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Abstract: The development of renewable energy in China has made remarkable achievements, but
the problem of renewable energy consumption has become increasingly prominent. This paper
establishes a power market trading system for renewable energy, with the aim of promoting large-
scale renewable energy consumption and increasing the enthusiasm of renewable energy producers
and users to participate in market transactions. First, according to the power generation cost,
the backup cost of renewable energy power plants and the possible quotation strategies of other
renewable energy producers, a quotation model of renewable energy producers is established. In
the clearing of the spot market by renewable energy producers, the independent market operator
conducts the first-stage clearing of the electricity market with the goal of maximizing social welfare.
After the announcement of the clearing results, the renewable energy producers that did not win the
bid will revise their quotations and carry out the second stage clearing to realize the consumption of
renewable energy. In this paper, the particle swarm algorithm combined with the CPLEX solver is
used to solve the problem, and finally, different scenarios are analyzed through example analysis.
The results show that, compared with the conventional power market trading mechanism, the energy
abandonment rate of the power market trading mechanism for renewable energy proposed in this
paper drops from 8.2% to 2.1%, and the profit margin of renewable energy producers increase by
6.6%. It is demonstrated that the proposed electricity market mechanism can effectively promote the
consumption of renewable energy and increase the income of renewable energy producers.

Keywords: renewable energy consumption; electricity spot market; clearing mechanism; wind
power photovoltaic

1. Introduction

In recent years, China has begun to develop and utilize renewable energy represented
by wind energy and solar energy on a large scale. By the end of 2021, China will install
1 billion kWh of renewable energy, generating 2.48 trillion kWh of electricity, accounting
for 29.8% of the country’s total electricity consumption. The installed capacity of wind
power and photovoltaics in China is more than 300 million kilowatts, ranking first in the
world [1–3]. Vigorously developing renewable energy and promoting clean and low-carbon
transformation of energy have become the trend of China’s energy development [4,5]. In
the future, the proportion of renewable energy transactions will continue to grow and
become the main form of energy supply. Renewable energy is traded in the same way as
conventional power to participate in market competition [6,7].

Renewable energy generation is an important player in the electricity market. The
electricity spot market is a market based on variable costs, and the variable costs of renew-
able energy are extremely low. It is conducive to participating in market competition and
promoting consumption [8,9]. However, the market quotations are random and irrational,
and there may be game quotations with excessively high renewable energy quotations,
resulting in the failure of renewable energy producers to win the bid. Therefore, in a highly
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competitive electricity market, renewable energy producers take into account market play-
ers reacting to their competitors’ strategies to maximize their earnings [10,11]. Rampriya
et al., studied the problem of how producers coordinate offers in the energy and spinning
reserve markets. Taking the maximum total profit as the objective function, a stochastic
optimization model is established and solved by a genetic algorithm [12]. Nogales et al.,
studied the method of predicting the market electricity price. In the clearing environment
of the electricity market, the power producers only need to use the price quotation that
is higher than the marginal cost and lower than the predicted electricity price [13]. How-
ever, for renewable energy producers, the declaration strategy must consider changes in
power generation costs and market mechanisms, so that renewable energy producers can
develop healthily.

By the end of 2021, the Chinese curtailment of wind and photovoltaic power totaled
beyond 20 billion kWh and the curtailment rate is still high [14,15]. Under the contradiction
between the rapid development of renewable energy and the difficulty of renewable energy
consumption in China [16,17], the electricity market mechanism and policies to promote
the consumption of renewable energy should be improved [18–20]. Wang discussed several
current ways for renewable energy to participate in the market, and proposes a mechanism
to promote renewable energy consumption at this stage [21]. However, there is a lack of
macro guidance for overall market transactions. Zeng discussed the consumption patterns
of renewable energy and the design of the spot market mechanism. However, the research
on the problems of my country’s renewable energy consumption and the coordination of the
dual goals of the spot market is not in-depth enough, and there is no feasible solution [22].
References [23–25] summarized the mechanisms for the participation of renewable energy
in the electricity market of various countries. However, it does not take into account that
the power system has renewable energy curtailment. Wang et al., based on the changes in
the characteristics of the power system and the development of marketization under the
new situation, put forward the principles for the construction of a social power market with
Chinese characteristics under the background of energy transition. The current research
on the design of the electricity market mechanism and the trading system to promote
renewable energy consumption lacks the comparison of experience in a foreign mature
electricity spot market consumption renewable energy mechanism [26]. How to realize the
consumption of renewable energy under the premise of maintaining the optimal allocation
of market resources through the scientific design of the electricity spot market mechanism
is a new challenge for the construction of China’s electricity market mechanism [27].

