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Objectives: Power demand-side construction projects should consider the potential
environmental damage and formulate feasible measures to increase the willingness of
participants to take the initiative actions. Methods: This paper innovatively takes the
concept of environmental loss cost into the discussion of the project environmental
governance issues, and applies the potential cost expenditures of both principal parts to the
study of game strategy equilibrium problems.Results:And then, the evolutionary game
analysis method is used to discuss the balance of supervision and incentives between
government departments and power companies under different strategic choices.
Considering the environmental damage cost, the research suggests that taking measures to
improve the efficiency of government supervision, reducing supervision costs, or increasing
the punishment of power enterprises for delaying responsibility will guide the government's
strategy to evolve in the direction of strengthening supervision. Conclusion: Increasing the
incentives or penalties for power enterprises of taking active responsibility of environmental
will also help improve the environmental governance of power demand-side projects.
Finally some research perspectives are brought to the attention of readers.
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n the new era of electric power marked by the
rapid growth of renewable energy sources
such as wind power and photovoltaic power
generation, it is becoming more and more
important and urgent to further strengthen
power demand-side management (DSM) '. DSM
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originated in the United States in the 1970s,

which is a customer-participated energy efficiency

management  technology and  energy-saving
. . 2 .

operation mechanism °, meanwhile DSM can

optimize the allocation of power resources,

coordinate the relationship between energy and
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environment, promote advantages of energy
saving and emission reduction, which can
improve and protect the environment and realize
energy-saving and low-cost power services.
Generally  speaking,  power  demand-side
management requires the construction of feasible
power projects to improve power efficiency,
change power use methods, optimize resource
allocation, reduce power costs, and improve the
power environment. From the perspective of
industrial ecological environment, the DSM
project can help users save electricity and money,
and provide users with a clean and convenient
electricity environment. Therefore, in order to
achieve continuous and effective environmental
improvement, the incentive measures for project
construction are considered to be important
influencing factors. Among them, power
enterprises and the government are the main
subjects for the effective implementation of DSM
projects. Only to ensure that the interests of these
two subjects remain undiminished, that the
DSM can proceed smoothly °. However, existing
studies believe that in the current power market
environment, there is a "different oneness" in the
implementation ~ of  power  demand-side
management  projects, that is, the cost
distribution and benefits of project construction
are not uniform, which brings certainty to the
implementation of new power technologies4. The
inhibitory effect. Especially in terms of uncertain
cost sharing caused by changes in environmental
natural factors due to project construction, there
is a certain interest game between the
government and power enterprises including
power construction unit in the DSM projects.

Most of the current research does not consider
the cooperation or conflict behavior between the
participants > so the construction of the power
demand-side management incentive mechanism
lacks dynamic and comprehensiveness. In order
to accurately analyze the game behavior between
the main bodies of the power demand-side
management system, focus on the power
demand-side management policy operating
environment, adopt a dynamic evolution game
model to analyze the game behavior in the power
demand-side management process, and optimize
the design of power demand-side management
policy incentive measures, Has become the focus
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of current research.

Studies believe that the adverse consequences of
environmental pollution on human health are not
immediately ~manifested as symptoms of
everyone’s disease, but have potential impacts on
people living in a polluted environment, leading
to the deterioration of relevant human indicators
to a certain extent, which is harmful to health,
causing hidden dangers. Based on the above-
mentioned influences, during the construction of
electric power construction projects, waste water,
waste gas, waste residue, dust, radioactive waste
and other pollutants are generated, and due to
their discharge volume and discharge method,
environmental pollution is caused, which brings
certain  pollution to the power construction
project. Social exclusion and increase the cost of
project governance. In the construction of such
projects, the responsibility of the government and
power grid companies for environmental
pollution and the distribution of costs and
benefits are important aspects of solving the
power demand-side project construction.

From the perspective of cost sharing, the cost of
environmental pollution control will generally be
included in the cost of the final product and
reflected in the price. The environmental
pollution control of power construction projects
should be provided by the government from the
perspective of public goods; but from the
perspective of market attributes, the construction
unit should bear the environmental control costs
of project construction. The division of
responsibilities for cost sharing has become one of
the main issues between the government and
power enterprises in the construction of power
demand-side projects. In fact, power products are
neither private goods nor pure public goods, but
quasi-public goods with some characteristics of
public goods. Treatment of environmental
pollution usually involves conflicting economic,
environmental and social ecological impacts
Power projects are prone to benefit differences
between the construction party and government
supervision, especially the supervision and cost
burden of environmental pollution control, and
the construction party is the easiest to profit from
it From the perspective of government
supervision, power demand-side construction
projects should be able to encourage power

4646



Zhiqiang Zhang et al.

