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ABSTRACT This paper studies the computational problems of the optimal renewable energy power’s
investment and production strategies for a class of noncooperative game models of power sales with risk
avoidance considering renewable energy power production quotas and Green Power Certificate System.
To accommodate the problems, the following steps are implemented: firstly, according to the objects of
sales of the power produced by the energy suppliers and whether the players have characteristic of the risk
avoidance, the models are subdivided into four kinds of models. Secondly, the employment of the gradient-
like optimization method and the setting of auxiliary systems verify the existence and uniqueness of the
Nash equilibrium for each of models (ie., the optimal renewable energy utilization rates) that is globally
exponentially stable. Then, the definition of the complete information static game is employed to compute the
Nash equilibriums and then the optimal power production quantities and the optimal revenue functions would
be calculated by relevant equations. Finally, the convergent validations for renewable energy utilization rates,
the numerical validations for the optimal calculations for the four proposed models are carried out through
a specific numerical example. Moreover, the impacts of players’ characteristic of the risk avoidance are
investigated and remarks on the impacts are provided.

INDEX TERMS Renewable energy power, investment and production strategies, risk avoidance, renewable
energy power production quotas, green power certificate system, Nash equilibrium.

I. INTRODUCTION
Since the Industrial Revolution, increasing fossil fuels have
been burned, which leads to a large amount of greenhouse
gases emissions where carbon dioxide is the mainstay of
greenhouse gases, accounting for about 77% of the total [1].
The assessment report issued by Intergovernmental Panel
on Climate Change has shown that global warming caused
by carbon dioxide emissions has affected the survival and
development of human beings seriously. In response to this,
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China put forward the goals of ‘‘peaking carbon dioxide
emissions’’ by 2030 and ‘‘carbon neutrality’’ by 2060.
Since the two-carbon goal was proposed, global consensus
on carbon neutrality has been further reached and Carbon
Emission Reduction has become a hot topic of the social
attention. It’s understood that renewable energy can make
an indelible contribution to reducing carbon emissions [2],
[3], [4] and thus this stimulates the research interest of many
scholars on renewable energy.

Much research on renewable energy has been done, such
as the optimal planning of renewable energy [5], [6], [7],
[8], the integration and optimal dispatch of renewable energy
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[9], [10], [11], [12], [13], [14], [15], [16], the generation
technologies for renewable energy [17], [18], [19], [20], the
storage technologies for renewable energy [21], [22], [23],
[24], the renewable energy and e-mobility [25], [26], [27],
the renewable energy and energy buildings [28], [29], [30],
the renewable energy policies [31], [32], [33], the renewable
energy and social impacts [34], [35], [36], the renewable
energy and climate change [37], [38], [39], the renewable
energy and energy transition [40], [41], [42], to name just
a few. However, it’s recognized that few results concerning
the investment and production of the renewable energy power
have been reported, which inspired the emergence of [43]
where the authors constructed a multi-stage game model
of the renewable energy power’s investment and production
considering renewable energy power production quotas and
green power certificate system. According to the objects
of sales of the power produced by the energy suppliers,
the model was subdivided into two scenarios, namely the
scenario of direct sale of power and the scenario of purchase
and sale by power grids. The optimal renewable energy
power’s investment and production strategies for the two
scenarios based on an analysis for the timeline of decisions,
were developed.

However, it should be pointed that [43] has done the
following works.

Existing works
The power price sold to the power users is a variable,

which is viewed from a short-term planning perspective.
Only revenues of power sales of energy suppliers to the
grid are considered in the renewable energy interest chain

in the scenario of purchase and sale by power grids.
Players have the characteristic of the risk neutrality,

which illustrates that they make benefit decisions without
considering the impact of the risk on revenues.

Motivated by the above observations and with some
preliminary findings in [44] that considers the centralized
noncooperative game model of power sales with grid’s risk
avoidance, this paper has done the following works and
then compared with existing works, the improvements and
contributions are summarized as follows:

1) This paper constructs four kinds of noncooperative
game models of power sales with risk avoidance
considering renewable energy power production quotas
and Green Power Certificate System, namely the
distributed noncooperative game model of power
sales with energy suppliers’ risk avoidance and the
centralized noncooperative game models of power
sales with energy suppliers’ risk avoidance, with grid’s
risk avoidance and with risk avoidance for grid and
energy suppliers, and studies their optimal renewable
energy power’s investment and production strategies.

2) Firstly, by utilizing the gradient-like optimization
method and setting up auxiliary systems, the existence
and uniqueness of the Nash equilibrium for each of
models (i.e., the optimal renewable energy utilization

rates) would be proven and their stability that the
Nash equilibriums are globally exponentially stable
would be obtained. Secondly, by utilizing the definition
of the complete information static game, the values
of the Nash equilibriums are computed. Thirdly,
by correlating equations, the optimal power production
quantities and the optimal revenue functions are cal-
culated. Finally, the convergence of renewable energy
utilization rates and calculated values for the Nash
equilibriums, the optimal power production quantities
and the optimal revenue functions for themodels would
be verified. Moreover, the impacts of risk-aversion
coefficients on the optimal renewable energy power’s
investment and production strategies (the optimal
power price and the optimal total power production
quantity) are investigated and remarks on the impacts
are provided.

3)

Improvements
The power prices sold to the power users are

exogenous and constants, which is viewed from a
long-term planning perspective.

Not only revenues of power sales of energy suppliers to
the grid but also revenues of power sales of the grid to
the power users are considered in the renewable energy
interest chain for a class of centralized noncooperative

game models of power sales with risk avoidance.
Players are considered as rational decision makers and
respectively tend to show the characteristic of the risk
avoidance where energy suppliers’ risks are costs and

prices volatility, uncertain power market’s demand, high
innovation costs of renewable energy technologies and
uncertainty, policy adjustments and grid’s risks are cost
and price volatility, uncertain power market’s demand.

Contributions
The models are simplified, they require less

computation.
The models have advantage for comprehensive

consideration.
The models are more realistic.

The structures of the paper are listed below. Section II
gives Notations. Section III provides Models Descriptions
and Assumptions. The Main Results for models are given in
Section IV. Section V is Theorems-to-Validity. Section VI
highlights Conclusions.

II. NOTATIONS

A pc
Renewable energy power production
quotas, Green power certificate price.

cg ct cn
Costs of the grid, the traditional and
new energy suppliers.

pt pn
Power prices sold to the power users
respectively by the traditional and
new energy suppliers.
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w p
Power prices sold to the grid by
the energy suppliers and sold to the
power users by the grid.

lt ln
Renewable energy utilization rates of
traditional and new energy suppliers.

M Power market’s initial total capacity.

qdt qdn E(πa
dt )

E(πa
dn)

Power production quantities, revenue
functions of the traditional and new
energy suppliers for the distributed
noncooperative gamemodel of power
sales with energy suppliers’ risk
avoidance.

q qct qcn E1(πn
cg)

E1(πa
ct ) E

1(πa
cn)

E2(πa
cg) E

2(πn
ct )

E2(πn
cn) E

3(πa
cg)

E3(πa
ct ) E

3(πa
cn)

Power production quantities and rev-
enue functions of the grid, the tradi-
tional and new energy suppliers for
a class of centralized noncooperative
game models of power sales with risk
avoidance.

III. MODELS DESCRIPTIONS AND ASSUMPTIONS
This paper considers a class of noncooperative game models
of power sales with risk avoidance shown in Fig. 1 where
players, namely the government, the energy suppliers, the
grid and the power users are involved. According to the
objects of sales of the power produced by the energy
suppliers, two kinds of models, namely the distributed and
centralized noncooperative game models of power sales are
developed where the object of power sales for the distributed
noncooperative game model of power sales is the power
users (sale prices pt and pn, power production quantities
qdt , qdn) while the objects of power sales for the centralized
noncooperative game model of power sales is the grid (sale
price w, power production quantities qct , qcn) and then the
power users (sale price p, total power production quantity
q). Which player the characteristic of the risk avoidance is
attributed to would be further investigated with the result
that the two kinds of models are further subdivided into
four kinds of models, namely the distributed noncooperative
game model of power sales with energy suppliers’ risk
avoidance, the centralized noncooperative game models of
power sales with energy suppliers’ risk avoidance, with grid’s
risk avoidance and with risk avoidance for energy suppliers
and grid. In the models, players’ functions respectively are as
follows:

The function of the government: it issues renewable energy
power production quotas A to the energy suppliers (with
risk avoidance) and correspondingly establishes Green Power
Certificate System whose effect is that let them purchase or
sell the quotas at green power certificate price pc when the
renewable energy power quantities produced by the energy
suppliers (with risk avoidance) mismatch the quotas where
pc is the long-term average green power certificate price, that
is, it’s exogenous and a constant.

The functions of energy suppliers (with risk voidance): the
duopoly oligopoly energy suppliers (with risk avoidance),

FIGURE 1. A class of noncooperative game models of power sales with
risk avoidance.

namely the traditional and new energy suppliers (with risk
avoidance) are considered in this paper. The traditional
energy supplier (with risk avoidance) mainly utilizes thermal
power generation method to provide non-renewable energy
power while the new energy supplier (with risk avoidance)
mainly utilizes photovoltaic power generation method, wind
power generation method, etc. to provide renewable energy
power.

For sustainable development of the power in the future,
they are required to produce a certain amount of the
renewable energy power to meet renewable energy power
production quotas where the renewable energy power produc-
tion quantities are determined by power production quantities
(qdt , qdn, qct , qcn) and renewable energy utilization rates
(lt , ln). When the renewable energy power production quanti-
ties cannot meet the quotas, the measures taken by the energy
suppliers (with risk avoidance) are: 1) Raising investment
costs of renewable energy technologies to improve renewable
energy utilization rates; 2) Boosting power production quan-
tities. However, noticing that assumption 2, it can be learned
that the essence of boosting power production quantities from
their own perspective is to raise investment costs of renewable
energy technologies; 3) Purchasing the quotas at green power
certificate price pc on Green Power Certificate System for
balancing the quotas. When the renewable energy power
production quantities exceed the quotas, the measure taken
by the energy suppliers (with risk avoidance) is selling the
excess quotas at green power certificate price pc on Green
Power Certificate System for obtaining returns. It’s worth
mentioning that they would face extremely high fines if the
energy suppliers (with risk avoidance) do not complete the
task of quotas. Obviously, compared with extremely high
fines, they are more willing to undertake investment costs
of renewable energy technologies or purchase the quotas on
Green Power Certificate System.

The function of the grid (with risk avoidance): it works
under a class of centralized noncooperative game models of
power sales with risk avoidance and its working mechanism
is formulating the power price w and purchasing power
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production quantities of traditional and new energy suppliers
(qct , qcn) with costs (ct , cn).
The functions of power users: they purchase power

production quantities qdt , qdn from the traditional and new
energy suppliers with costs (ct , cn) respectively at the price
pt and pn or total power production quantity q from the grid
with cost cg at the price p where pt , pn and p are the long-
term average power prices, that is, they are exogenous and
constants.