Based on the above research, this paper establishes a renewable energy power market
trading mechanism. Considering the difficulty of renewable energy consumption, and
then establishing a reasonable structure for renewable energy producers to participate in
the electricity market. Based on the operating characteristics of the electricity market, a
two-stage renewable energy electricity market clearing model is proposed. In the first
clearing, the independent market operator made clearing with the goal of maximizing
social welfare. Renewable energy producers that did not win the bid revise their quotations
and carry out the second stage of clearing in order to realize the consumption of renewable
energy. Finally, an example is used to verify the effectiveness of the proposed model.

The rest of this paper is organized as follows. Section 2 describes the design mechanism
of the renewable energy electricity market. Section 3 establishes the renewable energy
supplier quotation model. Section 4 establishes a two-stage renewable energy electricity
market clearing model. Section 5 sets different scenarios to analyze the clearing model
proposed in this paper. Finally, conclusions are drawn in Section 6.

2. Design of Electricity Market Mechanism for Renewable Energy

At present, the main ways for China’s renewable energy to participate in the market
are: non-participation in market bidding and participating in market bidding. The method
of not participating in market bidding ensures the priority consumption of renewable
energy, but it is not conducive to cultivating the market awareness of renewable energy
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producers. In the way of participating in market bidding, renewable energy producers and
conventional energy producers make quotations to participate in the electricity market.
This way is not convenient for renewable energy to reflect market value and competition
among renewable energy producers, and it is difficult to promote the consumption of
renewable energy.

This paper establishes the renewable energy market. In the day-ahead electricity
market, it is traded separately from conventional energy electricity, and a market where
renewable energy is traded directly with users is designed. Users can participate in the
renewable energy market or the conventional energy market according to their own needs,
and users can clearly know the amount of renewable energy consumed. Maximize social
welfare by consuming renewable energy in a market-based way. The specific transaction
methods are as follows:

A new power system with solar energy, wind energy and other renewable energy
sources as the main body of power generation, renewable energy producers (including
centralized wind farms and photovoltaic power plants) combine their forecast output.
They report to the independent market operator the predicted output curve for the next
24 h as shown in Figure 1, and submit the corresponding bidding price to participate in
the market clearing [28]. Users who choose to participate in renewable energy electricity
market transactions also declare electricity demand and prices.
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Figure 1. Day-ahead electricity market transaction framework.

According to the declared data, the independent market operator aims to maximize
social welfare under the premise of satisfying various loads of the system, operating
constraints of generator sets, and power grid security constraints. Through calculation, the
power generation output curve of the unit and the clearing electricity price are obtained,
and the clearing result of the first stage is issued. The renewable energy producers that
did not win the bid in the first clearing stage resubmit their quotations in the second
clearing stage, and the renewable energy producers that did not win the bid revise their
quotations and replace them with lower price quotations. Electricity purchasers who still
have remaining capacity can continue to report their demand for electricity at this stage.
The independent market operator conducts the second-stage clearing with the objective
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function of maximizing social welfare, obtains the cleared electricity quantity and cleared
electricity price and issues the cleared results.

3. Renewable Energy Power Generation Negotiation Volume and Price
Declaration Strategy
3.1. A Quotation Model Considering Renewable Energy Generation Costs and Rival Strategies

In order to establish a reasonable quotation model for renewable energy producers,
this paper analyzes the cost structure of renewable energy producers’ power generation
and market competition [29]. The cost of renewable energy power generation includes
the power generation operation and maintenance cost of the unit and the backup cost to
balance the fluctuation of renewable energy.

The power generation operation and maintenance cost of renewable energy units
include marginal power generation cost and fixed power generation cost. The marginal
power generation cost of renewable energy units is extremely low and can be approximately
considered to be zero [30]. The fixed power generation cost of renewable energy units is
the cost of station construction and operation and maintenance [31]. From this, it can be
concluded that the fixed power generation cost corresponding to the unit electricity of
renewable energy is:

CR
wgen =

CR
wt·CRF1

T
+ CR

wo (1)

CRF1 =
i1·(1 + i1)

N1

(1 + i1)
N1 − 1

(2)

In the above formula: CR
wgen is the operation and maintenance cost of renewable energy

power generation corresponding to the unit of electricity; CR
wt is the construction cost of

the renewable energy unit corresponding to the unit of electricity; CR
wo is the operation

and maintenance cost of the renewable energy power plant corresponding to the unit of
electricity; T is the hours of utilization of renewable energy power generation; CRF1 is the
capital recovery coefficient of investment in renewable energy projects; i1 is the investment
discount rate of renewable energy projects; N1 is the operating life of the renewable energy
power plant.