Incentive Management of Power Demand-side Project Construction Considering Environmental Loss Allocation Based on

Evolutionary Game Theory

enterprises to take the initiative in environmental
governance to maintain the function of the
industry and stabilize the foundation of the
power industry in the long-term economic
construction.

For such problems, the game has become one
of the main analytical paradigms. Classical game
theory presupposes "economic man", that is,
game participants are completely rational. Under
the assumption of complete rationality, the game
party takes the maximization of its own interests
as the decision-making goal, and reacts very
rationally to achieve the optimal state. However,
in actual economic activities, affected by the
external environment, psychological effects,
knowledge ability, background ability and other
complex factors, the rationality of the game party
is restricted, leading to the existence of "bounded
rationality” in the game’. Under the assumption
of "bounded rationality", participants adjust their
behaviors through learning and feedback, and
play repeatedly until they reach equilibrium. The
government is the main promoter and
supervisory body of power demand-side project
construction. In the implementation of power
market reforms, it will direct, guide, guide and
regulate the implementation of DSM projects by
power enterprises, and support power enterprises
in terms of policies and regulations. The purpose
of the government is to achieve social benefits
such as energy saving and pollutant emission
reduction from the perspective of the whole
society; power enterprises are the implementers
of DSM projects, and they must not only
undertake the heavy responsibility of DSM
project construction and transformation, but also
ensure that corporate benefits do not decline.
The various costs in the construction process are
generally agreed in the bidding contract
however, it is obviously difficult for both parties
to agree on detailed rules for the supervision of
potential environmental governance and cost
sharing. At the same time, because the
government and power enterprises have different
interest points in the promotion of DSM work,
there will inevitably be fierce games. Both parties
will adjust the game strategy according to the
other party's behavior, maximize the utility of
both parties in the repeated game process, and
achieve Nash equilibrium.
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METHODS

Evolutionary Game Theory

Game theory was first applied in the field of
economics, mainly used to study the interaction
between economic individuals ®. And then, the
idea of evolutionary game was proposed by
ecologists such as Fisher and Hamilton .
Subsequently, some scholars combined the theory
of biological evolution with the ideas of
evolutionary games, and gradually applied
evolutionary games to ecological problems. After
1980, economists began to use evolutionary
games to study environmental economic issues'”
">, The emergence of evolutionary game theory
expands the research field of game theory and
solves the limitations of traditional game theory.
Evolutionary game theory abandons the
completely rational assumption in traditional
game theory. It believes that the participants are
economic people with bounded rationality. The
optimal strategy of participating groups is not
achieved at one time, but through mutual
imitation, trial and error, mutation, etc. The
process changes dynamically. In addition,
evolutionary games do not require participants to
have complete information. The participants’
information is gradually accumulated during each
game. Combining the past strategy choices and
gains and losses to make a new strategy choice is a
dynamic game process. Evolutionary stable
strategy (ESS) and replication dynamic equation
are two core concepts in the process of
evolutionary game analysis .

Replication dynamic thinking is to describe the
evolutionary trend of behavior of bounded
rational individuals in a large group by simulating
the process of natural selection. The replication
dynamic equation is a differential equation that
describes the dynamic change of the frequency of
a certain strategic behavior in the population with
time. The replication dynamic equation of a

single population can be expressed as :

F00 = 5% =x[,00-T00] M

t
X; represents the frequency of strategy X

selected; f;(X) represents the expected return of

strategy M selected; T(x) represents the average
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expected return when the whole group chooses
different strategies.

