ideas is currently relatively
sparse. The process of the transmission of low-carbon perceptions and financial risks has
similarities to the process of the transmission of infectious diseases. Firstly, from an individ-
ual point of view, energy-consuming enterprises themselves have different green concepts
and different abilities to resist the idea of high energy consumption, and some of them
are susceptible to infection due to the lack of a strong belief in low-carbon consumption.
The states of energy-consuming companies when impacted by energy-intensive ideas are
similar to the susceptible, latent, infected, recovered and healthy state of individuals in the
epidemic model, which is the basis for studying the spread of energy-intensive strategies
using the epidemic model. Secondly, due to the dissemination of information, there is a
circulation of ideas surrounding high energy consumption between companies. Once a
company adopts a high energy consumption strategy, it is passed on to other companies,
and if it is not effectively controlled, the perception spreads, much like the process of
the contact transmission of an infectious disease. Thirdly, the perception of high energy
consumption is persistent. It can be seen that perceptions of high energy consumption have
characteristics similar to the individual variability and linkage of infectious diseases and
the spread and diffusion of perceptions.

Prevention and control strategies need to be rationalised in order to prevent cross-
contamination and increased environmental pollution from the actions of companies imple-
menting highly polluting decisions [34]. The SIR infectious disease model, first proposed
using mathematical theory as a framework, includes three categories of people: susceptible,
infected and recovered. Today, an increasing number of scholars are using improved
classical contagion models for financial risk, belief transmission and other issues. King [35]
argues that the ability of information and resources to be transmitted and allocated across
different financial markets can create a contagion effect. May [36] and others point out that
finance and ecosystems are interconnected and that the process of financial risk transmis-
sion is very similar to that of epidemics such as SARS and the New Guinea epidemic. As a
result, contagion dynamics models (SI, SIR, ISR models) have gradually been introduced
by scholars from various countries into the field of economics and finance to study finan-
cial crisis contagion [37], bank risk contagion, investor sentiment propagation [38], stock
market crisis propagation and financial system stability [39], etc., although the realism of
the model needs to be improved. However, the SIRS model, which evolved from the SIR
model and has a more comprehensive design, has gradually been applied to the study of
risk contagion and the domain of complex financial networks, including Chen et al. [40].
Yang, Qian et al. [41] constructed an SIR-SIR model to reveal the interaction between infor-
mation dissemination and credit risk contagion.
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Achieving carbon neutrality in business is a long-term transition process in which it
is necessary to spread green and low-carbon concepts among companies, implement low-
carbon environmental strategies and controlling the impact of the spread of misconceptions
about high energy consumption. Based on the above considerations, this paper chooses
to study energy enterprises in the financial market as its subject. We consider a micro-
level scenario that takes into account the ability of individual affiliates to be infected with
multiple ideas of high energy consumption and then use the SEIJRS infectious disease
model, which includes latent and isolated states, to study the phenomenon of the cross
infection of decisions about high energy consumption. This informs third-party energy
consumption managers and government administrations in developing sound and optimal
prevention and control strategies.

3. Methodology
3.1. Basic Assumptions

In the market system of energy companies, different types of companies trade closely
with each other, and the phenomena of companies implementing high energy consumption
strategies to increase their benefits due to market crowding, changes in related strategies
and changes in market trends often spread between different companies. In order to fit
the current situation of China’s green economy context, this study combines the SEIJRS
contagion model with the evolutionary characteristics of green and low-carbon belief
transmission and proposes the following hypotheses:

Hypothesis 1. Companies in a state of infection spread the concept of high emissions through their
connections, leading to the infection of companies with which they have trade relationships, etc., and
there is no fixed direction in the process of spreading the concept.

Hypothesis 2. Companies that have implemented high energy consumption strategies can be
infected again.

Hypothesis 3. The whole market is a closed system which no relevant firms are allowed to exit
and no foreign firms are allowed to join during the transmission of high emissions perceptions, i.e.,
the total number of firms in the market is fixed and the total number of individual firms is set to be
a constant K.

Hypothesis 4. In an associated network of K firms, firms are classified into five states: susceptible
(S), latent (E), infected (I), recovered (J) and healthy (R).

(1) Susceptible state (S): Companies that are vulnerable to infection tend to be neutral
in their own attitudes, but at the same time are vulnerable to the influence of associated com-
panies with high energy consumption strategies, which can lead to their own perceptions
being shaken into a latent state. In the market, vulnerable individuals are often institutions
and companies with a low cash flow, high gearing or excessive financial leverage.