Based on the above description, it can be integrated that 1)
revenue functions of energy suppliers (with risk avoidance)
consist of benefits from selling the power to the power users
or selling the power to the grid (with risk avoidance), costs
of innovations in renewable energy technologies, gains or
losses from matching renewable energy power production
quotas on the Green Power Certificate System (and losses
caused by the energy suppliers’ risk avoidance). The question
of how much power to produce, how much to invest in
renewable energy technologies and how much to match
quotas on the Green Power Certificate System (and how
to control risky losses) is an important one for energy
suppliers (with risk avoidance) to consider and it can be
transformed into the problem of maximizing revenues of
energy suppliers (with risk avoidance). 2) revenue function of
the grid (with risk avoidance) consists of benefits from sales
of the power to the power users (and the losses caused by
grid’s risk avoidance). Obviously, there also exists a problem
of maximizing revenues of the grid (with risk avoidance).

The objective of this paper is to solve the problems
of maximizing revenues of players and obtain the Nash
equilibrium (i.e., the optimal renewable energy utilization
rates), the optimal power production quantities, the
optimal revenue functions for a class of noncooperative
game models of power sales with risk avoidance.

Noticing that since the renewable energy utilization
rates lt , ln and the power price w are coupled in
the power production quantities, revenue functions are
associated with the control variables of all players.
ie., E(πa

dt )(lt , ln) and E(πa
dn)(ln, lt ), E

1(πa
ct )(lt , ln,w) and

E1(πa
cn)(ln, lt ,w) and E1(πn

cg)(w, lt , ln), E2(πn
ct )(lt , ln,w)

and E2(πn
cn)(ln, lt ,w) and E

2(πa
cg)(w, lt , ln), E3(πa

ct )(lt , ln,w)
and E3(πa

cn)(ln, lt ,w) and E
3(πa

cg)(w, lt , ln). the solution to
problems of maximizing revenues of players requires not
only regulating its own control variable, but also taking
into account control variables of other players.

The definition of the Nash equilibrium is given below.
Definition 1: An action profile L∗

= (l∗t , l
∗
n ) is the Nash

equilibrium [45] if{
E(πa

dt )(l
∗
t , l

∗
n ) ≥ E(πa

dt )(lt , l
∗
n ),

E(πa
dn)(l

∗
n , l

∗
t ) ≥ E(πa

dn)(ln, l
∗
t ).

(1)

or {
E1(πa

ct )(l
∗
t , l

∗
n ,w

∗) ≥ E1(πa
ct )(lt , l

∗
n ,w

∗),
E1(πa

cn)(l
∗
n , l

∗
t ,w

∗) ≥ E1(πa
cn)(ln, l

∗
t ,w

∗).
(2)

or {
E2(πn

ct )(l
∗
t , l

∗
n ,w

∗) ≥ E2(πn
ct )(lt , l

∗
n ,w

∗),
E2(πn

cn)(l
∗
n , l

∗
t ,w

∗) ≥ E2(πn
cn)(ln, l

∗
t ,w

∗).
(3)

or {
E3(πa

ct )(l
∗
t , l

∗
n ,w

∗) ≥ E3(πa
ct )(lt , l

∗
n ,w

∗),
E3(πa

cn)(l
∗
n , l

∗
t ,w

∗) ≥ E3(πa
cn)(ln, l

∗
t ,w

∗).
(4)

According to (1)-(4), the Nash equilibrium should satisfy
∂E(πa

dt )(L
∗)

∂lt
= 0,

∂E(πa
dn)(L

∗)

∂ln
= 0,

∂2E(πa
dt )(L

∗)

∂l2t
< 0,

∂2E(πa
dn)(L

∗)

∂l2n
< 0.

(5)

or
∂E1(πa

ct )(L
∗,w∗)

∂lt
= 0,

∂E1(πa
cn)(L

∗,w∗)
∂ln

= 0,

∂2E1(πa
ct )(L

∗,w∗)

∂l2t
< 0,

∂2E1(πa
cn)(L

∗,w∗)
∂l2n

< 0.

(6)

or
∂E2(πn

ct )(L
∗,w∗)

∂lt
= 0,

∂E2(πn
cn)(L

∗,w∗)
∂ln

= 0,

∂2E2(πn
ct )(L

∗,w∗)

∂l2t
< 0,

∂2E2(πn
cn)(L

∗,w∗)
∂l2n

< 0.

(7)

or
∂E3(πa

ct )(L
∗,w∗)

∂lt
= 0,

∂E3(πa
cn)(L

∗,w∗)
∂ln

= 0,

∂2E3(πa
ct )(L

∗,w∗)

∂l2t
< 0,

∂2E3(πa
cn)(L

∗,w∗)
∂l2n

< 0.

(8)

Note that the action profile of the Nash equilibrium is
formulated under the condition that the grid has formulated
the optimal power price w∗ for the energy suppliers.
The following assumptions, adapted from [43], are made

to solve the problems of maximizing revenues of players for
the models in the upcoming section.
Assumption 1: If the traditional and new energy suppliers

need to improve their own renewable energy utilization rates,
then they have to undertake investment costs of renewable
energy technologies, which are respectively described as

Ct =
1
2
kt l2t ,

Cn =
1
2
knl2n ,

(9)

where ki > 0 for i ∈ {t, n} denotes the demand
elasticity coefficient of investment costs of renewable energy
technologies and kt > kn holds.
Assumption 2: The power production quantities of tra-

ditional and new energy suppliers for the distributed
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noncooperative game model of power sales with energy
suppliers’ risk avoidance are respectively described as{

qdt = αM − b′pt + s′pn + blt − sln,
qdn = (1 − α)M − b′pn + s′pt + bln − slt ,

(10)

where 0 < α < 1 denotes the ratio of the traditional
energy supplier in the power market’s initial total capacity.
b′ > 0 and s′ > 0 respectively represent the demand and
substitution elasticity coefficients of power prices and s′ > b′

holds. b > 0 and s > 0 respectively represent the demand
and substitution elasticity coefficients of renewable energy
utilization rates and b > s holds. Moreover, for satisfying
qdt > 0 and qdn > 0, the inequalities thatαM−b′pt+s′pn > s
and (1 − α)M − b′pn + s′pt > s hold.

The total power production quantity and the power
production quantities of traditional and new energy suppliers
for a class of centralized noncooperative game models of
power sales with risk avoidance are respectively described as

qct = αM + θw+ blt − sln,
qcn = (1 − α)M + θw+ bln − slt ,
q = M + 2θw+ (b− s)(lt + ln),

(11)

where θ = s′ − b′ > 0 denotes the demand elasticity
coefficient of the power price. Moreover, for satisfying qct >

0 and qcn > 0, the inequalities that αM > s − θmax{ct , cn}
and (1 − α)M > s − θmax{ct , cn} hold where for the value
of w, please refer to Remark 2.

Note that M proposed in (10)-(11) follows a normal
distribution with mean value µ and standard deviation δ.
Assumption 3: After experiencing innovations in renew-

able energy technologies, the traditional and new energy
suppliers would balance renewable energy power production
quotas on Green Power Certificate System and the gains or
losses are respectively described as{

Pt = (qdt lt − A)pc,
Pn = (qdnln − A)pc.

(12){
Pt = (qct lt − A)pc,
Pn = (qcnln − A)pc.

(13)

IV. MAIN RESULTS
Existence, uniqueness and stability of the Nash equilibriums
for a class of noncooperative game models of power sales
with risk avoidance are analyzed and the Nash equilibriums,
the optimal power production quantities, the optimal revenue
functions are computed in this section. Moreover, the impacts
of risk-aversion coefficients on the optimal renewable energy
power’s investment and production strategies (the optimal
power price and the optimal total power production quantity)
are investigated.

A. THE DISTRIBUTED NONCOOPERATIVE GAME MODEL
OF POWER SALES WITH ENERGY SUPPLIERS’ RISK
AVOIDANCE
The characteristics of the distributed noncooperative game
model of power sales with energy suppliers’ risk avoidance
shown in Fig. 2 are as follows:

FIGURE 2. The distributed noncooperative game model of power sales
with energy suppliers’ risk avoidance.

• The power produced by the energy suppliers is sold
directly to the power users.

• After innovations in renewable energy technologies,
the energy suppliers match renewable energy power
production quotas issued by the government on Green
Power Certificate System.

• The energy suppliers have the characteristic of the risk
avoidance.

By respectively adjusting their respective renewable
energy utilization rates, their revenue functions are maxi-
mized with the following expressions.max

lt
E(πa

dt ) = (pt − ct )qdt − Ct + Pt + Rdt ,

s.t. 0 ≤ lt ≤ 1.
(14)max

ln
E(πa

dn) = (pn − cn)qdn − Cn + Pn + Rdn,

s.t. 0 < ln ≤ 1.
(15)

where Rdt < 0 and Rdn < 0 respectively represent the
losses of traditional and new energy suppliers caused by
energy suppliers’ risk avoidance and their expressions are
designed as Rdt = −αηdtδ(|pt − ct | + pclt ) and Rdn =

−(1−α)ηdnδ(|pn−cn|+pcln) by utilizing the mean variance
method and introducing the risk-aversion coefficients ηdt
ηdn. Moreover, for satisfying meaning of renewable energy
utilization rates in reality, the constraints that 0 ≤ lt ≤ 1 and
0 ≤ ln ≤ 1 are constructed and since the new energy supplier
mainly produce renewable energy power, ln would be further
constrained to 0 < ln ≤ 1. In addition, for ensuring that
the profit margins of traditional and new energy suppliers are
positive, the inequalities that pt > ct and pn > cn hold.
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1) ANALYSIS OF EXISTENCE, UNIQUENESS AND STABILITY
OF THE NASH EQUILIBRIUM
Theorem 1: Suppose that ki − 2pcb > pcs for i ∈

{t, n}. Then, there exists a unique Nash equilibrium (l∗t , l
∗
n )

that satisfies (1) and the Nash equilibrium is globally
exponentially stable.

Proof:Motivated by [45], the gradient-like optimization
method is utilized to analyze the existence, uniqueness and
stability of the Nash equilibrium and an auxiliary system is
designed as

L̇ =
∂G(L)

∂L
, (16)

where L = [lt , ln]T and ∂G(L)
∂L = [

∂E(πa
dt )(L)

∂lt
,

∂E(πa
dn)(L)

∂ln

T
.