Participants of the Evolutionary Game

Traditional game theory has been widely used
in the research of incentive mechanism of power
projf:ctsM’15 . However, traditional game theory is
based on the assumption that the participants are
completely rational and complete information,
which is contrary to the reality. In addition,
traditional game theory lacks the analysis and
explanation of how the participants reach
equilibrium in the process of the game, and
cannot explain the dynamic process of the game.
The evolutionary game theory breaks through the
limitations of traditional game theory™. It
believes that the participants are not completely
rational, and their decisions are dynamically
changed through mutual learning and imitating
between groups over time. Therefore, the
evolutionary game theory is more suitable for
studying the conflict of interest analysis of power
demand-side project construction, that is, the
study of incentive mechanism and establishment
17,18

It is assumed that the government and power
enterprises will participate in the construction
period of the power demand-side project.
According to the current policy, the government
is responsible for the policy formulation and
subsequent supervision and management of
power demand-side project construction. Its
ultimate goal is to maximize social welfare,
ensure the orderly progress of project
construction as much as possible, and
continuously improve environmental safety; at
the same time, timely investigate the
environmental impact during the construction
and duration of the project, and order the power
company to make timely rectification. As a
limitedly rational economic man, electric power
enterprises follow the principle of maximum
utility in their behavior decisions, that is, from
the perspective of individual interests, there may
be problems of poor environmental supervision
or neglect of environmental governance. The
government and power enterprises are different
interest groups and have different interest
demands. According to the assumption of a
bounded rational economic man, the two parties
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cannot fully understand each other’s behavior; the
supervision and governance caused by the
environmental ignorance of power enterprises can
be regarded as the dynamic process of mutual
learning and imitation among groups.

The Strategic Choice of the Game Participants
and Game Process Analysis

When power enterprises produce environmental
problems, they need to manage environmental
pollution in a timely manner; however, they may
also choose to ignore some of the environmental
impacts in consideration of their own economic
interests and the impact of various subjective and
objective factors. Therefore, power enterprises
may choose the strategic choice as "take the
initiative to take responsibility, delay taking
responsibility”. However, in reality, government
supervision can’t fully grasp the environmental
damage of construction projects, and therefore
can’t determine the cost of governance in time. It
is necessary to conduct supervision and review of
the construction activities of power enterprises
through a certain form, taking into account the
cost of supervision and review. For factors such as
strength and efficiency, the government will adopt
a sample survey method, so the government
department’s strategy choice space is "supervise,
not supervise".

From the perspective of the game process under
the static reward and punishment mechanism.
The main purpose of government supervision is
that power enterprises take the initiative to
undertake the environmental pollution control of
construction projects. It is assumed that the
government provides certain policy incentives to
actively undertake environmental governance,
such as more accurate environmental assessment
before construction, or certain subsidies for
governance of environmental damage that may
occur during construction and operation. For
companies that ignore environmental damage
issues, additional economic penalties are imposed,
and it is assumed that the revenue from fines is
used for environmental damage governance. At
the same time, it is assumed that for the
government departments that discover
environmental damage, especially the grassroots
management  departments, the higher-level
departments will give certain rewards; in addition,
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the environmental damage that may occur due to
the construction of power demand-side projects
is related to the government’s Prestige; therefore,
when government supervision fails to find
environmental damage, it will not only cause
pollution caused by environmental damage, but
also cause the public to lower the evaluation of
government supervision and reduce the
government’s prestige.

Competition in the power industry helps
increase consumers’ welfare ', but the
environmental governance is the foundation.
Government’s  game  behavior as  the
environmentalist is the inevitable result of
Chinese-style decentralization at this stage [20].
Power enterprises are the construction parties of
power demand-side projects, and the effective
power supply revenue derived from the projects
makes them the main beneficiaries. Regardless of

any changes during its construction and
operation, its interest appeals always follow the
principle of maximizing corporate utility rather
than maximizing social public interest. When the
environmental damage of the construction project
actually occurs, some power enterprises find out
in time and assume the responsibility for
governance, but another part of the company may
have a fluke mentality and choose to ignore it due
to insufficient supervision.

RESULTS

Parameters Definition

Evolutionary game model of power construction
project with environmental loss sharing include
the following parameters indicated in Table 1.