(2) Latent state (E): Companies in the latent state are shaken by the immediate benefits
of high energy consumption because of the market squeeze they have received, but the
current state is still internalised and it takes some time before the symptoms are revealed.
At the same time, as their own perceptions increase, they also have an impact on the
other companies involved, although less so than the individuals in the infected state. It is
also because their own strategies have not yet been implemented that they can often take
remedial measures to bring themselves into a healthy state. The specific signs of this type
of business are a continuing decline in profits, rising debt ratios and a continuing increase
in accounts receivable.

(3) Infection status (I): Infected companies are those that have already started to
implement high energy consumption strategies and have a strong capacity to disseminate
ideas. The change in the proportion of companies in this category in the market network
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indicates the severity of the spread of high energy consumption strategies. It is difficult
for the company to recover on its own and often requires the assistance of external forces
to enter a state of recovery. This is evident in the market for companies and financial
institutions that have serious problems such as severe cash flow shortfalls, insolvency and
long-term losses.

(4) Rehabilitation status (J): Individual enterprises enter a state of recovery when their
own low-carbon beliefs increase after receiving external controls or remediation, while
their own ability to spread misconceptions due to external regulation is rapidly reduced.
After the rehabilitation phase, these companies’ own low-carbon beliefs and their control
capabilities are effectively enhanced and they enter a healthy state and begin to gradually
implement energy consumption control strategies.

(5) Health status (R): A healthy company is one that is well equipped with green and
low-carbon technologies and has a strong commitment to green strategies. However, a
healthy status does not mean permanent immunity to high energy consumption policies,
and some healthy individuals lose their immunity and become susceptible to infection
when the internal and external environment changes. Examples of healthy individuals are
companies and organisations with adequate cash flow, low gearing and low leverage.

3.2. Model Building

According to Hypothesis 3 and Hypothesis 4, it can be seen that:

S(t) + E(t) + I(t) + J(t) + R(t) = K

According to the change in each sub-market node in the contagion of high energy
consumption perceptions, the contagion process of high energy consumption perceptions
with a constant total number of nodes is shown in Figure 1.
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Figure 1. Cross-contamination process of corporate high energy consumption perceptions.

The SEIJRS infectious disease model was constructed based on the implementation of
the perception contagion process of high energy consumption strategy among associated
enterprises; the model consists of a set of differential equations (Equation (1)). The setting
and meaning of each parameter in the model are shown in Table 1.

.
S = α1R(t)− α2S(t)[εII(t) + εEE(t)]− γ1S(t)
.
E = α2S(t)[εII(t) + εEE(t)]− α3E(t)− γ2E(t)

.
I = α3E(t)− β1I(t)
.
J = β1I(t)− β2J(t)

.
R = γ1S(t) + γ2E(t) + β2J(t)− α1R(t)

(1)



Sustainability 2022, 14, 16600 7 of 16

Table 1. Definition of parameters for a model of cross-contamination of highly contaminated ideas
between associated enterprises.

Parameters Definition

α1 Probability of a business returning from a healthy state to a susceptible state
α2 Infection rate
α3 The probability of a business being infected in a latent state
εI Correction factor relating to transmission from latent-state enterprises
εE Correction factor related to transmission from infected-state enterprises
β1 The probability of an infected company being controlled
β2 The probability of an infected company being infected
γ1 Direct immunisation rate
γ2 Self-cure rate

3.3. Model Analysis

Theorem 1. The equilibrium point for the cross-contamination model of high energy consumption
strategies among affiliated firms is: ( α1K

α1+γ1
, 0, 0, 0, γ1K

α1+γ1
) or (S2, E2, I2, J2, R2), among them:

S2 =
k1(γ2 + α3)

α2(εIk1 + εEk2)
, k1 =

β1
α3

, k2 =
β1
β2

E2 = k1I2, J2 = k2I2, R2 = K− S2 − E2 − I2 − J2

I2 =
Kα1α2(εIk1 + εEk2)− k1(α1 + γ1)(γ2 + α3)

α2(εIk1 + εEk2)[α1(k1 + k2) + k1(γ2 + α3)

Proof. R = K− S− E− I− J, therefore, the cross-infection model of high energy consump-
tion strategy among related companies can be converted into:

Prove :


.
S = α1(K− S− E− I− J)− α2S(t)[εII + εEE]− γ1S

.
E = α2S[εII + εEE]− α3E(t)− γ2E

.
I = α3E− β1I
.
J = β1I− β2J

(2)