Linearizing (16) at L∗ gives

dL
dt

=


∂2E(πa

dt )(L
∗)

∂l2t

∂2E(πa
dt )(L

∗)

∂lt∂ln
∂2E(πa

dn)(L
∗)

∂ln∂lt

∂2E(πa
dn)(L

∗)

∂l2n

 (L − L∗)

= −

[
kt − 2pcb pcs

pcs kn − 2pcb

]
(L − L∗) (17)

Suppose that ki > 2pcb and ki − 2pcb > pcs for i ∈ {t, n},

which declares that

 ∂2E(πa
dt )(L

∗)
∂l2t

∂2E(πa
dt )(L

∗)
∂lt∂ln

∂2E(πa
dn)(L

∗)
∂ln∂lt

∂2E(πa
dn)(L

∗)
∂l2n

 is strictly

diagonally dominant with all the diagonal elements being
negative, it is Hurwitz by Gershgorin circle theorem [46].
According to Corollary 4.3 in [47], the equilibrium pointL∗ is
exponentially stable under (16). Moreover, since the auxiliary
system in (16) is a linear system, the equilibrium point L∗ is
globally exponentially stable. In addition, since E(πa

dt ) and
E(πa

dn) are quadratic functions, the equilibrium point L∗ is
unique. Furthermore, since the unique equilibrium point L∗

satisfy (5), it’s the Nash equilibrium that satisfies (1). To this
end, the proof is completed. □

2) COMPUTATION OF THE UNIQUE NASH EQUILIBRIUM
Theorem 2: Suppose that Assumptions 1-3 hold and the

parameters satisfy

ηdt ≤
b(pt − ct ) + pc(αM − b′pt + s′pn − s)

αδpc
,

ηdn <
b(pn − cn) + pc((1 − α)M − b′pn + s′pt − s)

(1 − α)δpc
,

b(pt − ct ) + pc(αM − b′pt + s′pn) − αηdtδpc
kt − 2pcb

≤ 1,

b(pn − cn) + pc((1 − α)M − b′pn + s′pt )−(1−α)ηdnδpc
kn − 2pcb

≤ 1.

(18)

Then, there exists a unique Nash equilibrium (l∗t , l
∗
n ) for

the distributed noncooperative game model of power sales

with energy suppliers’ risk avoidance and its expression is
followed as

(l∗t , l
∗
n ) = (

q2ν1 − q3ν2
q1q2 − q23

,
q1ν2 − q3ν1
q1q2 − q23

), (19)

where q1 = kt − 2pcb, q2 = kn − 2pcb, q3 = pcs, ν1 =

b(pt −ct )+pc(αM −b′pt + s′pn)−αηdtδpc and ν2 = b(pn−

cn) + pc((1 − α)M − b′pn + s′pt ) − (1 − α)ηdnδpc.

Proof: Suppose that
∂2(E(πa

dt ))
∂l2t

= −kt + 2pcb < 0. Let
∂(E(πa

dt ))
∂lt

= 0 and then the optimal renewable energy utiliza-
tion rate of the traditional energy supplier can be obtained:
lt (ln) =

b(pt−ct )+pc(αM−b′pt+s′pn−sln)−αηdt δpc
kt−2pcb

, whose value is
related to the renewable energy utilization rate of the new
energy supplier. Similarly, through analysis for revenue func-
tion of the new energy supplier, the optimal renewable energy
utilization rate of the new energy supplier can be obtained:
ln(lt ) =

b(pn−cn)+pc((1−α)M−b′pn+s′pt−slt )−(1−α)ηdnδpc
kn−2pcb

which
is related to the renewable energy utilization rate of the
traditional energy supplier.

Note that for ensuring that the value of lt (ln) is greater than
or equal to 0 and the value of ln(lt ) is greater than 0, the
following inequalities should be satisfied that

ηdt ≤
b(pt − ct ) + pc(αM − b′pt + s′pn − s)

αδpc
,

ηdn <
b(pn − cn) + pc((1 − α)M − b′pn + s′pt − s)

(1 − α)δpc
,

(20)

and for ensuring that the values of lt (ln) and ln(lt ) are less than
or equal to 1, the following inequalities should be satisfied
that

lt (ln) ≤
b(pt−ct )+pc(αM − b′pt + s′pn)−αηdtδpc

kt − 2pcb
≤ 1,

ln(lt )

≤
b(pn − cn)+pc((1−α)M − b′pn+s′pt )−(1 − α)ηdnδpc

kn − 2pcb
≤ 1.

(21)

It’s worth pointing out that kt − 2pcb − pcs ≥ b(pt − ct ) +

pc(αM − b′pt + s′pn − s)− αηdtδpc ≥ 0, kn − 2pcb− pcs ≥

b(pn − cn) + pc((1 − α)M − b′pn + s′pt − s) − (1 −

α)ηdnδpc > 0 and kt > kn, which demonstrates that there
exists a unique Nash equilibrium for the model according to
Theorem 1.

Apparently, lt (ln) and ln(lt ) are intertwined in terms
of renewable energy utilization rates. Then, suppose that
the model is under the complete information static game
circumstance, that is, the energy suppliers understand each
other’s renewable energy utilization rates and simultaneously
develop their respective renewable energy utilization rates
and by linking lt (ln) and ln(lt ), the unique Nash equilibrium
(i.e., the optimal renewable energy utilization rates) can be
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obtained as follows:

(l∗t , l
∗
n ) = (

q2ν1 − q3ν2
q1q2 − q23

,
q1ν2 − q3ν1
q1q2 − q23

), (22)

where q1 = kt − 2pcb, q2 = kn − 2pcb, q3 = pcs, ν1 =

b(pt −ct )+pc(αM −b′pt + s′pn)−αηdtδpc and ν2 = b(pn−

cn) + pc((1 − α)M − b′pn + s′pt ) − (1 − α)ηdnδpc. To this
end, the proof is completed. □

3) COMPUTATION OF THE OPTIMAL POWER PRODUCTION
QUANTITI- ES AND THE OPTIMAL REVENUE FUNCTIONS
Theorem 3: When the renewable energy utilization

rates reach the unique Nash equilibrium for the dis-
tributed noncooperative game model of power sales with
energy suppliers’ risk avoidance, the optimal power
production quantities and the optimal revenue functions
are:

q∗
dt = αM − b′pt + s′pn +

q2bν1 − q1sν2 − q3ν3
q1q2 − q23

,

q∗
dn = (1 − α)M − b′pn + s′pt +

q1bν2 − q2sν1 − q3ν4
q1q2 − q23

,

E∗(πa
dt ) = (pt − ct )(αM − b′pt + s′pn) − pcA

−αηdtδ(pt − ct ) +
q2ν5 − q1s(pt − ct )ν2 − q3ν6

q1q2 − q23
+
(q2ν1 − q3ν2)(q2ν7 − q1pcsν2 − q3ν8)

(q1q2 − q23)
2

,

E∗(πa
dn) = (pn − cn)((1 − α)M − b′pn + s′pt ) − pcA

−(1 − α)ηdnδ(pn − cn) +
q1ν9 − q2s(pn − cn)ν1 − q3ν10

q1q2 − q23
+
(q1ν2 − q3ν1)(q1ν11 − q2pcsν1 − q3ν12)

(q1q2 − q23)
2

,

(23)

where ν3 = bν2 − sν1, ν4 = bν1 − sν2, ν5 = ν21 , ν6 =

ν1ν2 − s(pt − ct )ν1, ν7 = (− 1
2kt + pcb)ν1, ν8 = (− 1

2kt +

pcb)ν2 − pcsν1, ν9 = ν22 , ν10 = ν1ν2 − s(pn − cn)ν2, ν11 =

(− 1
2kn + pcb)ν2 and ν12 = (− 1

2kn + pcb)ν1 − pcsν2.
Proof: By substituting l∗t , l

∗
n into (10) (14)-(15), q

∗
dt , q

∗
dn,

E∗(πa
dt ) and E

∗(πa
dn) can be respectively calculated. To this

end, the proof is completed. □

4) IMPACTS OF RISK-AVERSION COEFFICIENTS ON THE
OPTIMAL REN- WABLE ENERGY POWER’S INVESTMENT AND
PRODUCTION STRATEGY
Theorem 4: The optimal renewable energy utilization rate

of the traditional energy supplier l∗t and the optimal power
production quantity of the traditional energy supplier q∗

dt
are negatively correlated with the risk-aversion coefficient
ηdt and are positively correlated with the risk-aversion
coefficient ηdn. The optimal renewable energy utilization
rate of the new energy supplier l∗n and the optimal
power production quantity of the new energy supplier q∗

dn
are negatively correlated with the risk-aversion coefficient

ηdn and are positively correlated with the risk-aversion
coefficient ηdt .

Proof: Noticing that q1 > q2 > q3 > 0, one can obtain
that

∂l∗t
∂ηdt

= −
αδpcq2
q1q2 − q23

< 0,
∂l∗t
∂ηdn

=
(1 − α)δpcq3
q1q2 − q23

> 0,

∂l∗n
∂ηdt

=
αδpcq3
q1q2 − q23

> 0,
∂l∗n
∂ηdn

= −
(1 − α)δpcq1
q1q2 − q23

< 0,

∂q∗
dt

∂ηdt
= −

αδpc(bq2 + sq3)

q1q2 − q23
< 0,

∂q∗
dt

∂ηdn
=

(1 − α)δpc(bq3 + sq1)

q1q2 − q23
> 0,

∂q∗
dn

∂ηdt
=

αδpc(bq3 + sq2)

q1q2 − q23
> 0,

∂q∗
dn

∂ηdn
= −

(1 − α)δpc(bq1 + sq3)

q1q2 − q23
< 0.

(24)

To this end, the proof is completed. □
Remark 1: The control variable method is adopted to

analyze the impact of each of risk-aversion coefficients
in Theorem 4 and then the following conclusions are
obtained: 1) When the traditional energy supplier focuses
on risk avoidance, to satisfy its own risk-avoidance needs,
it would reduce its own renewable energy utilization rate.
As the renewable energy utilization rate of the tradi-
tional energy supplier decreases, to capture power market’s
share, the new energy supplier would improve its own
renewable energy utilization rate. This leads to the power
quantity produced by the traditional energy supplier being
decreased while the power quantity produced by the new
energy supplier being increased. 2) A similar analysis
for the new energy supplier is conducted and is omitted
here.

This section investigates the distributed noncooperative
game model of power sales with energy
suppliers’ risk avoidance. In the following, the central-
ized noncooperative game model of power sales with
energy suppliers’ risk avoidance will be taken into
account.

B. THE CENTRALIZED NONCOOPERATIVE GAME MODEL
OF POWER SALES WITH ENERGY SUPPLIERS’ RISK
AVOIDANCE
The characteristics of the centralized noncooperative game
model of power sales with energy suppliers’ risk avoidance
shown in Fig. 3 are as follows:

• The power users get the power from the grid, which gets
the power from the energy suppliers.

• After innovations in renewable energy technologies,
the energy suppliers match renewable energy power
production quotas issued by the government on Green
Power Certificate System.
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FIGURE 3. The centralized noncooperative game model of power sales
with energy suppliers’ risk avoidance.

• The energy suppliers have the characteristic of the risk
avoidance.