Table 1
Parameters in the Model

Parameters Meaning

C, The supervision cost of government departments on environmental damage
of power construction projects

S, Project environmental governance costs when power enterprises ignore
environmental damage and are not found

C, Increased cost of social environmental governance when environmental
damage occurs

C, Construction costs saved by power enterprises delaying environmental
responsibility

M, Reward for timely reporting of environmental damage discovered by
government agencies

M, Rewards for power enterprises taking the initiative to take responsibility for
environmental governance

T, Penalties for power enterprises for delaying responsibility for environmental
damage

T, Increased engineering costs caused by power enterprises’ responsibility for
environmental damage delays

p Efficiency of government supervision

Gc Increased prestige obtained by government agencies in promptly detecting
and punishing environmental damage

G, Environmental damage occurs and has not been supervised to damage the
prestige of government agencies

Tob Regul Sci.™ 2021;7(5-2):4645-4655
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Model Building

Power enterprises should take the initiative to
undertake environmental damage management
during project construction and operation. It is
assumed that the probability of taking the

, then, probability of choosing to
, which0< x<1.

initiative is X
delay responsibility is 1-x

In order to ensure that environmental damage
is contained in a timely manner, government
agencies will adopt sampling surveys to
investigate power demand-side projects, which
audit cost is C;, but even due diligence, there
may be omissions. Therefore, assuming the

effective rate of the audit as P. Companies that
ignore environmental governance and go

undetected will save costsC, . If power enterprises
are found to be responsible for the delay in
environmental damage, they will be punished T,

, And power enterprises will increase costs T, on

the basis of the original project. At this time, if
the basic government department finds
environmental damage and report it in time, it

will be rewarded M, by the superior department.
At the same time gaining public recognition and

increasing government prestige G. . If power
enterprises take the initiative to undertake
environmental governance, they will be rewarded
M, . Power enterprises ignore environmental
damage and fail to discover it will cause the

project to incur governance costs C, | and

,
environmental damage will increase the cost C; of
governance of the social environment. At the same
time, this will also cause the public to lower the
evaluation of the government, and the damage to
Due to the
limited administrative resources of government
departments, the probability of supervision isY,
and the probability of insufficient supervision is
1-y.

According to the above assumptions, there are 4
types of strategy combinations available for
evolutionary game model: (supervision, active

the government’s prestige is Gy .

responsibility), (non-supervision, active
responsibility), (supervision, delayed
responsibility), (non-supervision, delayed
responsibility).The =~ payment  matrix = of

government departments and power enterprises is

shown in Table 2.

Table 2
Game Payout Matrix

Government departments

Supervision (x)

non-supervision (1-x)

Active responsibility (y) M,,-G-M, M,,-M,
Power
enterprises
o P(=T)+(@-pP)C,
Delayed responsibility (1- B(M, +T.+T, +G, —C,) C,—C,-C,~G,

y) +{- p)(-C,~C,~-C,~G,)

Regulatory Evolution and Stability Strategy
of Government Departments
From the above payment matrix, it can be
obtained that the expected return of government
departments are as follows, when they exercise
supervision and non-supervision over power

Tob Regul Sci.™ 2021;7(5-2):4645-4655

construction projects
Ue = Y(=C,—M,)
+1=YIp(-C,+ M +T +T,+G;) (2)
+ (1_ p)(_C1 _Cz _Cs _Gd )]
UG(l—x) = y(_Mz) +(1- y)(_cz _C3 _Gd )l (3)
The average expected return of government
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departments is:

U_G =xUg, + - X)UG(l—x) (4)
The probability change rate of government

dx
supervision and inspection is dt , and the dynamic
equation  for  replication of  government
departments can be abstained as following:

dx —
FG (X) = E = X(Uex _UGX)

=X(1-x)Ug, _UG(l—x))

)

=x(L-X)[pA-yY)(M,;+T,+T,+G. +C,+C,+G,)-C,]

The derivation of the government agency’s

replication dynamic equation is:

Fo '(¥)=1-2X)[pA—-y)(M, + T, +T, +G; +C, +C,;+G,) - C,] (0)

For further analysis, set FG(X):O, then can

obtain the equilibrium point that the
government departments may reach is X=0 or 1,
then:

Cl
p(M+T, +T,+G. +C, +C, +G,)

y*=1 (7)

Whether these three equilibrium points are the
evolutionary and stable strategies of government
departments, the analysis are as below:

(1) Ify=y*  F®=FR(x=0
0<y<1

, and satisfied

It shows that under the level y* of power
enterprises, all levels of X are the stable state of
government departments.