When the model reaches the equilibrium point,
.
S =

.
E =

.
I =

.
J = 0, substitute

into Equation (2):
α1(K− S− E− I− J)− α2S(t)[εII + εEE]− γ1S = 0

α2S[εII + εEE]− α3E(t)− γ2E = 0
α3E− β1I = 0
β1I− β2J = 0

(3)

It is easy to know from Equation (3) that E = β1
α3

I, J = β1
β2

I; we set: k1 = β1
α3

, k2 = β1
β2

,
and substitute it into Equation (3) to obtain:

I[α2S(εI + εEk1)− k1(α3 + γ2)] = 0

The following is discussed according to the following situation: When I = 0, E = J = 0,
replace it back to Equation (3) and we can obtain S = α1K

α1+γ1
, R = γ1K

α1+γ1
. When I 6= 0,

S = k1(γ2+α3)
α2(εIk1+εEk2)

, then substitute the obtained S E J into Equation (3) to obtain:

I2 =
Kα1α2(εIk1 + εEk2)− k1(α1 + γ1)(γ2 + α3)

α2(εIk1 + εEk2)[α1(k1 + k2) + k1(γ2 + α3)

To sum up, the two sets of solutions of Equation (2) are:
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S1 = α1K

α1+γ1
E1 = 0
I1 = 0
J1 = 0

and


S2 = k1(γ2+α3)

α2(εIk1+εEk2)

E2 = k1I2
J2 = k2I2

I2 = Kα1α2(εIk1+εEk2)−k1(α1+γ1)(γ2+α3)
α2(εIk1+εEk2)[α1(k1+k2)+k1(γ2+α3)

, and the theorem can

be proved. �

By observing the two equilibrium points obtained, it can be found that, the equilibrium
point ( α1K

α1+γ1
, 0, 0, 0, γ1K

α1+γ1
) is actually the balance point of the spread of the system’s

unrelated high energy consumption strategy. According to the condition of Hypothesis
2, individuals who have passed the associated high energy consumption strategy can be
infected again. Therefore, if there is no systematic control in the model, it is impossible for
the high energy consumption strategy to have an equilibrium point of risk-free propagation
in the process of propagation.

The optimal control problem is solved in order to minimise the sum of the number of
firms in latent, infected and recovered states and the cost of government bailout measures
over a fixed period of time.

4. The Optimal Control Problem

For third-party energy consumption managers, the objective is to control the spread
of the concept over a period of time in order to reduce the number of companies affected
by the concept (the categories of companies affected are latent, infected and recovered),
while for those already affected by the concept of high energy consumption, the main
measures to be taken by the government are to provide assistance and rehabilitation to
those companies already infected. Taken together, the overall objective of the government
sector is to minimise the sum of the number of individuals in latent, infected and recovered
states and the cost of relief measures over a fixed period of time. Therefore, within, the
objective function is:

min
β1(t)

Y =
∫ T

0

[
m1E(t) + m2I(t) + m3J(t) +

µβ2
1(t)
2

]
dt

where m1, m2, m3 are the weights of the latent state, infection state and rehabilitation state,

and µβ2
1(t)
2 represents the individual’s rescue costs. It is assumed that the allowed control

sets are:
W = {β1(t) ∈ L(0, T)|βmin(t) ≤ β1(t) ≤ βmax(t)}

R = K− S− E− I− J, so, in the optimal control problem, it is not regarded as a state
variable. The optimal control problem with restricted control is defined as follows:

min
β1(t)

Y =
∫ T

0

[
m1E(t) + m2I(t) + m3J(t) +

µβ2
1(t)
2

]
dt

s.t.
.
S = α1(K− S− E− I− J)− α2S(t)[εII + εEE]− γ1S

.
E = α2S[εII + εEE]− α3E(t)− γ2E

.
I = α3E− β1I

.
J = β1I− β2J

S(0) = S0 E(0) = E0 I(0) = I0

J(0) = J0 βmin(t) ≤ β1(t) ≤ βmax(t)

The optimal control problem is solved below:
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After observing the form, it can be seen that it is a Lagrangian problem. The state
equation is written in the form of a constraint equation:

α1(K− S− E− I− J)− α2S(t)[εII + εEE]− γ1S−
.
S = 0 (4)

α2S[εII + εEE]− α3E(t)− γ2E−
.
E = 0 (5)

α3E− β1I −
.
I = 0 (6)

β1I− β2J−
.
J = 0 (7)

The augmented functional is constructed by the Lagrange multiplier method:

Y′ =
∫ T

0

{[
m1E(t) + m2I(t) + m3J(t) + µβ2

1(t)
2 ]+λ1(t)[α1(K− S− E− I− J)− α2S(t)[εII + εEE]− γ1S−

.
S
]