The backup cost is the cost paid for the lower confidence capacity caused by random
fluctuation of renewable energy generation. Assume that the renewable energy power
plant with installed capacity PR has the same reliable capacity to the power system as the
conventional generator set with installed capacity αwPR. Then, (1− αw)PR is the additional
reserve capacity of the renewable energy power plant. Based on this, the mathematical
model of the backup cost corresponding to the unit of electricity of renewable energy is
established:

CR
backup =

(1 − αW)CttPRCRF2

PRT
=

(1 − αW)CttCRF2

T
(3)

CRF2 =
i2·(1 + i2)

N2

(1 + i2)
N2 − 1

(4)

In the above formula: αW is the renewable energy capacity confidence coefficient; Ctt
is the investment and construction cost of the thermal power unit corresponding to the unit
of electricity; CRF2 is the capital recovery coefficient of thermal power project investment;
i2 is the investment discount rate of thermal power projects; N2 is the operating life of the
thermal power plant.

Renewable energy power generation producers do not necessarily quote their power
generation costs when quoting. This paper dynamically adjusts the quotation according to
the historical quotation strategy of other renewable energy producers in the same period. It
can be concluded that the quotation function of the renewable energy producer m in the t
period is:

CR
m,t = am[(CR

wgen + CR
backup)qm,t + bm] (5)
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In the above formula: qm,t is the output corresponding to the quotation of the renew-
able energy producer m in the t period; am, bm are the decision variables for renewable
energy producers.

Renewable energy producers, in addition to considering the power generation cost of
renewable energy units, also need to consider the quotations of other renewable energy
producers to formulate their own quotation strategies. From the perspective of renewable
energy producer m, the quotation coefficient of renewable energy producers conforms to a
two-dimensional normal distribution [32], and its probability density function is as follows:

(amj, bmj) ∼ N(

[
µa,mj
µb,mj

]
,

[
σ2

a,mj − σa,mjσb,mj

−σa,mjσb,mj σ2
b,mj

]
) (6)

In the above formula: the subscripts m and j represent the estimated value of renewable
energy producer i by renewable energy producer j; σa,mj and σb,mj are the estimated standard
deviations of a and b, respectively; µa,mj and µb,mj are the mean estimates of a and b,
respectively.

Renewable energy producer m generates a set of quotation scenarios for renewable
energy producer j through the Monte Carlo simulation, so as to determine its own optimal
quotation strategy. The steps for generating quotation coefficient scenarios are as follows:

Step 1: Set M =

[
σ2

a,mj − σa,mjσb,mj

−σa,mjσb,mj σ2
b,mj

]
to generate a lower triangular matrix C such that

M = CCT .
Step 2: Generate mutually independent two-dimensional standard normal distribution
random vectors η, η = [ηa, ηb]

T , where ηa ∼ N(0, 1), ηb ∼ N(0, 1).
Step 3:[amj bmj]

T = [µa,mj µb,mj]
T + Cη.

3.2. Expectation Model of Renewable Energy Producers

In the market mechanism of this paper, the profit of renewable energy producers can
be expressed as the difference between revenue and power generation cost. The quotation
of renewable energy manufacturers takes the maximum expected value of revenue in all
scenarios as the objective function. It can be expressed as:

maxΠ = Es

(
∑
m

∑
t

(
RS

t qS
m,t −

(
CR

wgen + CR
backup

)
qS

m,t

))
(7)

In the above formula: the superscript S represents a possible quotation scenario of
other renewable energy producers generated by the Monte Carlo simulation; the function
ES(·) means to obtain the expected profit value of renewable energy producers in each
possible scenario; RS

t is the market clearing price at time t; qS
m,t is the clearing amount of

renewable energy producers at time t.

