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Abstract: The energy sector plays a critical role in reducing emissions by transitioning to renewable
energy. However, integrating renewable energy into the electricity market impacts market clearing.
This article investigates market clearing decisions of renewable and traditional energy companies,
considering electricity price segmentation. We propose an interprovincial bilevel market clearing
decision-making model. The upper level optimizes the provincial market through a unilateral bidding
model, minimizing the operating cost of the power market as the objective function. Meanwhile, the
lower level optimizes power purchases by minimizing the cost of acquiring interprovincial renewable
energy. A case study was conducted to determine the optimal interprovincial renewable energy
purchasing power for multiple energy generation companies, considering the minimum market
operating cost and segmented electricity prices. The proposed bilevel market clearing model captures
the interplay between intraprovincial and interprovincial transactions, integrating electricity price
and ecological attributes. By solving this model, we can attain optimal interprovincial electricity
purchase of renewable energy, minimizing the overall market operating cost in the province. Through
simulation, 18% of interprovincial transactions are needed to absorb 7.21 KWH of renewable energy
from other provinces. When considering price segmentation, the cross-provincial two-level market
clearing model can reduce the market cost by CNY 1,554,700.

Keywords: segmented electricity price; electricity market; renewable energy; double-layer clearance
model

1. Introduction

With the establishment of the dual carbon goal, energy development has taken on in-
creasingly greater importance as the lifeblood of the economy. However, the energy system
is currently supported by fossil fuels, rendering it unsuitable for the country’s development
needs in terms of carbon intensity. From the perspective of economics, electricity is a public
good. It possesses the characteristics of being nonexclusive and noncompetitive. One of
the important problems to be solved in the economics of public goods is how to use limited
resources to meet the needs of human society. Regarding power production, if the limited
supply of coal, a nonrenewable resource, is not adequate to meet the needs of human
society in the future, we must seek other resources to supplement and replace coal, e.g.,
wind energy, photovoltaic, and other renewable resources, in order to solve this problem.
As such, transformation of the energy structure has become imperative. The development
of renewable energy has become a primary target in achieving carbon peaking and carbon
neutrality goals [1]. The “14th Five-Year Plan” clarifies the pathways toward and policies
supporting China’s renewable energy development [2]. Multiple departments in China
jointly issued the “14th Five Year Plan for Renewable Energy Development” to further
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promote the development of renewable energy in China [3]. The plan actively promotes
the development of a clean, low-carbon, modern energy system as the next step in market
construction. Renewable energy in China has developed considerably to date and the total
amount of consumption has increased. However, wind energy, light energy, and other
new energy sources have a certain degree of randomness and volatility [4]; the overall
energy absorption rate needs to be improved. Problems with abandoning light and wind
resources entirely are becoming more and more significant and have attracted the attention
of the state and various segments of society [5]. Further improving the electricity market,
promoting the consumption of renewable energy, and reducing costs will be important
factors for future development [6].

There has been a significant development of renewable energy over the past two
decades. Renewable energy power generation technology has gradually matured and
become an important resource. The scale of renewable energy has continuously expanded
while prices have decreased. China has formulated many policies to support this growth.
These policies have shifted from industrial support to promoting market absorption. Ac-
cording to data from the National Energy Administration, China had an installed capacity
of 1213 million kW for renewable energy power generation by the end of 2022, accounting
for approximately 47.3% of the total installed power generation capacity. The installed
capacity of renewable energy power generation reached 2.7 trillion kwh, accounting for
31.6% of the total power generation capacity. These statistics highlight the increasingly
prominent role that renewable sources play in clean energy substitution.

In addition, the cost advantage of renewable energy power generation has grown
increasingly prominent. Since 2010, the costs of solar photovoltaic (PV) power generation,
concentrated solar thermal power generation (CSP), onshore wind power generation, and
offshore wind power generation have decreased by 82%, 47%, 39%, and 29%, respectively.
In 2019, of all large-scale, renewable energy power generation capacity available, 56% of
the power generation costs were lower than the cheapest fossil fuel [7]. In 2020, China
proposed the goal of “achieving a peak in carbon dioxide emissions by 2030 and achieving
carbon neutrality by 2060” [8].