By respectively adjusting their respective control variables,
their revenue functions are maximized with the following
expressions.max

lt
E1(πa

ct ) = (ω − ct )qct − Ct + Pt + Rct ,

s.t. 0 ≤ lt ≤ 1.
(25)max

ln
E1(πa

cn) = (ω − cn)qcn − Cn + Pn + Rcn,

s.t. 0 < ln ≤ 1.
(26)

{
max
w

E1(πn
cg) = (p− cg − ω)q,

s.t. 0 ≤ w < p− cg.
(27)

where Rct < 0 and Rcn < 0 respectively represent losses of
traditional and new energy suppliers due to energy suppliers’
risk avoidance and their expressions are designed as Rct =

−αηctδ(|w− ct | + pclt ) and Rcn = −(1− α)ηcnδ(|w− cn| +
pcln) by utilizing the mean variance method and introducing
the risk-aversion coefficients ηct ηcn. Moreover, it can be
seen in (25)-(26) that for achieving fairness and justice, there
is no price discrimination, that is, the power price w set by
the grid for the traditional and new energy suppliers is the
same. In addition, for ensuring that the profit margin of the
grid is positive, the constraint that 0 ≤ w < p − cg is
constructed.
Remark 2: It can be learned from (25)-(26) that the profit

margins of energy suppliers are influenced by the power
price w set by the grid. If 0 ≤ w ≤ max{ct , cn}, which
indicates that the profit margins of at least one of energy
suppliers are non-positive, the profitability of the energy
supplier with non-positive profit margin is contingent on
the gains earned from the sale of excess renewable energy
power production quotas. To be more specific, noticing that
E1(πa

ci) = −(ci − w)qci − Ci − pcA + pcqcili + Rci for
i ∈ {t, n} reorganized by (25)-(26), the profitable segment
of the energy supplier with non-positive profit margin is

determined primarily by the green power certificate price
set by Green Power Certificate System followed by the
renewable energy utilization rate determined by itself, which
is not allowed because of poor subjective decisions and strong
objective decisions on power sales by the energy supplier
with non-positive profit margin. There is no doubt that this
would result in it being reluctant to sell the power to the grid.
This constraint would lead to the collapse of the centralized
noncooperative game model of power sales with energy
suppliers’ risk avoidance. If and only if w > max{ct , cn}, the
energy suppliers with positive profit margins have stronger
subjective decisions on power sales and could take the
initiative in terms of the profitable segment. Therefore, w
would be further constrained to max{ct , cn} < w < p − cg.
Note that this constraint is established from the perspective of
the grid and the energy suppliers and is utilized for subsequent
analysis.

The event sequence for solving the problem of maxi-
mizing revenues of players and then obtaining the Nash
equilibrium, the optimal power production quantities, the
optimal revenue functions for the model is given as
follows:

1) The grid determines the optimal power price w∗

(max{ct , cn} < w∗ < p− cg) for the energy suppliers.
2) The traditional and new energy suppliers observe w∗

and then develop the Nash equilibrium.
3) The optimal power production quantities and the

optimal revenue functions can be calculated accord-
ing to the optimal power price and the Nash
equilibrium.

1) ANALYSIS OF EXISTENCE, UNIQUENESS AND STABLITY
OF THE NASH EQUILIBRIUM
Theorem 5: Suppose that ki − 2pcb > pcs for i ∈

{t, n}. Then, there exists a unique Nash equilibrium (l∗t , l
∗
n )

that satisfies (2) and the Nash equilibrium is globally
exponentially stable.

Proof: One performs the following analysis under the
condition that the grid has formulated the optimal power price
w∗ for the energy suppliers. An auxiliary system is designed
as

L̇ =
∂G1(L,w∗)

∂L
, (28)

where L = [lt , ln]T and ∂G1(L,w∗)
∂L = [ ∂E1(πa

ct )(L,w∗)
∂lt

,

∂E1(πa
cn)(L,w∗)
∂ln

]T .
Linearizing (28) at L∗ gives

dL
dt

= B(L − L∗), (29)
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FIGURE 4. The centralized noncooperative game model of power sales
with grid’s risk avoidance.

where B =

 ∂2E1(πa
ct )(L

∗,w∗)
∂l2t

∂2E1(πa
ct )(L

∗,w∗)
∂lt∂ln

∂2E1(πa
cn)(L

∗,w∗)
∂ln∂lt

∂2E1(πa
cn)(L

∗,w∗)
∂l2n

 =

−

[
kt − 2pcb pcs

pcs kn − 2pcb

]
. The remaining analysis follows

that of Theorem 1 and hence, is omitted. □

2) COMPUTATION OF THE UNIQUE NASH EQUILIBRIUM,
THE OPTI- MAL POWER PRODUCTION QUANTITIES AND THE
OPTIMAL REVENUE FUNCTIONS
Theorem 6: Suppose that Assumptions 1-3 hold and the

parameters satisfy

max{ct , cn} < w∗ < p− cg,

where w∗
=

1
2
(p− cg)

−
M (q1q2 − q23)

4θ (q1q2 − q23) + 2(b− s)(b+ pcθ )(q1 + q2 − 2q3)

+
(b− s)(q1 − q3)(bcn − pc(1 − α)M + (1 − α)ηcnδpc)

4θ (q1q2 − q23) + 2(b− s)(b+ pcθ)(q1 + q2 − 2q3)

+
(b− s)(q2 − q3)(bct − pcαM + αηctδpc)

4θ (q1q2 − q23) + 2(b− s)(b+ pcθ )(q1 + q2 − 2q3)
,

ηct ≤
b(w∗

− ct ) + pc(αM + θw∗
− s)

αδpc
,

ηcn <
b(w∗

− cn) + pc((1 − α)M + θw∗
− s)

(1 − α)δpc
,

b(w∗
− ct ) + pc(αM + θw∗) − αηctδpc

kt − 2pcb
≤ 1,

b(w∗
− cn) + pc((1 − α)M + θw∗) − (1 − α)ηcnδpc

kn − 2pcb
≤ 1,

(30)

Then, there exists a unique Nash equilibrium (l∗t , l
∗
n ) for

the centralized noncooperative game model of power sales
with energy suppliers’ risk avoidance and its expression is
followed as

(l∗t , l
∗
n ) = (

q2ϵ3 − q3ϵ4
q1q2 − q23

,
q1ϵ4 − q3ϵ3
q1q2 − q23

), (31)

where, (32) as shown at the bottom of the next page.

At this point, the optimal power production quantities and
the optimal revenue functions are:

q∗
ct = αM+

1
2
θ (p− cg)+

q2bϵ3 − q1sϵ4 − q3ϵ5
q1q2 − q23

−
θM (q1q2 − q23)

4θ (q1q2 − q23)+2(b− s)(b+pcθ)(q1+q2 − 2q3)

+
θ (b− s)(q2 − q3)(bct − pcαM+αηctδpc)

4θ (q1q2 − q23)+2(b− s)(b+pcθ)(q1+q2 − 2q3)

+
θ(b− s)(q1 − q3)(bcn − pc(1 − α)M+(1 − α)ηcnδpc)

4θ (q1q2 − q23)+2(b− s)(b+pcθ )(q1+q2 − 2q3)
,

q∗
cn = (1 − α)M+

1
2
θ (p− cg)+

q1bϵ4 − q2sϵ3 − q3ϵ6
q1q2 − q23

−
θM (q1q2 − q23)

4θ (q1q2 − q23)+2(b− s)(b+pcθ)(q1+q2 − 2q3)

+
θ (b− s)(q2 − q3)(bct − pcαM+αηctδpc)

4θ (q1q2 − q23)+2(b− s)(b+pcθ)(q1+q2 − 2q3)

+
θ(b− s)(q1 − q3)(bcn − pc(1 − α)M+(1 − α)ηcnδpc)

4θ (q1q2 − q23)+2(b− s)(b+pcθ )(q1+q2 − 2q3)
,

q∗
= M+θ (p− cg)+

(b− s)(q1ϵ4+q2ϵ3 − q3(ϵ3+ϵ4))

q1q2 − q23

−
θM (q1q2 − q23)

2θ (q1q2 − q23)+(b− s)(b+pcθ )(q1+q2 − 2q3)

+
θ (b− s)(q2 − q3)(bct − pcαM+αηctδpc)

2θ (q1q2 − q23)+(b− s)(b+pcθ )(q1+q2 − 2q3)

+
θ(b− s)(q1 − q3)(bcn − pc(1 − α)M+(1 − α)ηcnδpc)

2θ (q1q2 − q23)+(b− s)(b+pcθ )(q1+q2 − 2q3)
,

E1∗(πa
ct ) = Ht (αM+θ (Ht+ct )) − pcA

−αηctδHt+
q2ϵ7 − q1sHtϵ4 − q3ϵ8

q1q2 − q23
+
(q2ϵ3 − q3ϵ4)(q2ϵ9 − q1pcsϵ4 − q3ϵ10)

(q1q2 − q23)
2

,

E1∗(πa
cn) = Hn((1 − α)M+θ (Hn+cn)) − pcA

−(1 − α)ηcnδHn+
q1ϵ11 − q2sHnϵ3 − q3ϵ12

q1q2 − q23
+
(q1ϵ4 − q3ϵ3)(q1ϵ13 − q2pcsϵ3 − q3ϵ14)

(q1q2 − q23)
2

,

E1∗(πn
cg) = Hg(M+2θ (p− cg − Hg)

+(b− s)
q1ϵ4+q2ϵ3 − q3(ϵ3+ϵ4)

q1q2 − q23
),

(33)

where Ht = w∗
− ct , Hn = w∗

− cn, Hg = p − cg − w∗,
ϵ5 = bϵ4 − sϵ3, ϵ6 = bϵ3 − sϵ4, ϵ7 = ϵ23 , ϵ8 = ϵ3ϵ4 −

sHtϵ3, ϵ9 = (− 1
2kt + pcb)ϵ3, ϵ10 = (− 1

2kt + pcb)ϵ4 − pcsϵ3,
ϵ11 = ϵ24 , ϵ12 = ϵ3ϵ4 − sHnϵ4, ϵ13 = (− 1

2kn + pcb)ϵ4 and
ϵ14 = (− 1

2kn + pcb)ϵ3 − pcsϵ4.
Proof: Under the condition that the grid has formu-

lated the optimal power price w∗ for the energy suppli-
ers, one performs the following analysis. Suppose that
∂2(E1(πa

ct )|w=w∗ )
∂l2t

= −kt + 2pcb < 0. Let ∂(E1(πa
ct )|w=w∗ )
∂lt

=

0 and then the optimal renewable energy utilization
rate of the traditional energy supplier can be obtained:
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lt (ln,w∗) =
b(w∗

−ct )+pc(αM+θw∗
−sln)−αηct δpc

kt−2pcb
. Similarly,

through analysis for the revenue function of the new energy
supplier, the optimal renewable energy utilization rate of
the new energy supplier can be obtained: ln(lt ,w∗) =

b(w∗
−cn)+pc((1−α)M+θw∗

−slt )−(1−α)ηcnδpc
kn−2pcb

.
Note that for satisfying meaning of renewable energy

utilization rates in reality, the following inequalities should
be satisfied that

ηct ≤
b(w∗

− ct ) + pc(αM + θw∗
− s)

αδpc
,

ηcn <
b(w∗

− cn) + pc((1 − α)M + θw∗
− s)

(1 − α)δpc
,

b(w∗
− ct ) + pc(αM + θw∗) − αηctδpc

kt − 2pcb
≤ 1,

b(w∗
− cn)+pc((1 − α)M + θw∗)−(1 − α)ηcnδpc

kn − 2pcb
≤ 1.