4. Renewable Energy Power Market Clearing Model Based on Two-Stage
Centralized Bidding
4.1. The First Clearing Model of the Renewable Energy Power Market

Renewable energy producers declare volume and price curves to participate in the
transaction. After collecting the bidding information of market members, the independent
market operator determines the transaction volume and price of each subject in a unified
clearing method. All participants settle at a unified clearing price, which is the price
corresponding to the intersection of the supply and demand curves in Figure 2 [33]. After
the market clearing price is determined, the benefit of each market member is the difference
between the product of the user’s transaction volume and its quotation and the product of
the renewable energy manufacturer’s transaction volume and its quotation.
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Therefore, taking the maximum social welfare as the objective function can be ex-
pressed as:

F1 = max

[
∑
k

∑
t
(CP

k,tP
P
k,t)− ∑

m
∑

t

(
CR

m,tP
R
m,t

)]
(8)

In the above formula: CP
k,t is the quotation of user k in time period t. PP

k,t is the bid-
winning power of user k in time period t CR

m,t is the energy quotation of renewable energy
producer m in time t; PR

m,t is the output power of renewable energy producer m in time
period t.

(1) System Power Balancing Constraints

At period t, the sum of the outputs of all units in the system should be equal to the
load during that period:

∑
m

PR
m,t = Dt (9)

In the above formula: PR
m,t is the output of the renewable energy producer m in the

period t; D is the total system load in the period t.

(2) System Reserve Capacity Constraints with Renewable Energy Participation

Due to the increase in the installed capacity of renewable energy units, in order to
ensure that the system meets the minimum reserve capacity, the renewable energy units
that did not win the bid in the market a few days ago are included in the system reserve
capacity according to a certain reliability factor of output:

∑
n

bn,tPG
n,t + ∑

m
β(PR

max,m − PR
m,t) ≥ RU

t (10)

∑
n

bn,tPG
n,t + ∑

m
β(PG

min,m − PG
m,t) ≥ RD

t (11)

In the above formula: bn,t is the 0–1 variable of the start-stop state of the unit n in
the period t, bn,t = 1 is the power-on state, and bn,t = 0 is the shutdown state; PG

n,t is the
power marked in the reserve capacity of the conventional unit n in the period t; PR

max,m is
the output upper limit of the renewable energy unit; PR

min,m is the output lower limit of the
renewable energy unit; RU

i and RD
t are the upper and lower reserve requirements of the

system, respectively; β is the output reliability factor of the renewable energy unit.
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(3) Unit Operating Constraints

During the t period, the output of the unit should be between the maximum and
minimum values:

PR
m,t,min ≤ PR

m,t ≤ PR
m,t,max (12)

In the formula: PR
m,t,min and PR

m,t,max are the minimum and maximum output of the
renewable energy unit m, respectively.

(4) Transmission Capacity Constraints of Each Line

During the time period t, the active power flow flowing on each line should not be
less than the upper limit value of the stability limit of the line, and not less than the lower
limit value of the stability limit:

− Pl,max ≤ ∑
m

Gl,mPR
m,t − ∑

l
Gl,t ≤ Pl,max (13)

In the formula: Pl,max is the power flow transmission limit of line l; Gl,m is the transfer
distribution factor of renewable energy units; Gl,t is the transfer distribution factor of node
i to line l; Di,t is the bus load value of node i in time period t.

4.2. The Second Stage Clearing Model of the Renewable Energy Power Market

At the end of the first-stage clearing, the independent market operator will issue the
first-stage clearing transaction results. The second-stage transaction is a secondary clearing
process, which removes the electricity of the completed transactions in the first stage.
Renewable energy producers who have not won the bid revise their quotations, and users
can continue to report electricity demand and price at this stage. The independent market
operator conducts the second clearing with the maximum social welfare. The clearing
model is as follows:

F2 = max

[
∑
k

∑
t
(CP

k,tP
P
k,t)− ∑

m
∑

t
MR

m,tW
R
m,t∆t

]
(14)

In the formula: Mm,t is the revised quotation of renewable energy producers m in
period t, and the value is a certain percentage of the quotation CR

m,t of renewable energy
producers; Wm,t is the waste energy generated by renewable energy producers m in time
period t.

4.3. Model Solving Process

The solution of the model in this paper mainly focuses on the determination of the
quotation coefficient and the market clearing. The main body of the solution involves
renewable energy producers and an independent market operator. The algorithm flow is
shown in Figure 3.