Reducing the consumption of fossil fuels and promoting the use of renewable energy
is a key direction in the development of the electric power industry. The proportion of
renewable energy in power generation will continue to rise, and ensuring its efficient use
will be a significant topic in the development of the electricity market and power grid. With
the increasing share of renewable energy in the electricity market, establishing a market
trading mechanism that involves large-scale renewable energy is necessary to accelerate its
integration into the marketization process [9]. However, the challenges of addressing the
uncertainty of renewable energy output and improving energy efficiency persist [10,11].

The trading mechanism is a prerequisite for ensuring normal electricity trading and
market operations. Research on the trading mechanism of the electricity market with the
participation of renewable energy has already begun [12]. Tan Jun, Zhang Shitong, Liu
Guangyi, etc. [13], proposed a carbon intensity marginal electricity price model to quantify
the impact of the carbon market on the electricity market and, based on this, proposed
an operational system for the electric carbon coupling market and a model architecture
for electric vehicles participating in the diversified electric carbon market. In regions with
relatively mature renewable energy development, such as Northern Europe and the United
States, day-ahead spot market trading or a combination of green certificates and renewable
energy are commonly used [14,15]. The main purposes of studying these mechanisms
for renewable energy participation in the trading market are to achieve the maximum
consumption of renewable energy, while ensuring economic and environmental benefits,
as well as to mitigate the negative impact of renewable energy instability.

Regarding the research on renewable energy participation in market clearing decisions
and optimization models, Zhang Yuzhuo and others [16] used China’s wind power industry
as an example to establish a long-term development model for the renewable energy
power generation industry based on feed-in tariffs and a renewable energy quota system.
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Cheng Lihong [17] constructed a pricing model for quota entities to participate in the
green certificate market, then offered suggestions for quota entities to participate in green
certificate trading decision making. Zhang Xuejun and Jing Jiangfan, considering the
generation certainty of large-scale grid connection of wind power, built an optimization
model of day ahead power market clearing including wind power, aiming at low power
purchase cost, high power supply reliability, and large wind power consumption [18].

Jiang Yuewen and Chen Meisen [19] used interval models to describe the uncertainty
of renewable energy output and electricity prices, then established a day-ahead market
clearing model with the goal of minimizing the cost of electricity purchases in the day-
ahead and real-time markets. Their model can be used to determine the optimal clearing
result in the day-ahead power market but does not consider the uncertainty of load output.
In order to promote the absorption of wind power and enable wind power generators
to obtain the highest possible profits, Han Zhaoyang, Zhou Lin, Liu Shuo, etc. [20], have
established a double-layer planning model of wind power declaration and market clearing
in the integrated energy system market. The model has optimized and improved the
market mechanism and introduced carbon trading to promote emission reduction. Du
Shuai and Feng Yufan [21] have designed a spot market trading mechanism suitable for
the participation of new energy power generation companies and established a bilateral
clearing model for spot market transactions that proposes risk avoidance.

Further, Zhou Ming and others [22] established a joint clearing optimization model
for the day-ahead market and the reserve market, taking into account the participation of
renewable energy sources based on consideration of medium and long-term transactions.
Wang Zhicheng, Wang Xiuli, et al. [23] proposed a joint clearing model for wind power
participation, which uses multi-scenario technology to describe the uncertainty of wind
power output and solves the model based on scenario sets to achieve clearing results.
Wang G, Zhang Q, Li Y, et al. [24] took the minimum total cost of power generation and
cross-regional transmission as an objective function to allocate consumption indicators in
various provinces of China in an economically feasible and fair manner.

Previous studies on the power market transaction model focused on a single power
market, which could not adapt to the reality of the increasing scale of interprovincial
transmission, and the market clearing model is the future research trend [25,26]. In addition,
the continuous expansion of the proportion of new energy and the continuous emergence
of new market players have brought great challenges to the current trading mechanism,
and the establishment of a variety of product portfolio clearing models can fully stimulate
market vitality [27].