+λ2(t)[α2S[εII + εEE]−α3E(t)− γ2E−
.
E]+λ3(t)[α3E− β1I−

.
I]+λ4(t)[β1I− β2J−

.
J
]}

dt
(8)

where λ(t) are the undetermined adjoint vectors. Define the Hamiltonian function:

H[S, E, I, J, R,β1, λ1, λ2, λ3, t] = m1E(t)+m2I(t)+m3J(t)+
µβ2

1(t)
2

+λ1
.
S+λ2

.
E+λ3

.
I+λ4

.
J

Then, the augmented functional can be reduced to:

Y′ =
∫ T

0

{
H[S, E, I, J, R,β1, λ1, λ2, λ3, t]− λ1

.
S− λ2

.
E− λ3

.
I− λ4

.
J
}

dt

When Y′ reaches the extreme value, the adjoint vector of the whole dynamic system
needs to satisfy the adjoint equation, which is:

.
λ1 = − ∂H

∂S = λ1(α1 + γ1) + α2(λ1 − λ2)(εII + εEE)
.
λ2 = − ∂H

∂E = −m1 + λ1α1 + (λ1 − λ2)α2SεE + (λ2 − λ3)α3 − λ2γ2.
λ3 = − ∂H

∂I = −m2 + λ1α1 + (λ1 − λ2)α2SεI + (λ3 − λ4)β1.
λ4 = − ∂H

∂J = −m3 + λ1α1 + λ4β2

At the same time, the control variable β1 meets the control equation:

∂H
∂β1

= 0

By solving the governing equation, we can obtain:

β∗1 = min
(

max
(
βmin,

(λ3 − λ4)I
µ

)
, βmax

)
5. The Numerical Simulation

Due to the large number of differential equations and parameters, it is difficult to find
analytical solutions, so this section is devoted to the numerical simulation of the system of
differential equations obtained in Section 3.

Assume that the initial values in each state are: S(0) = 0.95K, E(0) = 0.02K,
I(0) = 0.01K, J(0) = 0.01K, R(0) = 0.01K. Among them, K is the total number of companies
in the market. The value range of the rescue rate β1 and early recovery rate γ2 is [0, 0.9].
The time frame of the study was [0, 100]. Other parameter values in the optimal control
problem are shown in Table 2.
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Table 2. Values of various parameters of the optimal control model.

Parameter Parameter Value Parameter Parameter Value Parameter Parameter Value Parameter Parameter Value

α1 0.1 m1 0.5 β2 0.05 εI 0.8
α2 0.1 m2 0.8 γ1 0.1 εE 0.2
α3 0.1 m3 0.4 µ1 6 µ2 3

In this paper, Matlab R2018a is used as the numerical simulation platform, and Ode45
is used as the solver to solve the adjoint equation, control equation and control condition
after simultaneous establishment.

Figure 2 depicts the dynamics of the number of energy consumption enterprises, the
optimal self-healing rate, the optimal control rate and the number of control regenerations
for each state. The optimal self-healing rate decreases over time, while the optimal control
increases first to a peak and then decreases. The control regeneration number in the initial
phase is greater than one. The implementation of the optimal control strategy causes it to
gradually drop below one over time and the spread of high energy consumption perceptions
is controlled. The control regeneration numbers in the latter part of the study phase
returned to greater than one, due to a lax mentality on the part of individual companies
and government control authorities during this period, and the rapid decline in self-cure
and control rates led to an increase in the spread of high energy consumption ideas. We
found that the number of companies in the susceptible and latent states decreased over
time to zero. The number of companies in the infected state increased to a peak and then
decreased to 0.007 K. The number of companies in the controlled state increased slightly to
a peak and then decreased gradually to zero. The number of companies in the healthy state
increased over time and finally increased to 0.98 K before levelling off.
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5.1. Influence of Contagion Rate on Optimal Control Strategies