The particle swarm algorithm is used to determine the optimal quotation coefficient of
each renewable energy producer. Each renewable energy producer simulates and generates
a set of possible quotation scenarios for competitors based on the historical quotation
data of other producers. Each particle simulates the market clearing, and obtains the
clearing electricity price and electricity in different scenarios. Select particles with the goal
of maximizing profit expectations, and determine the final quotation coefficient.

In the market clearing of the independent market operator, because of the inclusion
of multiple renewable energy producers bidding. After the independent market operator
collects market bidding information. Based on the maximum social welfare, the first
clearing is carried out to determine the initial clearing amount of each renewable energy
producer. After the initial clearing amount is determined, it is necessary to check whether
the line flow exceeds the limit, and finally, determine the market clearing amount and
market clearing electricity price of each renewable energy producer. If any renewable
energy producers failed to win the bid, the independent market operator will organize
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the second clearing. Renewable energy producers who did not win the bid adjust their
quotations and users continue to participate in the secondary clearing, and obtain the
secondary clearing results.
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5. Case Analysis
5.1. Parameter Settings

In this simulation, six renewable energy producers are set up to participate in the
daily trading of the electricity market, and a total of three wind power producers and three
photovoltaic power producers are set up. Among them, the installed capacity of wind
power is 1300 MW; the installed capacity of photovoltaic power generation is 600 MW. The
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operating parameters of the units of each producer are shown in Table 1 [34]. The power
generation forecast value of renewable energy producers is shown in Figure 4. This paper
considers the bidding of renewable energy producers under symmetric information, that is,
all renewable energy producers have the same bidding information [35]. See Appendix A,
Table A1 for the parameters of the average estimated value of each renewable energy
producer.

Table 1. Unit operating parameters.

New Energy Producer CR
backup ($/(MW·h) CR

wgen ($/(MW·h) Installed Capacity/MW

Wind producer 1 36.2 0.32 500
Wind producer 2 37.2 0.36 400
Wind producer 3 39.0 0.53 400

PV producer 4 35.5 0.32 200
PV producer 5 36.2 0.3 200
PV producer 6 34.2 0.28 200
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In order to verify the effectiveness of the mechanism proposed in this paper, two
comparison scenarios are set up, and simulations are carried out under these three scenarios.
Scenario 1 is a way in which renewable energy does not participate in market bidding,
ensuring priority consumption of renewable energy, and renewable energy is purchased
at the lowest price [34]; Scenario 2 is renewable energy producers normally participate in
quotation competition [36]; Scenario 3 is the market mechanism proposed in this paper.

5.2. Electricity Market Clearing Results

The model is solved using the process shown in Table 2, and the results list the
renewable energy producer 1 quotation coefficients obtained from the solution. In the table,
a and b are the quotation coefficients of renewable energy producer 1, respectively, and
the quotation coefficients of other renewable energy producers are shown in Appendix A,
Tables A2–A6. According to the bidding information of renewable energy producers, the
independent market operator will clear the electricity with the goal of maximizing social
welfare, and issue clearing power and clearing electricity prices to each renewable energy
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producer. Renewable energy producers that do not win the bid will adjust their quotation
and participate in the secondary clearing in the next period. As shown in Figures 5 and 6,
the winning bids of the primary clearing and secondary clearing of each renewable energy
producer are obtained.

Table 2. Quotation factor for wind producer 1.

Time a/($/(MW·h) b/($/(MW·h) Time a/($/(MW·h) b/($/(MW·h)

1 0.96 0.32 13 1.29 0.24
2 0.93 0.31 14 1.25 0.23
3 0.89 0.33 15 1.21 0.24
4 0.82 0.31 16 1.30 0.24
5 1.02 0.23 17 1.51 0.24
6 1.13 0.24 18 1.53 0.23
7 1.45 0.23 19 1.54 0.24
8 1.53 0.21 20 1.52 0.23
9 1.54 0.24 21 1.53 0.24
10 1.56 0.24 22 1.56 0.24
11 1.55 0.24 23 1.36 0.24
12 1.58 0.23 24 0.88 0.31
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The consumption of the three scenarios is shown in Table 3. In Scenario 1, the renew-
able energy producer participates in the market clearing at a very low price as a price taker,
and theoretically achieves the maximum consumption of renewable energy, with a total of
459 MW·h of curtailment. Renewable energy producers participate in the market as price
takers, which has seriously lowered the clearing price of electricity, which is not conducive
to the market’s discovery of the real price. In Scenario 2, the renewable energy producer
participates in the electricity market as a price setter, and the bid-winning power of the re-
newable energy is determined by the quotation, regardless of the secondary clearing of the
renewable energy. During the period from 16:00 to 19:00, renewable energy consumption
is difficult, and waste of renewable energy will be generated in the power system, up to
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2418 MW·h. Under the renewable energy market mechanism proposed in this paper, when
the renewable energy producers fail to win the bid, the secondary clearing mechanism is
triggered. Corrected the original bid of the unsuccessful bidder to a lower value. It is in
priority clearing at this stage, so its scalar increases. In the time of 6:00–9:00 and 13:00–16:00
when it is difficult to consume, to consume as much renewable energy as possible. In the
secondary clearing, the total energy waste was reduced from 2418 MW·h to 559 MW·h. The
total energy waste is reduced by 1859 MW·h. The energy waste rate dropped from 8.7% to
2.1%, which was close to the theoretical maximum consumption value in Scenario 1, and
achieved a good consumption effect.
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Table 3. Comparison of renewable energy consumption in different scenarios.