(34)

It’s worth pointing out that ki − 2pcb − pcs > 0 for i ∈

{t, n}, which demonstrates that there exists a unique Nash
equilibrium for the model according to Theorem 5.

Apparently, lt (ln,w∗) and ln(lt ,w∗) are intertwined in
terms of renewable energy utilization rates. Then, suppose
that the model is under the complete information static game
circumstance and by linking lt (ln,w∗) and ln(lt ,w∗), the
unique Nash equilibrium can be obtained as follows:

(l∗t (w
∗), l∗n (w

∗)) = (
q2ϵ1 − q3ϵ2
q1q2 − q23

,
q1ϵ2 − q3ϵ1
q1q2 − q23

), (35)

where ϵ1 = b(w∗
− ct )+ pc(αM + θw∗)− αηctδpc and ϵ2 =

b(w∗
− cn)+ pc((1− α)M + θw∗)− (1− α)ηcnδpc. It can be

seen in (35) that the unique Nash equilibrium is determined
by the optimal power price w∗ offered by the grid. Next, w∗

would be found.
By Substituting l∗t (w

∗) and l∗n (w
∗) into (11), one

can compute q∗(w∗) based on which the expression

of the revenue function of the grid is integrated as
E1(πn

cg)(w) = E1(πn
cg)(w

∗)|w∗=w = (p − cg − ω)(M +

2θw + (b − s)( (q1−q3)(b(w−cn)+pc((1−α)M+θw)−(1−α)ηcnδpc)
q1q2−q23

+

(q2−q3)(b(w−ct )+pc(αM+θw)−αηct δpc)
q1q2−q23

)). Noticing that b > s >

0 proposed in Assumption 2 and q1 > q2 > q3 > 0,

it can be obtained that
∂2E1(πn

cg)(w)
∂w2 = −4θ − 2(b − s)(b +

pcθ )
q1+q2−2q3
q1q2−q23

< 0, which declares that E1(πn
cg)(w) is a

strictly concave function of w and there exists an optimal w∗

whose acquisition requires
∂E1(πn

cg)(w)
∂w |w=w∗ = 0 and then the

result can be obtained as follows:

w∗
=

1
2
(p− cg)

−
M (q1q2 − q23)

4θ (q1q2 − q23) + 2(b− s)(b+ pcθ )(q1 + q2 − 2q3)

+
(b− s)(q1 − q3)(bcn − pc(1 − α)M + (1 − α)ηcnδpc)

4θ (q1q2 − q23) + 2(b− s)(b+ pcθ)(q1 + q2 − 2q3)

+
(b− s)(q2 − q3)(bct − pcαM + αηctδpc)

4θ (q1q2 − q23) + 2(b− s)(b+ pcθ )(q1 + q2 − 2q3)
,

(36)

where the optimal power price w∗ must satisfy the constraint
that max{ct , cn} < w∗ < p − cg according to
Remark 2.

By substituting w∗ into (35), the unique Nash equilibrium
can be calculated as follows:

(l∗t , l
∗
n ) = (

q2ϵ3 − q3ϵ4
q1q2 − q23

,
q1ϵ4 − q3ϵ3
q1q2 − q23

), (37)

Note that the values of ϵ3 and ϵ4 are omitted here due to
space limitations of the paper.

By substituting w∗, l∗t , l
∗
n into (11) (25)-(27), q∗

ct , q
∗
cn,

q∗, E1∗(πa
ct ), E

1∗(πa
cn) and E1∗(πn

cg) can be respectively
calculated. To this end, the proof is completed. □



ϵ3 =
(b+ pcθ )(p− cg)

2
− bct + pcαM − αηctδpc

−
M (b+ pcθ )(q1q2 − q23)

4θ (q1q2 − q23) + 2(b− s)(b+ pcθ)(q1 + q2 − 2q3)

+
(b+ pcθ )(b− s)(q1 − q3)(bcn − pc(1 − α)M + (1 − α)ηcnδpc)

4θ (q1q2 − q23) + 2(b− s)(b+ pcθ )(q1 + q2 − 2q3)

+
(b+ pcθ )(b− s)(q2 − q3)(bct − pcαM + αηctδpc)

4θ (q1q2 − q23) + 2(b− s)(b+ pcθ)(q1 + q2 − 2q3)
,

ϵ4 =
(b+ pcθ )(p− cg)

2
− bcn + pc(1 − α)M − (1 − α)ηcnδpc

−
M (b+ pcθ )(q1q2 − q23)

4θ (q1q2 − q23) + 2(b− s)(b+ pcθ)(q1 + q2 − 2q3)

+
(b+ pcθ )(b− s)(q1 − q3)(bcn − pc(1 − α)M + (1 − α)ηcnδpc)

4θ (q1q2 − q23) + 2(b− s)(b+ pcθ )(q1 + q2 − 2q3)

+
(b+ pcθ )(b− s)(q2 − q3)(bct − pcαM + αηctδpc)

4θ (q1q2 − q23) + 2(b− s)(b+ pcθ)(q1 + q2 − 2q3)
,

(32)
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3) IMPACTS OF RISK-AVERSION COEFFICIENTS ON THE
OPTIMAL REN- EWABLE ENERGY POWER’S INVESTMENT
AND PRODUCTION STRATEGY, THE OPTIMAL POWER PRICE
AND THE OPTIMAL TOTAL POWER PROD- UCTION QUANTITY
Theorem 7: The optimal renewable energy utilization rate

of the traditional energy supplier l∗t and the optimal power
production quantity of the traditional energy supplier q∗

ct are
negatively correlated with the risk-aversion coefficient ηct
and are positively correlatedwith the risk-aversion coefficient
ηcn. The optimal renewable energy utilization rate of the new
energy supplier l∗n and the optimal power production quantity
of the new energy supplier q∗

cn are negatively correlated
with the risk-aversion coefficient ηcn and are positively
correlated with the risk-aversion coefficient ηct . The optimal
power price w∗ is positively correlated with the risk-aversion
coefficients ηct ηcn. The optimal total power production
quantity q∗ is negatively correlated with the risk-aversion
coefficients ηct ηcn.

Proof: Noticing that b > s > 0 and q1 > q2 > q3 > 0,
one can obtaining that, as in (38), shown at the bottom of the
next page.

To this end, the proof is completed. □
Remark 3: The control variable method is adopted to

analyze the impact of each of risk-aversion coefficients in
Theorem 7 and then the following conclusions are obtained:
1) When the traditional energy supplier focuses on risk
avoidance, to satisfy its own risk-avoidance needs, it would
reduce its own renewable energy utilization rate. As the
renewable energy utilization rate of the traditional energy
supplier decreases, to capture power market’s share, the
new energy supplier would improve its own renewable
energy utilization rate. However, due to ∂l∗t

∂ηct
+

∂l∗n
∂ηct

=

δαpc(q2−q3)(
(b−s)(b+pcθ )(q1+q2−2q3)

4θ (q1q2−q23)+2(b−s)(b+pcθ )(q1+q2−2q3)
−1)

q1q2−q23
< 0, which

declares that the total power production quantity would be
decreased from the perspective of energy suppliers, to ensure
the power demands of power users, the grid would raise the
power price to increase the total power production quantity
from the perspective of the grid. However, since the power
production quantities are associated with renewable energy
utilization rates and the power price, further calculations
are required to obtain the correlations between the risk-
aversion coefficient of the traditional energy supplier and
power production quantities with the calculations that with
an increase in the risk-aversion coefficient of the traditional
energy supplier, the power production quantity of the
traditional energy supplier and the total power production
quantity decrease and the power production quantity of
the new energy supplier increases. 2) A similar analysis
for the new energy supplier is conducted and is omitted
here.

This section provides the centralized noncooperative game
model of power sales with energy suppliers’ risk avoidance.
Next, the centralized noncooperative game model of power
sales with grid’s risk avoidance will be provided.

C. THE CENTRALIZED NONCOOPERATIVE GAME MODEL
OF POWER SALES WITH GRID’S RISK AVOIDANCE
The characteristics of the centralized noncooperative game
model of power sales with grid’s risk avoidance shown in
Fig. 4 are as follows:

• The power of power users is provided by the grid while
the power of the grid is provided by the energy suppliers.

• After innovations in renewable energy technologies,
the energy suppliers match renewable energy power
production quotas issued by the government on Green
Power Certificate System.

• The grid has the characteristic of the risk avoidance.

By respectively adjusting their respective control variables,
their revenue functions are maximized and the expressions
are as follows:max

lt
E2(πn

ct ) = (ω − ct )qct − Ct + Pt ,

s.t. 0 ≤ lt ≤ 1.
(39)max

ln
E2(πn

cn) = (ω − cn)qcn − Cn + Pn,

s.t. 0 < ln ≤ 1.
(40)

{
max
w

E2(πa
cg) = (p− cg − ω)q+ Rcg,

s.t. max{ct , cn} < w < p− cg.
(41)

where Rcg denotes the losses of the grid caused by grid’s risk
avoidance and its expression is designed as Rcg = −ηcgδ(p−

cg−w) by utilizing themean variancemethod and introducing
the risk-aversion coefficient ηcg. Note that the event sequence
for solving the problem ofmaximizing revenues of players for
the model is the same as the event sequence in the previous
section and is omitted here.

1) ANALYSIS OF EXISTENCE, UNIQUENESS AND STABILITY
OF THE NASH EQUILIBRIUM
Theorem 8: Suppose that ki − 2pcb > pcs for i ∈

{t, n}. Then, there exists a unique Nash equilibrium (l∗t , l
∗
n )

that satisfies (3) and the Nash equilibrium is globally
exponentially stable.