In the conventional electricity market and cooperative cross-regional electricity market,
daily clearing processes help market participants better formulate power generation plans.
A larger electricity market can also alter the short-term supply and demand relationship to
determine the true value of electricity commodities. To address the instability of renewable
energy power generation, building a renewable energy trading platform between provinces
is an important way to promote renewable energy consumption. With the current level of
developed grid structures and connectivity, mid- and long-term transactions, as well as
incremental spot transactions of renewable energy power across provinces and regions,
have reduced the waste of wind and solar energy in areas where renewable energy power
consumption is insufficient. This approach has also improved the overall consumption of
renewable energy power in a market-oriented manner.

In order to ensure the effective consumption of renewable energy power, China has
formulated a renewable energy power consumption guarantee mechanism that restricts
the minimum proportion of renewable energy power to be consumed in each province.
In provinces with abundant renewable energy power supply, achieving the required pro-
portion of renewable energy consumption is relatively easy, and there may still be some
surplus power. However, in southeast coastal areas where the demand for electricity is high,
the supply of renewable energy power may be insufficient, leading to situations where the
required proportion cannot be satisfied. In such cases, purchasing renewable energy power
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or green certificates from other regions can help achieve the optimal allocation of energy re-
sources and improve the efficiency of renewable energy utilization. The implementation of
the renewable energy quota system and the green certificate trading mechanism reflects the
economic value of environmental resources and helps solve the problem of environmental
pollution with economic laws, which not only guarantees the short-term economic interests
of the power industry but also realizes the long-term goal of protecting the environment
and realizes the sustainable development required by environmental economics.

It is of great significance to study the liquidation mode of renewable energy power
generation enterprises participating in the electricity market. This paper puts forward a
two-tier decision-making model of renewable energy generators as interprovincial elec-
tricity purchasers and constructs a two-tier decision-making model of intraprovincial and
interprovincial markets in combination with the market transaction mode of interprovincial
consumption of renewable energy electricity to complete the consumption responsibility
weight. The proposed model promotes the further consumption of renewable energy
between regions and embodies ecological value on the basis of ensuring economic benefits.
Furthermore, in current studies, little consideration has been given to the practicalities
of split pricing which, despite its impact on electricity sales, is often seen as a uniform
value. A uniform price can neither accurately reflect the actual situation nor conform to the
scientific nature of the study. Therefore, in this paper, the development of a power market
clearing model considering split pricing can fill an important gap.

The parts of this paper are arranged in the following manner: the first part is an
introduction, introducing the current situation of electricity market trading, focusing on
the ways that renewable energy participates in the electricity market, and proposing how
to solve the problem of the electricity market liquidation model under the condition of
taking into account the split price. The second part concerns the market structure and
related assumptions of the renewable energy consumption guarantee mechanism, the
construction of the two-level decision model of the intraprovincial market. In this part,
the coupling relationship of the two levels of the market is abstracted into a mathematical
model. The third part is the simulation example of the market clearing model. The data
set is built according to the actual situation, and the model is used for simulation. The
fourth part is related discussion. The fifth part is the conclusion. The flowchart is shown in
Figure 1 below:
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2. Materials and Methods 
Figure 1. Flow chart.

2. Materials and Methods
2.1. Market Framework

The development of China’s regional power market has gradually realized “two-
level operation” after the new power reform, and remarkable progress has been made in
the construction of the power market system, gradually realizing the optimal allocation
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and sharing of power resources across the country. At the end of 2022, the National
Development and Reform Commission issued the Guiding Opinions on Accelerating the
Construction of a National Unified Electricity Market System, which clearly pointed out
that by 2035, China will initially establish a national unified electricity market system and
complete the initial reform of the electricity market.

As the most widely used renewable energy incentive policies, the renewable energy
quota system and green certificate trading mechanism have been duly implemented in
many European and American countries. These policies have had a certain impact on
the traditional electricity market. From the perspective of market entities, “green certifi-
cate trading + renewable energy quota system assessment” [28] will significantly affect
investment, operations, trading, and other behaviors [29,30]. The implementation of a
quota system can effectively improve the energy structure and promote the development
of renewable energy.

On 10 May 2019, the National Development and Reform Commission and the National
Energy Administration jointly issued the “Notice on Establishing and Improving the
Renewable Energy Electricity Consumption Guarantee Mechanism” [31], which set clear
requirements for renewable energy electricity consumption among participants in the
electricity market. This issuance marked the official implementation of the consumption
guarantee mechanism with the weight of consumption responsibility as its core. As an
important guarantee for energy transformation, the mechanism is guided and supported
by the government’s mandatory regulations on the proportion of renewable energy in the
market share of demand-side entities through laws and regulations [32].