The evolution of the number of firms, the optimal self-healing rate, the optimal control
rate and the number of control regenerations in each state when the contagion rate is
taken to be 0.1, 0.3 and 0.9, respectively, is shown in Figure 3. We find that the number
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of enterprises in the susceptible state decreases faster as the infection rate increases. In
contrast, the number of enterprises in the healthy state decreases slightly as the infection
rate increases. The number of enterprises in the remaining three states increases as the
infection rate increases. As the contagion rate of high energy consumption perceptions
increases, the process rate of change in the number of firms in each state of optimal self-
healing at different contagion rates and the rate of optimal control increase. It is important
to note that the trend of the self-healing rate increases to a peak and then decreases to zero
when the transmission rate achieves a large value of 0.9. We found that the rate of self-cure
decreased at a slower rate than the rate of control. In the early stages of transmission of
high energy consumption ideas, the cure rate of the enterprises themselves is greater than
the control rate of the government departments taking control measures on vulnerable
enterprises, and the control rate in the later stages is greater than the cure rate.
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We therefore suggest that, when the contagion rate of high energy consumption
concepts increases, senior managers of enterprises in the latent stage should promptly
formulate reasonable countermeasures, establish green and low-carbon environmental
awareness and actively respond to the national call to avoid being infected with high
energy consumption concepts. At this time, the government control department should
strengthen the control of the already infected enterprises and help them to establish green
and low-carbon awareness, implement environment-friendly strategies and achieve green
transformation by strengthening the control of vulnerable enterprises to reduce the scope of
the transmission of high energy consumption concepts, and implementing both incentives
and penalties for them. The number of control regenerations increases as the transmission
rate increases, with the trend being to first fall below one, and the number of control
regenerations rising sharply again at higher transmission rates, making control more
difficult again. It shows that, with the increased rate of transmission and the fact that
companies can be infected multiple times, government departments and companies in latent
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states must always develop optimal control strategies based on the form of transmission of
highly contaminated concepts and must not let down their guard and reduce their control
efforts because of a brief improvement in form.

5.2. The Impact of Infection Rates in Latent-State Firms on Optimal Control Strategies

When the probability of a company in the latent state being infected by high energy
consumption perceptions changes, the changes in the number of companies in each state,
the optimal control strategy and the number of control regenerations are shown in Figure 4.
When increasing, it means that the decision makers of the enterprises in the latent state
do not realise their problems and self-control in time, the self-healing rate is low and the
probability of being infected by high energy consumption perceptions increases. This leads
to a large number of companies in this state being infected; thus, the number of companies
in the infected state increases and the number of submarkets in the latent state decreases. At
this point, government departments take control measures to control the output of highly
polluting ideas from infected companies by increasing the rate of control and narrowing the
spread of highly polluting ideas, thus leading to an increase in the number of companies in
a controlled state. We found that the number of control regenerations increased with the
increase and that the trend was roughly the same as at the time of the change. The number
of enterprises in the susceptible and recovered states was barely affected by the increase.
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5.3. The Effect of Direct Immunity Rates on Optimal Control Strategies

The number of enterprises in each state, the evolution of the optimal self-cure and
control rates and the number of control regenerations at different direct immunisation rates
are shown in Figure 5. An increase in the direct immunity rate means that companies with
a strong low-carbon mindset and green beliefs are able to control high energy consumption
strategies in a shorter period of time in the event of a major future event impacting on their
green beliefs.
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It is therefore a priority for companies to raise their own immunity rate, to spread green
concepts within the company, to establish low-carbon beliefs, to strengthen environmental
awareness and to improve their defenses when high energy consumption concepts start to
spread. When companies in the whole market system generally have a higher awareness of
green concepts, they have a stronger ability to resist the spread of high energy consumption
concepts and can control the spread of highly polluting concepts in a shorter period of time,
preventing further expansion of environmental pollution.

6. Conclusions and Limitations

This paper combines and improves the medical infectious disease model and finally
chooses to use the SEIJRS infectious disease model, which includes the latent and isolated
states. The model is used to study the phenomenon of the cross-contamination of high energy
consumption perceptions in energy enterprises. Through an in-depth study of the various
types of firms during the period affected by the perception of high energy consumption, we
classified the individuals associated in the study network into five states: susceptible, latent,
infected, recovered and healthy states. The dynamics of the number of firms, the optimal
control variables and the number of control regenerations in different states were obtained by
varying different parameters, and the results are presented in Table 3.

Table 3. Optimal control strategies for different scenarios.

Situation Optimal Control Strategy

Increased transmission rate Increased self-cure rates and increased control rates

Increased infection rates in latent-state businesses Decrease in self-cure rates and increase in control rates

Increased direct immunisation rates Decrease in both self-cure and control rates

When enterprises are influenced by the external environment and green low-carbon
beliefs are not solid, the contagion rate of high energy consumption strategy increases;
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senior management of enterprises in the latent state should promptly consolidate their own
low-carbon environmental protection concept, abandon the idea of high energy consump-
tion and adopt optimal prevention and control strategies in a timely manner to increase the
self-healing rate of enterprises themselves, rather than wait for the intervention and control
of government departments after they have started to adopt high energy consumption
strategies and cause pollution to the environment.