Proof:The remaining analysis follows that of Theorem 5
by replacing an auxiliary system therein with

L̇ =
∂G2(L,w∗)

∂L
, (42)

where L = [lt , ln]T and ∂G2(L,w∗)
∂L = [ ∂E2(πn

ct )(L,w∗)
∂lt

,

∂E2(πn
cn)(L,w∗)
∂ln

]T and is omitted here. □

2) COMPUTATION OF THE UNIQUE NASH EQUILIBRIUM,
THE OPTI- MAL POWER PRODUCTION QUANTITIES AND THE
OPTIMAL REVENUE FUNCTIONS
Theorem 9: Suppose that Assumptions 1-3 hold and the

parameters satisfy, as in (43), shown at the bottom of page 13.
Then, there exists a unique Nash equilibrium (l∗t , l

∗
n ) for the

centralized noncooperative game model of power sales with
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

∂l∗t
∂ηct

=

αδpc(q2 − q3)(
(b−s)(b+pcθ)(q2−q3)

4θ (q1q2−q23)+2(b−s)(b+pcθ)(q1+q2−2q3)
− 1)

q1q2 − q23
−

αδpcq3
q1q2 − q23

< 0,

∂l∗t
∂ηcn

=
(1 − α)δpc(b− s)(b+ pcθ)(q1 − q3)(q2 − q3)

(q1q2 − q23)(4θ (q1q2 − q23) + 2(b− s)(b+ pcθ )(q1 + q2 − 2q3))

+
(1 − α)δpcq3
q1q2 − q23

> 0,

∂l∗n
∂ηct

=
αδpc(b− s)(b+ pcθ )(q1 − q3)(q2 − q3)

(q1q2 − q23)(4θ (q1q2 − q23) + 2(b− s)(b+ pcθ )(q1 + q2 − 2q3))

+
αδpcq3
q1q2 − q23

> 0,

∂l∗n
∂ηcn

=

(1 − α)δpc(q1 − q3)(
(b−s)(b+pcθ )(q1−q3)

4θ(q1q2−q23)+2(b−s)(b+pcθ )(q1+q2−2q3)
− 1)

q1q2 − q23
−
(1 − α)δpcq3
q1q2 − q23

< 0,

∂q∗
ct

∂ηct
= −

θαδpc(3b+ s)(q2 − q3)

4θ (q1q2 − q23) + 2(b− s)(b+ pcθ)(q1 + q2 − 2q3)

−
αδpc(b− s)(b+ pcθ )(q2 − q3)(b(q1 + q2 − 2q3) + (b+ s)(q1 − q3))

(q1q2 − q23)(4θ (q1q2 − q23) + 2(b− s)(b+ pcθ )(q1 + q2 − 2q3))

−
αδpc(b+ s)q3
q1q2 − q23

< 0,

∂q∗
ct

∂ηcn
=

θ(1 − α)δpc(b− s)(q1 − q3)

4θ (q1q2 − q23) + 2(b− s)(b+ pcθ )(q1 + q2 − 2q3)

+
(1 − α)δpcb(b− s)(b+ pcθ )(q1 − q3)(q2 − q3)

(q1q2 − q23)(4θ (q1q2 − q23) + 2(b− s)(b+ pcθ )(q1 + q2 − 2q3))

+

(1 − α)δpcs(q1 − q3)(1 −
(b−s)(b+pcθ)(q1−q3)

4θ (q1q2−q23)+2(b−s)(b+pcθ)(q1+q2−2q3)
)

q1q2 − q23
+
(1 − α)δpc(b+ s)q3

q1q2 − q23
> 0,

∂q∗
cn

∂ηct
=

θαδpc(b− s)(q2 − q3)

4θ (q1q2 − q23) + 2(b− s)(b+ pcθ )(q1 + q2 − 2q3)

+
αδpcb(b− s)(b+ pcθ )(q1 − q3)(q2 − q3)

(q1q2 − q23)(4θ (q1q2 − q23) + 2(b− s)(b+ pcθ )(q1 + q2 − 2q3))

+

αδpcs(q2 − q3)(1 −
(b−s)(b+pcθ)(q2−q3)

4θ (q1q2−q23)+2(b−s)(b+pcθ)(q1+q2−2q3)
)

q1q2 − q23
+

αδpc(b+ s)q3
q1q2 − q23

> 0,

∂q∗
cn

∂ηcn
= −

θ (1 − α)δpc(3b+ s)(q1 − q3)

4θ (q1q2 − q23) + 2(b− s)(b+ pcθ )(q1 + q2 − 2q3)

−
(1 − α)δpc(b− s)(b+ pcθ )(q1 − q3)(b(q1 + q2 − 2q3) + (b+ s)(q2 − q3))

(q1q2 − q23)(4θ (q1q2 − q23) + 2(b− s)(b+ pcθ )(q1 + q2 − 2q3))

−
(1 − α)δpc(b+ s)q3

q1q2 − q23
< 0,

∂w∗

∂ηct
=

αδpc(b− s)(q2 − q3)

4θ (q1q2 − q23) + 2(b− s)(b+ pcθ )(q1 + q2 − 2q3)
> 0,

∂w∗

∂ηcn
=

(1 − α)δpc(b− s)(q1 − q3)

4θ (q1q2 − q23) + 2(b− s)(b+ pcθ )(q1 + q2 − 2q3)
> 0,

∂q∗

∂ηct
= −

αδpc(b− s)(q2 − q3)

2(q1q2 − q23)
< 0,

∂q∗

∂ηcn
= −

(1 − α)δpc(b− s)(q1 − q3)

2(q1q2 − q23)
< 0,

(38)
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grid’s risk avoidance and its expression is followed as:

(l∗t , l
∗
n ) = (

q2ς3 − q3ς4
q1q2 − q23

,
q1ς4 − q3ς3
q1q2 − q23

), (44)

where, as in (45), shown at the bottom of the next page.
At this point, the optimal power production quantities and

the optimal revenue functions are, as in (46), shown at the
bottom of the next page, where zt = w∗

− ct , zn = w∗
− cn,

zg = p − cg − w∗, ς5 = bς4 − sς3, ς6 = bς3 − sς4,
ς7 = ς2

3 , ς8 = ς3ς4 − sztς3, ς9 = (− 1
2kt + pcb)ς3,

ς10 = (− 1
2kt+pcb)ς4−pcsς3, ς11 = ς2

4 , ς12 = ς3ς4−sznς4,
ς13 = (− 1

2kn + pcb)ς4 and ς14 = (− 1
2kn + pcb)ς3 − pcsς4.

The Proof follows that of Theorem 6 and hence, is omitted.

3) IMPACTS OF RISK-AVERSION COEFFICIENTS ON THE
OPTIMAL REN- EWABLE ENERGY POWER’S INVESTMENT
AND PRODUCTION STRATEGY, THE OPTIMAL POWER PRICE
AND THE OPTIMAL TOTAL POWER PROD- UCTION QUANTITY
Theorem 10: The optimal power price w∗, the optimal

total power production quantity q∗ and the Nash equilibrium
(l∗t , l

∗
n ) are positively correlated with the risk-aversion

coefficient ηcg. The optimal power production quantity of
the traditional energy supplier q∗

ct is positively correlated
with the risk-aversion coefficient ηcg under certain condition.
The optimal power production quantity of the new energy
supplier q∗

cn is positively correlated with the risk-aversion
coefficient ηcg.

Proof: Noticing that b > s > 0 and q1 > q2 > q3 > 0,
one can obtaining that, as in (47), shown at the bottom of
page 15.

To this end, the proof is completed. □
Remark 4: Theorem 10 declares that as the risk-aversion

coefficient of the grid increases, the power price of the
grid would be improved with the aim to hedge the risk
and reduce the losses caused by the risk avoidance and
the grid reduces the impact of the risk on its own revenue
by utilizing a method of small profit but rapid turnover.
For the energy suppliers, their profit margins and grid’s
purchasing demands for the total power production quantity
are improved. Thus, they would seize the opportunity to boost
their power production quantities from their own perspective

with the measure that they invest more in renewable energy
technologies to improve the renewable energy utilization
rates. However, since the power production quantities of
traditional and new energy suppliers are negatively correlated
with each other’s renewable energy utilization rates, further
calculations are needed to conclude the correlation between
the risk-aversion coefficient of the grid and their power
production quantities. By further calculations, the conclusion
that with an increase in the risk-aversion coefficient of the
grid, the power production quantity of the traditional energy
supplier under certain condition increases and the power
production quantity of the new energy supplier increases is
drawn.

The centralized noncooperative gamemodel of power sales
with grid’s risk avoidance is analyzed in this section. In the
following, the centralized noncooperative game model of
power sales with risk avoidance for grid and energy suppliers
will be considered.

D. THE CENTRALIZED NONCOOPERATIVE GAME MODEL
OF POWER SALES WITH RISK AVOIDANCE FOR GRID AND
ENERGY SUPPLIERS
The characteristics of the centralized noncooperative game
model of power sales with risk avoidance for grid and energy
suppliers shown in Fig. 5 are as follows:

• The power users get the power from the grid whose
power comes from the energy suppliers.

• After innovations in renewable energy technologies,
the energy suppliers match renewable energy power
production quotas issued by the government on Green
Power Certificate System.

• The energy suppliers and the grid have the characteristic
of the risk avoidance.

By respectively adjusting their respective control variables,
their revenue functions are maximized and the expressions
are as follows:max

lt
E3(πa

ct ) = (ω − ct )qct − Ct + Pt + Rct ,

s.t. 0 ≤ lt ≤ 1.
(48)



max{ct , cn} < w∗ < p− cg,

where w∗
=

1
2
(p− cg)

+
(ηcgδ −M )(q1q2 − q23)

4θ (q1q2 − q23) + 2(b− s)(b+ pcθ)(q1 + q2 − 2q3)

+
(b− s)((q1 − q3)(bcn − pc(1 − α)M ) + (q2 − q3)(bct − pcαM ))

4θ (q1q2 − q23) + 2(b− s)(b+ pcθ )(q1 + q2 − 2q3)
,

b(w∗
− ct ) + pc(αM + θw∗)

kt − 2pcb
≤ 1,

b(w∗
− cn) + pc((1 − α)M + θw∗)

kn − 2pcb
≤ 1,

(43)

VOLUME 12, 2024 68523



D. Li, J. Xu: Renewable Energy Power’s Investment and Production Strategies

max
ln

E3(πa
cn) = (ω − cn)qcn − Cn + Pn + Rcn,

s.t. 0 < ln ≤ 1.
(49)

{
max
w

E3(πa
cg) = (p− cg − ω)q+ Rcg,

s.t. max{ct , cn} < w < p− cg.
(50)

The event sequence for solving the problem of maximizing
revenues of players for the model is the same as the

event sequence in the previous two sections and is omitted
here.

1) ANALYSIS OF EXISTENCE, UNIQUENESS AND STABILITY
OF THE NASH EQUILIBRIUM
Theorem 11: Suppose that ki − 2pcb > pcs for i ∈

{t, n}. Then, there exists a unique Nash equilibrium (l∗t , l
∗
n )

that satisfies (4) and the Nash equilibrium is globally
exponentially stable.