Scenario Abandoned Wind Power/
(MW·h)

Abandoned PV Power/
(MW·h)

1 459 0
2 2288 130
3 559 0

5.3. Electricity Market Clears Electricity Price and Income

The clearing electricity prices of the three scenarios are shown in Figure 7. It can be
seen that the overall trend of electricity prices is basically the same as that of the load curve.
The price is higher during the peak load period and lower during the load trough period.
This intuitively reflects that the supply and demand situation determines the market price
trend. After the second clearing, the electricity price of Scenario 3 will decrease in some
time periods. At 14:00, the price of the second clearing of Scenario 3 is 40.1 $/(MW·h),
which is a decrease of 6.3 $/(MW·h) compared with the clearing price of the first clearing,
and the decrease is 13.6%. This is because at the time of the second clearing, the revised
quotations of the renewable energy producers that did not win the bid will be lower than
the normal quotations, which changes the clearing electricity price.
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The secondary clearing settlement results of renewable energy producers are shown
in Table 4. The average settlement price of additional issuance obtained by PV producer
1 is 46.7 $/(MW·h), and the average settlement price of additional issuance obtained by
wind power producer 3 is 36.6 $/(MW·h), which is lower than that of PV producer 1. The
reason is that for wind power producer 3, most of the energy waste period is the low-load
period at night. At this time, the price difference of the second round of clearing is larger,
so the average settlement price obtained is lower. The additional income from renewable
energy producers was 74,943 $, an increase of 6.7%. In the secondary clearing, it can be seen
that the more energy waste is consumed, the lower the electricity price in the secondary
clearing link.

Table 4. Secondary clearing settlement results of renewable energy producers.

New Energy Producer Increased Output Average Clearing Price/$ Revenue

Wind producer 1 210 43.8 9198
Wind producer 2 1053 41.1 43,278
Wind producer 3 448 36.6 16,396

PV producer 5 130 36.7 6071

It can be seen from the above analysis, in Scenario 1, renewable energy is consumed
to the greatest extent, but renewable energy is purchased at a very low price. This way
has hit the enthusiasm of energy producers, which is not conducive to the development of
the electricity market. In Scenario 2, there is a large amount of energy waste of renewable
energy without considering the effective consumption mechanism. In Scenario 3, through
the design of the renewable energy market, this paper can promote the consumption of
renewable energy through a market-oriented mechanism to a certain extent, and at the
same time increase the income of renewable energy producers and their enthusiasm for
participating in the market.
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6. Conclusions

Based on the basic principles of the electricity market, this paper establishes a price
declaration model for renewable energy producers to participate in market competition. In
order to improve the enthusiasm and consumption capacity of renewable energy producers
to participate in the spot market, a two-stage centralized bidding power market clearing
model is established. Through the example analysis, the results show that:

(1) The quotation model of renewable energy producers proposed in this paper compre-
hensively considers the power generation cost, backup cost and the uncertainty of
competitors’ quotations of renewable energy producers. To a certain extent, irrational
quotations by producers are prevented, so that renewable energy producers can obtain
maximum benefits.

(2) The renewable energy power market transaction mechanism proposed in this paper
increases the market participation of renewable energy producers and users. Make
more renewable energy producers participate in transactions through the market. As
a supplement to the first-stage clearing, the second-stage clearing price is reduced by
8.8% on average compared with the first-stage clearing price, which reduces the cost
of electricity purchase to a certain extent and encourages users to purchase renewable
energy electricity.