For the government administration, it should increase the control of enterprises that
have started to implement high energy consumption strategies, increase efforts to spread
green ideas, impose penalties and controls on non-compliant enterprises, and reward good
performance to narrow the spread of high energy consumption ideas. When the probability
of a business being infected increases in the latent state, it indicates that it has a weak green
mindset and lacks strong beliefs, leading to a decrease in self-healing rates. In the face of
bad decisions by business leaders in a latent state, the government administration should
take preventive and control measures to save the situation and increase the intensity of
control over companies that have implemented high energy consumption strategies. When
the direct infectious rate increases, the whole market system has a stronger belief in green
strategies, and companies in a vulnerable state are able to recover quickly, stop imple-
menting high energy consumption strategies and switch to implementing environmentally
friendly strategies. The number of firms in the remaining states decreases as the direct
immunity rate increases, and the self-healing rate of firms in the latent state and the rate of
government control over infected firms both decrease as the direct immunity rate increases.
Therefore, a more moderate optimal control strategy can be adopted at this point.

It Is important to note that, since the number of infected companies peaks at the same
time as the balance between healthy and susceptible companies is reached, government
authorities should not reduce prevention and control efforts at this stage because of the
increase in the proportion of healthy companies, but should still focus on regulation and
monitoring to ensure effective control of the energy consumption concept. The different
nature of the various types of enterprises and their resistance to misconceptions during the
influence of high energy consumption strategy is an aspect that is not taken into account in
the model developed, so the model could be further improved to suit the reality.

Author Contributions: Conceptualization, S.W.; methodology, software, validation, formal anal-
ysis, and writing—original draft preparation, S.W.; investigation and resources, S.W. and W.C.;
writing—review and editing, and supervision, W.C. and G.W. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The authors would like to thank the editors and anonymous reviewers
for their thoughtful and constructive comments.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ciscar, J.-C.; Iglesias, A.; Perry, M.; van Regemorter, D. Agriculture, climate change and the global economy. In Proceedings of the

Macroeconomics and Climate Change, Cowles Foundation for Research in Economics, New Haven, CT, USA, 15 March 2012; pp. 11–12.
2. Carleton, T.A.; Hsiang, S.M. Social and economic impacts of climate. Science 2016, 353, aad9837. [CrossRef] [PubMed]
3. UNFCCC. Decision 1/CP.21. Available online: https://unfccc.int/files/home/application/pdf/decision1cp21.pdf (accessed on

4 October 2022).
4. Levin, K.; Rich, D. Turning Point: Which Countries’ GHG Emissions Have Peaked? Which Will in the Future? Available

online: https://www.wri.org/insights/turning-point-which-countries-ghg-emissions-have-peaked-which-will-future?utm_
source=miragenews&utm_medium=miragenews&utm_campaign=news (accessed on 4 October 2022).

5. Bagchi, B.; Chatterjee, S.; Ghosh, R.; Dandapat, D. Impact of COVID-19 on Global Economy. In Coronavirus Outbreak and the Great
Lockdown: Impact on Oil Prices and Major Stock Markets Across the Globe; Bagchi, B., Chatterjee, S., Ghosh, R., Dandapat, D., Eds.;
Springer: Singapore, 2020; pp. 15–26.

http://doi.org/10.1126/science.aad9837
http://www.ncbi.nlm.nih.gov/pubmed/27609899
https://unfccc.int/files/home/application/pdf/decision1cp21.pdf
https://www.wri.org/insights/turning-point-which-countries-ghg-emissions-have-peaked-which-will-future?utm_source=miragenews&utm_medium=miragenews&utm_campaign=news
https://www.wri.org/insights/turning-point-which-countries-ghg-emissions-have-peaked-which-will-future?utm_source=miragenews&utm_medium=miragenews&utm_campaign=news


Sustainability 2022, 14, 16600 15 of 16

6. Tian, J.; Yu, L.; Xue, R.; Zhuang, S.; Shan, Y. Global low-carbon energy transition in the post-COVID-19 era. Appl. Energ. 2022,
307, 118205. [CrossRef] [PubMed]

7. Zhang, Y.; Zhou, W.; Liu, M. Driving factors of enterprise energy-saving and emission reduction behaviors. Energy 2022,
256, 124685. [CrossRef]

8. Li, L.; Wang, J.; Tan, Z.; Ge, X.; Zhang, J.; Yun, X. Policies for eliminating low-efficiency production capacities and improving
energy efficiency of energy-intensive industries in China. Renew. Sustain. Energy Rev. 2014, 39, 312–326. [CrossRef]

9. Ates, S.A.; Durakbasa, N.M. Evaluation of corporate energy management practices of energy intensive industries in Turkey.
Energy 2012, 45, 81–91. [CrossRef]

10. Ea, I. CO2 Emissions from Fuel Combustion: A New Basis for Comparing Emissions of a Major Greenhouse Gas; OECD/IEA: Paris,
France, 1997.