When the probability that the power
enterprises choose to take active responsibility is

C
y=1- :
P(M+T, +T, +G. +C, +C;+Gy) , all the

supervision  probabilities  of  government
departments are in a stable state.

Q) IfFy<y*, FW<0

NoteX=1is the only stabilization strategy for
government agencies. That is, when the

probability of the power company taking the
initiative to take the initiative is less thany™, at
this time, the government agency chooses
supervision as its evolutionary stable strategy.

(B)IfY>Y™ | F;'(0)<0

NoteX=0 is the only stabilization strategy for
government agencies. That is, when the

probability of the power company taking the

Tob Regul Sci.™ 2021;7(5-2):4645-4655

initiative to take the responsibility is higher
thany”, at this time, the government agency
chooses not to supervise is its evolutionary stable
strategy.

Evolutionary Stability Strategy of Electric
Power Enterprises
From the payment matrix, it can be obtained
that the expected return of power enterprises are
as follows, when they choose to take the active

responsibility and delay the responsibility strategy.
U, =xM, +(1-x)M, (8)

UT(l-y) = X[ p(_Tl _Tz) + (1_ p)C4] + (1_ X)C4 (9)
The average expected return of electric power
enterprises is:

U_T = yUTy +(1- y)UT(lfy) (10)
The probability that the power company
dy

chooses to take the initiative is dt | From this, the
replication dynamic equation of the power
enterprises is :

d _

FT(y) :d—y = y(UTy _UT)

Y- y)Uy, ~Urg ) (1)

=y(l- y)[Xp(Tl+T2+C4)—.+-M2—C4] .
The derivation of the replication dynamic
equation of the power enterprises is:

FT '(y):(l—2y)[Xp(Tl+T2+C4)+|\/|2—C4] (12)
For further analysis, set F(y)=0 , then can
obtain the equilibrium point that the power

enterprises may reachY =0 or 1 , then :
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*_ C,—M, (13)
p(C,+T,+Tp)
The following analyzes the power enterprises'
strategic choices when the x have different value
ranges.

(If x=x* |

Any probability choice of power enterprises is
in a stable state. When the government
department supervises and inspects power

C,—M,
P(C,+T,+T)’
the benefits of power enterprises choosing any
strategy are the same, so the probability of power
enterprises choosing to take the initiative is
stable.

2) If x<x* |

Note ¥=0 is the only stable strategy for power
enterprises. That is, when the probability of
government departments conducting supervision
and inspection is less than x* choosing delayed
responsibility will be the evolutionary and stable
strategy of power enterprises.

(3) If x>x*  FR'B<0

At this time, Y =1is the only stable strategy for
[(1—2x)[p(1— Y)(M, +T,+T,+G,+C, +C,+G,)-C,]

then FM=FR'M =0, 4xe0]

enterprises with a probability ofx=

F,'(0)<0

yd-y)p(M,+T,+C,)
From the above matrix, the corresponding

power enterprises. That is, when the probability
that the government chooses supervision and
inspection is higher than x*, the electric power
company will choose to delay responsibility as its
evolutionary stability strategy.

Analysis of System Partial Equilibrium

It is generally believed that the local stability of
the equilibrium point of the evolutionary game
system can be judged by Jacobi matrix composed
of the partial derivatives of the dynamic equation
system.

If the determinant value of the Jacobi matrix
Det] is greater than zero and the trace value Tt]J is
less than zero, the replication dynamic system has
an evolutionary stability strategy (ESS). The
evolutionary game system has five local
equilibrium  points, namely A(0,0), B(1,0),

C(0,1), D(1,1) and E(x* , y7).

The Jacobi matrix of the system is:

/aFG(x) 0F (%)

_ | 0x dy |
dFr(y) 0JFr(y)
0x dy

J

—X(L-X)p(M, +T,+T,+G, +C, +C, +Gd)J
(1—2y)[xp(T1 +T2 +C4)+ Mz _C4]

determinant and trace can be obtained as:

Detd =|J]

Trd =A-2x)[p-y)(M,; +T,+T,+G,+C,+C,+G,)-C|]
+@-2y)[xp(T,+T,+G, +C,)+ M, -C,

(15)