ς3 =
1
2
(b+ pcθ )(p− cg) − bct + pcαM

+
(b+ pcθ )(ηcgδ −M )(q1q2 − q23)

4θ (q1q2 − q23) + 2(b− s)(b+ pcθ)(q1 + q2 − 2q3)

+
(b+ pcθ )(b− s)((q1 − q3)(bcn − pc(1 − α)M ) + (q2 − q3)(bct − pcαM ))

4θ (q1q2 − q23) + 2(b− s)(b+ pcθ )(q1 + q2 − 2q3)
,

ς4 =
1
2
(b+ pcθ )(p− cg) − bcn + pc(1 − α)M

+
(b+ pcθ )(ηcgδ −M )(q1q2 − q23)

4θ (q1q2 − q23) + 2(b− s)(b+ pcθ)(q1 + q2 − 2q3)

+
(b+ pcθ )(b− s)((q1 − q3)(bcn − pc(1 − α)M ) + (q2 − q3)(bct − pcαM ))

4θ (q1q2 − q23) + 2(b− s)(b+ pcθ )(q1 + q2 − 2q3)
.

(45)



q∗
ct = αM +

1
2
θ (p− cg) +

q2bς3 − q1sς4 − q3ς5
q1q2 − q23

+
θ (ηcgδ −M )(q1q2 − q23)

4θ (q1q2 − q23) + 2(b− s)(b+ pcθ )(q1 + q2 − 2q3)

+
θ(b− s)((q1 − q3)(bcn − pc(1 − α)M ) + (q2 − q3)(bct − pcαM ))

4θ (q1q2 − q23) + 2(b− s)(b+ pcθ )(q1 + q2 − 2q3)
,

q∗
cn = (1 − α)M +

1
2
θ (p− cg) +

q1bς4 − q2sς3 − q3ς6
q1q2 − q23

+
θ (ηcgδ −M )(q1q2 − q23)

4θ (q1q2 − q23) + 2(b− s)(b+ pcθ )(q1 + q2 − 2q3)

+
θ(b− s)((q1 − q3)(bcn − pc(1 − α)M ) + (q2 − q3)(bct − pcαM ))

4θ (q1q2 − q23) + 2(b− s)(b+ pcθ )(q1 + q2 − 2q3)
,

q∗
= M + θ (p− cg) +

(b− s)(q1ς4 + q2ς3 − q3(ς3 + ς4))

q1q2 − q23

+
θ (ηcgδ −M )(q1q2 − q23)

2θ (q1q2 − q23) + (b− s)(b+ pcθ )(q1 + q2 − 2q3)

+
θ (b− s)((q1 − q3)(bcn − pc(1 − α)M ) + (q2 − q3)(bct − pcαM ))

2θ (q1q2 − q23) + (b− s)(b+ pcθ )(q1 + q2 − 2q3)
,

E2∗(πn
ct ) = zt (αM + θ (zt + ct )) − pcA

+
q2ς7 − q1sztς4 − q3ς8

q1q2 − q23
+

(q2ς3 − q3ς4)(q2ς9 − q1pcsς4 − q3ς10)

(q1q2 − q23)
2

,

E2∗(πn
cn) = zn((1 − α)M + θ (zn + cn)) − pcA

+
q1ς11 − q2sznς3 − q3ς12

q1q2 − q23
+

(q1ς4 − q3ς3)(q1ς13 − q2pcsς3 − q3ς14)

(q1q2 − q23)
2

,

E2∗(πa
cg) = zg(M + 2θ (p− cg − zg) − ηcgδ

+(b− s)
q1ς4 + q2ς3 − q3(ς3 + ς4)

q1q2 − q23
),

(46)
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FIGURE 5. The centralized noncooperative game model of power sales
with risk avoidance for grid and energy suppliers.

FIGURE 6. The trajectories of li for i ∈ {t, n} for the distributed no-
ncooperative game model of power sales with energy suppliers’ risk
avoidance.

Proof:The remaining analysis follows that of Theorem 5
by replacing an auxiliary system therein with

L̇ =
∂G3(L,w∗)

∂L
, (51)

where L = [lt , ln]T and ∂G3(L,w∗)
∂L = [ ∂E3(πa

ct )(L,w∗)
∂lt

,

∂E3(πa
cn)(L,w∗)
∂ln

]T and is omitted here. □

2) COMPUTATION OF THE UNIQUE NASH EQUILIBRIUM,
THE OPTI- MAL POWER PRODUCTION QUANTITIES AND THE
OPTIMAL REVENUE FUNCTIONS
Theorem 12: Suppose that Assumptions 1-3 hold and the

parameters satisfy{
max{ct , cn} < w∗ < p− cg, (52)



where w∗
=

1
2
(p− cg)

+
(ηcgδ −M )(q1q2 − q23)

4θ (q1q2 − q23) + 2(b− s)(b+ pcθ)(q1 + q2 − 2q3)

+
(b− s)(q1 − q3)(bcn − pc(1 − α)M + (1 − α)ηcnδpc)

4θ (q1q2 − q23) + 2(b− s)(b+ pcθ )(q1 + q2 − 2q3)

+
(b− s)(q2 − q3)(bct − pcαM + αηctδpc)

4θ (q1q2 − q23) + 2(b− s)(b+ pcθ)(q1 + q2 − 2q3)
,

ηct ≤
b(w∗

− ct ) + pc(αM + θw∗
− s)

αδpc
,

ηcn <
b(w∗

− cn) + pc((1 − α)M + θw∗
− s)

(1 − α)δpc
,

b(w∗
− ct ) + pc(αM + θw∗) − αηctδpc

kt − 2pcb
≤ 1,

b(w∗
− cn) + pc((1 − α)M + θw∗) − (1 − α)ηcnδpc

kn − 2pcb
≤ 1.

(53)

Then, there exists a unique Nash equilibrium for the
centralized noncooperative game model of power sales
with risk avoidance for grid and energy suppliers and its
expression is followed as

(l∗t , l
∗
n ) = (

q2µ3 − q3µ4

q1q2 − q23
,
q1µ4 − q3µ3

q1q2 − q23
), (54)

where, as in (55), shown at the bottom of the next page.



∂w∗

∂ηcg
=

δ(q1q2 − q23)

4θ (q1q2 − q23) + 2(b− s)(b+ pcθ)(q1 + q2 − 2q3)
> 0,

∂q∗

∂ηcg
=

δ

2
> 0,

∂l∗t
∂ηcg

=
δ(b+ pcθ )(q2 − q3)

4θ (q1q2 − q23) + 2(b− s)(b+ pcθ)(q1 + q2 − 2q3)
> 0,

∂l∗n
∂ηcg

=
δ(b+ pcθ )(q1 − q3)

4θ (q1q2 − q23) + 2(b− s)(b+ pcθ)(q1 + q2 − 2q3)
> 0,

∂q∗
ct

∂ηcg
=

δ

4
(1 −

(b+ s)(b+ pcθ )(q1 − q2)

2θ (q1q2 − q23) + (b− s)(b+ pcθ )(q1 + q2 − 2q3)
) > 0

if and only if
(b+ s)(b+ pcθ )(q1 − q2)

2θ (q1q2 − q23) + (b− s)(b+ pcθ )(q1 + q2 − 2q3)
< 1,

∂q∗
cn

∂ηcg
=

δ

4
(1 +

(b+ s)(b+ pcθ )(q1 − q2)

2θ (q1q2 − q23) + (b− s)(b+ pcθ )(q1 + q2 − 2q3)
> 0,

(47)
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At this point, the optimal power production quantities and
the optimal revenue functions are:

q∗
ct = αM +

θ (p−cg)
2

+
q2bµ3−q1sµ4−q3µ5

q1q2−q23

+
θ (ηcgδ−M )(q1q2−q23)

4θ (q1q2−q23) + 2(b−s)(b+ pcθ )(q1 + q2−2q3)

+
θ (b−s)(q2−q3)(bct−pcαM + αηctδpc)

4θ (q1q2−q23) + 2(b−s)(b+ pcθ )(q1 + q2−2q3)

+
θ (b−s)(q1−q3)(bcn−pc(1−α)M + (1−α)ηcnδpc)

4θ (q1q2−q23) + 2(b−s)(b+ pcθ)(q1 + q2−2q3)
,

q∗
cn = (1−α)M +

θ (p−cg)
2

+
q1bµ4−q2sµ3−q3µ6

q1q2−q23

+
θ (ηcgδ−M )(q1q2−q23)

4θ (q1q2−q23) + 2(b−s)(b+ pcθ )(q1 + q2−2q3)

+
θ (b−s)(q2−q3)(bct−pcαM + αηctδpc)

4θ (q1q2−q23) + 2(b−s)(b+ pcθ )(q1 + q2−2q3)

+
θ (b−s)(q1−q3)(bcn−pc(1−α)M + (1−α)ηcnδpc)

4θ (q1q2−q23) + 2(b−s)(b+ pcθ)(q1 + q2−2q3)
,

q∗
= M + θ (p−cg) +

(b−s)(q1µ4 + q2µ3−q3(µ3 + µ4))

q1q2−q23

+
θ (ηcgδ−M )(q1q2−q23)

2θ (q1q2−q23) + (b−s)(b+ pcθ )(q1 + q2−2q3)

+
θ(b−s)(q2−q3)(bct−pcαM + αηctδpc)

2θ (q1q2−q23) + (b−s)(b+ pcθ )(q1 + q2−2q3)

+
θ (b−s)(q1−q3)(bcn−pc(1−α)M + (1−α)ηcnδpc)

2θ (q1q2−q23) + (b−s)(b+ pcθ )(q1 + q2−2q3)
,

E3∗(πa
ct ) = xt (αM + θ(xt + ct ))

+
(q2µ3−q3µ4)(q2µ9−q1pcsµ4−q3µ10)

(q1q2−q23)
2

−pcA

+
q2µ7−q1sxtµ4−q3µ8

q1q2−q23
−αηctδxt ,

(56)



E3∗(πa
cn) = xn((1 − α)M + θ (xn + cn))

+
(q1µ4 − q3µ3)(q1µ13 − q2pcsµ3 − q3µ14)

(q1q2 − q23)
2

− pcA

+
q1µ11 − q2sxnµ3 − q3µ12

q1q2 − q23
− (1 − α)ηcnδxn,

E3∗(πa
cg) = xg(M + 2θ (p− cg − xg) − ηcgδ

+(b− s)
q1µ4 + q2µ3 − q3(µ3 + µ4)

q1q2 − q23
),

(57)

where xt = w∗
− ct , xn = w∗

− cn, xg = p− cg − w∗, µ5 =

bµ4 − sµ3, µ6 = bµ3 − sµ4, µ7 = µ2
3, µ8 = µ3µ4 − sxtµ3,

µ9 = (− 1
2kt + pcb)µ3, µ10 = (− 1

2kt + pcb)µ4 − pcsµ3,
µ11 = µ2

4, µ12 = µ3µ4−sxnµ4, µ13 = (− 1
2kn+pcb)µ4 and

µ14 = (− 1
2kn + pcb)µ3 − pcsµ4.