11. Friedlingstein, P.; O’sullivan, M.; Jones, M.W.; Andrew, R.M.; Hauck, J.; Olsen, A.; Zaehle, S. Global carbon budget 2020.
Earth Syst. Sci. Data 2020, 12, 3269–3340. [CrossRef]

12. Mclennan, M. The Global Risks Report 2022; World Economic Forum: Geneva, Switzerland, 2021.
13. Cheng, M.; Shao, Z.; Yang, C.; Tang, X. Analysis of Coordinated Development of Energy and Environment in China’s Manufacturing

Industry under Environmental Regulation: A Comparative Study of Sub-Industries. Sustainability 2019, 11, 6510. [CrossRef]
14. Wang, T.; Song, Z.; Zhou, J.; Sun, H.; Liu, F. Low-Carbon Transition and Green Innovation: Evidence from Pilot Cities in China.

Sustainability 2022, 14, 7264. [CrossRef]
15. Ramanathan, R. A multi-factor efficiency perspective to the relationships among world GDP, energy consumption and carbon

dioxide emissions. Technol. Forecast. Soc. Change 2006, 73, 483–494. [CrossRef]
16. Bonsu, N.O. Towards a circular and low-carbon economy: Insights from the transitioning to electric vehicles and net zero

economy—ScienceDirect. J. Clean. Prod. 2020, 256, 120659. [CrossRef]
17. Hafeznia, H.; Pourfayaz, F.; Maleki, A. An assessment of Iran’s natural gas potential for transition toward low-carbon economy.

Renew. Sust. Energy Rev. 2017, 79, 71–81. [CrossRef]
18. Tang, W.Q.; Meng, B.; Wu, L.B. The impact of regulatory and financial discrimination on China’s low-carbon development:

Considering firm heterogeneity. Adv. Climate Change Res. 2020, 11, 72–84. [CrossRef]
19. Qian, H.; Xu, S.; Cao, J.; Ren, F.; Wei, W.; Meng, J.; Wu, L. Air pollution reduction and climate co-benefits in China’s industries.

Nat. Sust. 2021, 4, 417–425. [CrossRef]
20. Pinkse, K.J. Business responses to climate change: Identifying emergent strategies. Calif. Manage. Rev. 2005, 47, 6–20. [CrossRef]
21. Kim, Y. Corporate Responses to Climate Change: The Resource-Based View; Institute for Economy and the Environment: Sankt Gallen,

Switzerland, 2008.
22. Zhou, P.; Wen, W.A. Carbon-constrained firm decisions: From business strategies to operations modeling. Eur. J. Opera. Res. 2020,

281, 1–15. [CrossRef]
23. Wang, D.; Feng, T.; Lawton, A. Linking ethical leadership with firm performance: A multi-dimensional perspective. J. Bus. Ethics.

2017, 145, 95–109. [CrossRef]
24. Mi, W.; Zhao, K.; Zhang, P. Spatio-Temporal Evolution and Driving Mechanism of Green Innovation in China. Sustainability 2022,

14, 5121. [CrossRef]
25. Zhu, Q.; Sarkis, J. The moderating effects of institutional pressures on emergent green supply chain practices and performance.

Int. J. Prod. Res. 2007, 45, 4333–4355. [CrossRef]
26. Sharma, S. Managerial interpretations and organizational context as predictors of corporate choice of environmental strategy.

Acad. Manage. J. 2000, 43, 681–697. [CrossRef]
27. Banerjee, A.V. A simple model of herd behavior. Q. J. Econ. 1992, 107, 797–817. [CrossRef]
28. Keynes, J.M. The General Theory of Employment, Interest, and Money; Harcourt Brace and Co.: New York, NY, USA, 1936.
29. Allen, L.; Bali, T.G.; Tang, Y. Does systemic risk in the financial sector predict future economic downturns? Rev. Financial Stud.

2012, 25, 3000–3036. [CrossRef]
30. Bikhchandani, S.; Hirshleifer, D.; Welch, I. A theory of fads, fashion, custom, and cultural change as informational cascades.