Compared with actively spending funds for
environmental remediation, ignoring
environmental damage is profitable for power
enterprises. In addition, due to certain
implementation obstacles to supervision, power
enterprises will have to spend a lot of governance
costs after they choose to take the initiative.
Although in the long run, it is achievable that the
government's incentives M, to actively take

Tob Regul Sci.™ 2021;7(5-2):4645-4655

=T2x)L-2y)[pA-y)(M,+T,+T,+G,+C, +C,+G,)-C/]

, (14)
[Xp(T1 +T2 + CA) + Mz —C4]+yX(l— X)(l_ y) p

(T,+T,+C)(M,+T,+T,+G,+C,+C, +G,)
responsibility for power enterprises are greater
than the cost of power enterprises” delay in taking
responsibilityC, . But C, <M, is unrealistic in the
short term, so in a certain period of time,
C, > M, will always exist.

According to the values of Det] and TtJ, in
order to determine the determinants and trace
values of the 5 equilibrium points, the value range

. which
means whether
P(M, +T,+T,+G, +C,+C, +G,)—-C, is bigger
than 0 and the relationship between C, and

of x*and y* need to further discuss
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p(T+T,+CP+M,.
Based on this, the local stability of each

equilibrium point is discussed under 4 different

scenarios. The results are shown in Table 3.

Table 3
Stability Analysis of Each Local Equilibrium Point Under Different Scenarios
scenarios Local D TiJ Balanced
equilibrium et] result
points
scenario 0<x* A0, 0) - A *
1 <1 "
<1 co,n | - g )
D@1, 1) - A *
E(x*, + 0 Center point
y)
scenario x* > A0, 0) - A *
2 0<y*
<1 Y B(1,0) * - ESS
C@O,1) - A *
D@1, 1) + + .
E (x*, - 0 Non-
) equilibrium
point
scenario 0<x” A0, 0) + - ESS
3 <1 ’ =
= B(1,0) + +
c@©,1) - A *
D@1, 1) - A *
E(x*, - 0 Non-
) equilibrium
point
scenario x*>1 A0, 0) + - ESS
4 y* < 0 *
B(1,0) - A
C(,1) - A *
D1, 1) + + -
E(x*, + 0 Center point
v*)
* Saddle point; **: Unstable point; & : It can be seen that scenario2, scenario3 and

Uncertain

Tob Regul Sci.™ 2021;7(5-2):4645-4655

scenario4 have the evolutionary stable strategy
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(ESS). It is a common strategy for power
companies to delay taking responsibility.
Simulation by assignment (omitted) shows in the
scenario 2 and scenario 4, measures such as
improving the efficiency of government
supervision, reducing the cost of supervision, or
increasing the penalty for delaying responsibility
can be used to guide the government's strategy to
evolve in the direction of supervision.
Meanwhile, in the scenario 1 and scenario 2,
when other conditions remain unchanged, the
cost saved by the power enterprises’ delay in
assuming responsibility is a key factor affecting
its decision-making. Therefore, in order to
effectively guide electric power enterprises to take
the active responsibility, it can choose increasing
the rewards and punishments for taking the
initiative responsibility, and improving the
efficiency of government supervision to realize
the enterprises' initiative to take responsibility for
the construction of power demand-side projects.

DISCUSSION

Environmental governance consumes huge
costs. Power enterprises and governments have a
complicated game relationship in environmental
governance during project construction. The
evolutionary game model in this paper reflects
the cost and benefit between the two participants
and the game relationship to a certain extent. In
the game relationship of environmental
governance cost sharing, the continuous
fluctuations and shocks of the strategies of the
two sides of the game may prevent government
departments from adopting specific strategies to
control the behavior of enterprises, which may
result in more environmental governance costs.
In addition, it can be seen to a certain extent that
the strategic choice of power companies to delay
responsibility is of great significance, and it also
brings great  challenges to  government
supervision.

The game system does not have an ideal
evolutionary stable strategy in scenariol, that is,
the strategic choice of power enterprises will not
evolve in the direction of active responsibility.
Therefore, in order to achieve the goal of
controlling the stability of the strategy selection

Tob Regul Sci.™ 2021;7(5-2):4645-4655

probability of both parties in the game and
improving the probability of the game party
choosing the ideal strategy, how to introduce
effective policy tools will be the focus of
subsequent research later.
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