(3) The two-stage centralized bidding power market clearing model proposed in this
paper can reduce the total energy waste in the power system through a market-
oriented mechanism to a certain extent. The rate of energy waste dropped from 8.7%
to 2.1%, and the profit margin of renewable energy producers increased by 6.7%,
promoting the consumption of renewable energy.

The text conducts a preliminary exploration and research on the construction of the
renewable energy power market mechanism, and there is still room for improvement in
the design of the specific market mechanism and the coordination of different types of
renewable energy. In the future, this paper can further study the following aspects:

(1) Regarding the design of the renewable energy power market mechanism, this paper
does not consider the impact of relevant laws and regulations and the construction of
the renewable energy power market mechanism. In future research, we can explore
the impact of relevant laws and regulations on the construction of the power market
mechanism.

(2) Due to the large-scale integration of renewable energy into the grid, the volatility and
uncertainty of the output on the power generation side increase. In future research,
we will explore the establishment of a deviation power assessment mechanism that
adapts to the characteristics of renewable energy power generation.
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Appendix A

Table A1. Estimated parameters of the mean value of each renewable energy power producer.

New Energy Producer µa µb

Wind producer 1 0.9 0.32
Wind producer 2 1.3 0.36
Wind producer 3 1.1 0.33

PV producer 4 0.7 0.22
PV producer 5 0.9 0.30
PV producer 6 0.8 0.28

Table A2. Quotation factor for wind producer 2.

Time a/($/(MW·h) b/($/(MW·h) Time a/($/(MW·h) b/($/(MW·h)

1 0.99 0.36 13 1.29 0.29
2 1.10 0.35 14 1.30 0.32
3 0.99 0.37 15 1.31 0.32
4 0.98 0.38 16 1.35 0.34
5 1.13 0.30 17 1.56 0.29
6 1.20 0.24 18 1.57 0.29
7 1.54 0.27 19 1.59 0.28
8 1.54 0.25 20 1.59 0.28
9 1.56 0.29 21 1.55 0.29
10 1.57 0.29 22 1.59 0.29
11 1.60 0.27 23 1.40 0.30
12 1.60 0.27 24 1.20 0.32

Table A3. Quotation factor for wind producer 3.

Time a/($/(MW·h) b/($/(MW·h) Time a/($/(MW·h) b/($/(MW·h)

1 0.98 0.36 13 1.34 0.27
2 0.99 0.34 14 1.27 0.27
3 0.93 0.35 15 1.26 0.26
4 0.94 0.34 16 1.34 0.26
5 1.12 0.23 17 1.56 0.27
6 1.17 0.24 18 1.57 0.27
7 1.48 0.24 19 1.57 0.27
8 1.56 0.24 20 1.56 0.25
9 1.56 0.26 21 1.58 0.25
10 1.56 0.26 22 1.58 0.26
11 1.58 0.25 23 1.52 0.26
12 1.58 0.26 24 1.15 0.23

Table A4. Quotation factor for PV producer 4.

Time a/($/(MW·h) b/($/(MW·h) Time a/($/(MW·h) b/($/(MW·h)

7 1.28 0.18 14 1.07 0.23
8 1.36 0.19 15 1.06 0.21
9 1.36 0.21 16 1.14 0.21
10 1.36 0.21 17 1.36 0.23
11 1.38 0.21 18 1.37 0.22
12 1.38 0.19 19 1.37 0.22
13 1.14 0.21
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Table A5. Quotation factor for PV producer 5.

Time a/($/(MW·h) b/($/(MW·h) Time a/($/(MW·h) b/($/(MW·h)

7 1.30 0.20 14 1.17 0.24
8 1.38 0.21 15 1.16 0.22
9 1.38 0.22 16 1.17 0.22
10 1.38 0.23 17 1.40 0.22
11 1.38 0.23 18 1.40 0.24
12 1.40 0.21 19 1.40 0.24
13 1.24 0.23

Table A6. Quotation factor for PV producer 6.

Time a/($/(MW·h) b/($/(MW·h) Time a/($/(MW·h) b/($/(MW·h)

7 1.29 0.19 14 1.05 0.20
8 1.37 0.17 15 1.06 0.21
9 1.36 0.20 16 1.46 0.23
10 1.37 0.21 17 1.36 0.23
11 1.37 0.21 18 1.37 0.24
12 1.38 0.22 19 1.36 0.20
13 1.15 0.21
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