J. Polit. Econ. 1992, 100, 992–1026. [CrossRef]
31. Manski, C.F. Endogenous social effects: The reflect problem. Rev. Econ. Stud. 1993, 60, 531–542. [CrossRef]
32. Cha, B.; Oh, S. The relationship between developed equity markets and the Pacific Basin’s emerging equity markets.

Int. Rev. Econ. Financ. 2000, 9, 299–322. [CrossRef]
33. Bae, K.-H.; Karolyi, G.A.; Stulz, R.M. A new approach to measuring financial contagion. Rev. Financ. Stud. 2003, 16, 717–763. [CrossRef]
34. Kermack, W.O.; McKendrick, A.G. A contribution to the mathematical theory of epidemics. Proc. Royal Soc. 1927, 115, 700–721. [CrossRef]
35. King, M.A.; Wadhwani, S. Transmission of volatility between stock markets. Rev. Financial Stud. 1990, 3, 5–33. [CrossRef]
36. May, R.; Levin, S.; Sugihara, G. Ecology for bankers. Nature 2008, 451, 893–894. [CrossRef]
37. Garas, A.; Argyrakis, P.; Rozenblat, C.; Tomassini, M.; Havlin, S. Worldwide spreading of economic crisis. N. J. Phys. 2010,

12, 113043. [CrossRef]
38. Zhao, L.; Cui, H.; Qiu, X.; Wang, X.; Wang, J. SIR rumor spreading model in the new media age. Phys. A 2013, 392, 995–1003. [CrossRef]
39. Ma, Y.; Li, L. Crisis spreading model of the shareholding networks of listed companies and their main holders and their

controllability. Complexity 2018, 2018, 6946234. [CrossRef]

http://doi.org/10.1016/j.apenergy.2021.118205
http://www.ncbi.nlm.nih.gov/pubmed/34840400
http://doi.org/10.1016/j.energy.2022.124685
http://doi.org/10.1016/j.rser.2014.07.099
http://doi.org/10.1016/j.energy.2012.03.032
http://doi.org/10.5194/essd-12-3269-2020
http://doi.org/10.3390/su11226510
http://doi.org/10.3390/su14127264
http://doi.org/10.1016/j.techfore.2005.06.012
http://doi.org/10.1016/j.jclepro.2020.120659
http://doi.org/10.1016/j.rser.2017.05.042
http://doi.org/10.1016/j.accre.2020.06.002
http://doi.org/10.1038/s41893-020-00669-0
http://doi.org/10.2307/41166304
http://doi.org/10.1016/j.ejor.2019.02.050
http://doi.org/10.1007/s10551-015-2905-9
http://doi.org/10.3390/su14095121
http://doi.org/10.1080/00207540701440345
http://doi.org/10.2307/1556361
http://doi.org/10.2307/2118364
http://doi.org/10.1093/rfs/hhs094
http://doi.org/10.1086/261849
http://doi.org/10.2307/2298123
http://doi.org/10.1016/S1059-0560(00)00057-5
http://doi.org/10.1093/rfs/hhg012
http://doi.org/10.1098/rspa.1927.0118
http://doi.org/10.1093/rfs/3.1.5
http://doi.org/10.1038/451893a
http://doi.org/10.1088/1367-2630/12/11/113043
http://doi.org/10.1016/j.physa.2012.09.030
http://doi.org/10.1155/2018/6946234


Sustainability 2022, 14, 16600 16 of 16

40. Chen, T.; Wang, J.; Liu, H.; He, Y. Contagion model on counterparty credit risk in the CRT market by considering the heterogeneity
of counterparties and preferential-random mixing attachment. Phys. A 2019, 520, 458–480. [CrossRef]

41. Qian, Q.; Yang, Y.; Gu, J.; Feng, H. Information authenticity, spreading willingness and credit risk contagion-A dual-layer network
perspective. Phys. A 2019, 536, 122519. [CrossRef]

http://doi.org/10.1016/j.physa.2019.01.018
http://doi.org/10.1016/j.physa.2019.122519

	Introduction 
	Literature Review 
	China under the Goal of Carbon Neutrality 
	Enterprises under the Goal of Carbon Neutrality 
	Herd Effect 
	The Significance of the Infectious Disease Model for the Spread of Green Low-Carbon Beliefs 

	Methodology 
	Basic Assumptions 
	Model Building 
	Model Analysis 

	The Optimal Control Problem 
	The Numerical Simulation 
	Influence of Contagion Rate on Optimal Control Strategies 
	The Impact of Infection Rates in Latent-State Firms on Optimal Control Strategies 
	The Effect of Direct Immunity Rates on Optimal Control Strategies 

	Conclusions and Limitations 
	References