The Proof follows that of Theorem 6 and hence, is omitted.
Moreover, it’s found that the correlations between the risk-
aversion coefficients and the optimal renewable energy
power’s investment and production strategy, the optimal
power price and the optimal total power production are
calculated with the same results presented in (38) and (47).
Therefore, the analysis of impacts of each of risk-aversion
coefficients on them can be referred to the previous two
sections and is omitted here.

V. THEOREMS-TO-VALIDITY
Through the simulations by MATLAB for auxiliary systems
in (16), (28), (42) and (51), the convergent results of
renewable energy utilization rates are obtained and numerical
verifications for the Nash equilibriums, the optimal power
production quantities and the optimal revenue functions are
realized for a class of noncooperative game models of power
sales with risk avoidance with the aim to verify the validity
of Theorems. For the subsequent simulations, the following
parameters’ values are provided:



µ3 =
(b+ pcθ)(p− cg)

2
− bct + pcαM − αηctδpc

+
(b+ pcθ )(ηcgδ −M )(q1q2 − q23)

4θ (q1q2 − q23) + 2(b− s)(b+ pcθ)(q1 + q2 − 2q3)

+
(b+ pcθ )(b− s)(q1 − q3)(bcn − pc(1 − α)M + (1 − α)ηcnδpc)

4θ (q1q2 − q23) + 2(b− s)(b+ pcθ )(q1 + q2 − 2q3)

+
(b+ pcθ )(b− s)(q2 − q3)(bct − pcαM + αηctδpc)

4θ (q1q2 − q23) + 2(b− s)(b+ pcθ)(q1 + q2 − 2q3)
,

µ4 =
(b+ pcθ )(p− cg)

2
− bcn + pc(1 − α)M − (1 − α)ηcnδpc

+
(b+ pcθ )(ηcgδ −M )(q1q2 − q23)

4θ (q1q2 − q23) + 2(b− s)(b+ pcθ)(q1 + q2 − 2q3)

+
(b+ pcθ )(b− s)(q1 − q3)(bcn − pc(1 − α)M + (1 − α)ηcnδpc)

4θ (q1q2 − q23) + 2(b− s)(b+ pcθ )(q1 + q2 − 2q3)

+
(b+ pcθ )(b− s)(q2 − q3)(bct − pcαM + αηctδpc)

4θ (q1q2 − q23) + 2(b− s)(b+ pcθ)(q1 + q2 − 2q3)
,

(55)
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A = 15 billion kW·h pc = 0.02 CNY/kW·h
cg = 0.1 CNY/kW·h ct = 0.2 CNY/kW·h
cn = 0.3 CNY/kW·h p = 0.9 CNY/kW·h
pt = 0.65 CNY/kW·h pn = 0.7 CNY/kW·h
M = 50 billion kW·h α = 0.6, δ = 5

ηdt = ηdn = 5 ηct = ηcn = ηcg = 5
kt = 120 kn = 60

Note that to achieve convergent verification for renewable
energy utilization rates and numerical validations for the opti-
mal calculations for the four proposedmodels, discretizations
of auxiliary systems are needed.

A. THE DISTRIBUTED NONCOOPERATIVE GAME MODEL
OF POWER SALES WITH ENERGY SUPPLIERS’ RISK
AVOIDANCE
The demand and substitution elasticity coefficients of power
prices are respectively set as b′

= 40 and s′ =

120. The demand and substitution elasticity coefficients of
renewable energy utilization rates are respectively set as
b = 90 and s = 20. By (23), the optimal renewable energy
power’s investment and production strategy and the optimal
revenue functions are respectively calculated as (l∗t , l

∗
n ) =

(0.3582, 0.657), (q∗
dt , q

∗
dn) = (107.0994, 121.9686) billion

kW·h and (E∗(πa
dt ),E

∗(πa
dn)) = (34.1051, 33.008) billion

CNY. With the discretization stepsize being 0.006, the
simulation results generated by (16) are depicted as Fig. 6-8
which respectively plot the trajectories of li, qdi and E(πa

di)
for i ∈ {t, n} from which it’s clear that according to Fig. 6,
the renewable energy utilization rates converge to (l∗t , l

∗
n )

and according to Fig. 7-8, the power production quantities
and the revenue functions respectively converge to (q∗

dt , q
∗
dn)

and (E∗(πa
dt ), E

∗(πa
dn)), which declares that the convergent

conclusion of renewable energy utilization rates is proven and
the numerical verifications for the optimal calculations are
completed. Therefore, Theorem 1-3 are verified.

FIGURE 7. The trajectories of qdi for i ∈ {t, n} for the distributed non-
cooperative game model of power sales with energy suppliers’ risk
avoidance.

B. THE CENTRALIZED NONCOOPERATIVE GAME MODEL
OF POWER SALES WITH ENERGY SUPPLIERS’ RISK
AVOIDANCE
The demand elasticity coefficient of the power price is set as
θ = 80. The demand and substitution elasticity coefficients
of renewable energy utilization rates are respectively set as

FIGURE 8. The trajectories of E(πa
di ) for i ∈ {t, n} for the distributed non-

cooperative game model of power sales with energy suppliers’ risk
avoidance.

FIGURE 9. The trajectories of li for i ∈ {t, n} for the centralized non-
cooperative game model of power sales with energy suppliers’ risk a-
voidance.

FIGURE 10. The trajectories of qci for i ∈ {t, n} and q for the centralized
noncooperative game model of power sales with energy suppliers’ risk a-
voidance.

b = 180 and s = 40. By (33), the optimal renewable
energy utilization rates, the optimal power production
quantities and the optimal revenue functions are respectively
calculated as (l∗t , l

∗
n ) = (0.4497, 0.6205), (q∗

ct , q
∗
cn, q

∗) =

(124.4173, 151.9945, 276.4117) billion kW·h and (E1∗(πa
ct ),

E1∗(πa
cn),E

1∗(πn
cg)) = (19.0392, 15.2783, 88.8257) bil-

lion CNY. With the discretization stepsize being 0.0001,
the simulation results generated by (28) are shown in
Fig. 9-11 which respectively illustrate the trajectories of li,
qci for i ∈ {t, n} and q, E1(πa

ci) for i ∈ {t, n} and
E1(πn

cg). Obviously, the renewable energy utilization rates,
the power production quantities and the revenue functions
are respectively convergent to (l∗t , l

∗
n ), (q∗

ct , q
∗
cn, q

∗) and
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FIGURE 11. The trajectories of E1(πa
ci ) for i ∈ {t, n} and E1(πn

cg) for the
centralized noncooperative game model of power sales with energy
suppliers’ risk avoidance.

(E1∗(πa
ct ),E

1∗(πa
cn),E

1∗(πn
cg)). Therefore, Theorem 5-6 are

verified.

C. THE CENTRALIZED NONCOOPERATIVE GAME MODEL
OF POWER SALES WITH GRID’S RISK AVOIDANCE
With the settings of simulation parameters that are
same as the centralized noncooperative game model of
power sales with energy suppliers’ risk avoidance and
by (46), (l∗t , l

∗
n ) = (0.4746, 0.6721), (q∗

ct , q
∗
cn, q

∗) =

(127.9477, 161.4107, 289.3584) billion kW·h and (E2∗(πn
ct ),

E2∗(πn
cn),E

2∗(πa
cg)) = (24.8476, 19.4152, 81.2478) billion

CNY are respectively calculated. With the discretization
stepsize being 0.0001, the simulation results generated
by (42) are given in Fig. 12-14, which plot the trajectories
of li, qci for i ∈ {t, n} and q and E2(πn

ci) for i ∈ {t, n}
and E2(πa

cg) from which it can be seen that the renewable
energy utilization rates, the power production quantities and
the revenue functions are respectively convergent to the
corresponding optimal calculations. Therefore, Theorem 8-9
are verified.

FIGURE 12. The trajectories of li for i ∈ {t, n} for centralized non-
cooperative game model of power sales with grid’s risk avoidance.

D. THE CENTRALIZED NONCOOPERATIVE GAME MODEL
OF POWER SALES WITH RISK AVOIDANCE FOR GRID AND
ENERGY SUPPLIERS
With the settings of the same simulation parameters as
previous two simulations, (l∗t , l

∗
n ) = (0.4727, 0.6701),

(q∗
ct , q

∗
cn, q

∗) = (127.7425, 161.1693, 288.9117) billion

FIGURE 13. The trajectories of qci for i ∈ {t, n} and q for centralized
noncooperative game model of power sales with grid’s risk avoidance.

FIGURE 14. The trajectories of E2(πn
ci ) for i ∈ {t, n} and E2(πa

cg) for
centralized noncooperative game model of power sales with grid’s risk
avoidance.

FIGURE 15. The trajectories of li for i ∈ {t, n} for centralized nonco-
operative game model of power sales with risk avoidance for grid and
energy suppliers.

FIGURE 16. The trajectories of qci for i ∈ {t, n} and q for centralized
noncooperative game model of power sales with risk avoidance for grid
and energy suppliers.

kW·h and (E3∗(πa
ct ),E

3∗(πa
cn), E3∗(πa

cg)) = (20.4106,
17.4564, 80.9735) billion CNY are respectively calculated
under (56)-(57). With the discretization stepsize being
0.0001, the simulation results generated by (51) are given
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FIGURE 17. The trajectories of E3(πa
cj ) for j ∈ {t, n, g} for centralized

noncooperative game model of power sales with risk avoidance for grid
and energy suppliers.

in Fig. 15-17. Obviously, the renewable energy utilization
rates, the power production quantities and the revenue
functions respectively converge to the corresponding optimal
calculations. Therefore, Theorem 11-12 are verified.

VI. CONCLUSION
A class of noncooperative game models of power sales with
risk avoidance under the consideration of renewable energy
power production quotas andGreen Power Certificate System
are constructed in this paper, namely the distributed noncoop-
erative gamemodel of power sales with energy suppliers’ risk
avoidance and the centralized noncooperative game models
of power sales with energy suppliers’ risk avoidance, with
grid’s risk avoidance and with risk avoidance for grid and
energy suppliers, and their computational problems of the
optimal renewable energy power’s investment and production
strategies are investigated.

By utilizing the gradient-like optimization method and
setting up the auxiliary systems, it’s proven that there exists a
unique Nash equilibrium for each of models (i.e., the optimal
renewable energy utilization rates) and the stable conclusions
that the Nash equilibriums are globally exponentially stable
can be obtained. Moreover, by employing the definition of
the complete information static game, the Nash equilibriums
can be calculated and then by correlating equations, the
optimal power production quantities and the optimal revenue
functions can be computed.

Convergent verifications for renewable energy utilization
rates, numerical verifications for the optimal renewable
energy power’s investment and production strategies and the
optimal revenue functions for the four proposed models are
achieved through a specific numerical example. Moreover,
the analysis of impacts of risk-aversion coefficients on the
optimal renewable energy power’s investment and production
strategies (the optimal power price and the optimal total
power production quantity) and remarks on impacts are
provided.
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