The United States was the first country to implement such a quota system, followed by
other developed countries such as Australia, the United Kingdom, and Japan. Scholars have
explored the benefits of the green certificate market [33] and constructed a multi-objective
scheduling optimization model that includes economic and environmental aspects, where
combining a renewable energy quota system with green certification can effectively reduce
the wind abandonment rate while ensuring the safety of the power system [34]. Compared
to the fixed price model, the market-oriented trading of green certificates can effectively
increase the consumption of renewable energy electricity and the trading volume of the
green certificate market without significantly increasing the cost of the responsible entity
under a renewable energy quota system [35].

Green certificate trading serves as a supplementary completion method to fulfill the
renewable energy power consumption weight, facilitating the flow of quota indicators
and improving the consumption responsibility completion rate [36]. Therefore, the market
mainly encompasses intraprovincial, interprovincial, electric energy, and green certificate
segments. As a result, the proposed electricity market clearing model pertains to the
intraprovincial spot market, inter- or cross-regional spot market, and green certificate
trading market. The day-ahead market is the primary market; the intraday market can
supplement and modify the day-ahead market.

The spot market within the framework discussed here only includes the day-ahead
market segment. Renewable energy in the intraprovincial and interprovincial markets
involved in our model can be coordinated to expand the scope of renewable resource con-
sumption and effectively allocate resources over a wide range. The weight of consumption
responsibility is restricted, so the green certificate market is regarded as one link in the
market optimization process. The various entities involved in the market clearing process
include consumer-side consumption responsibility entities, renewable energy power pro-
ducers, conventional energy power producers, national level trading centers, provincial
level trading centers, and others.

Various participants in the provincial electricity market report their respective renew-
able energy demand to interprovincial renewable energy power producers. Interprovincial
renewable energy traders report their renewable energy power purchase demand to the
national electricity trading center based on the provincial renewable energy forecast. The
national power trading center sends provincial renewable energy units to produce elec-
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tricity to meet the interprovincial renewable energy demand as declared. A scheduling
plan for the liaison line forms after the transaction is cleared, which serves as the clear-
ing boundary for the provincial power market. In a bilevel system, participants in the
provincial electricity market can complete renewable energy consumption assessments
through renewable energy power trading within the province, green-card trading within
the province, and purchasing green certificates from the green-card trading market.

2.2. Market Assumptions

The market clearing model presented in this paper is an enhanced optimization of the
traditional clearing model. In addition to split price constraints, it takes into account essen-
tial security elements such as conventional power balance constraints, per-unit generation
capacity constraints, and ramping constraints. The clearing quantity of each generator unit
is determined through the utilization of the clearing model. The primary objective of mar-
ket clearing is to minimize the overall market cost by effectively allocating responsibility
weights for renewable energy consumption.

Interprovincial cooperation in renewable energy has created a multi-market envi-
ronment where renewable energy power, as a commodity traded across provinces, has
gained significant market competitiveness. For regions with insufficient renewable en-
ergy power production and consumption within the province, renewable energy power
producers can participate in the interprovincial renewable energy trading market and act
as intermediaries in the trade of renewable energy power. In a bilevel electricity market,
which is coupled within and between provinces, renewable energy producers can engage
in electricity and green certificate transactions by participating in the provincial electricity
trading and green certificate markets; they can purchase renewable energy power from
outside the province (i.e., play roles as interprovincial renewable energy purchasers). The
intraprovincial and interprovincial renewable energy transactions are sequential: they are
not conducted simultaneously.

In order to maximize local renewable energy power consumption, we assume here
that renewable energy power within the province is given priority for consumption. Once
intraprovincial transactions are fulfilled, renewable energy producers may consider partici-
pating in trans-provincial and trans-regional transactions as intermediaries and purchase
renewable energy power from outside the province to fulfill the consumption responsibility
weight when their own power generation capacity is insufficient. Accordingly, renewable
energy power producers negotiate with the subject responsible for consumption and act as
interprovincial power purchasers to buy renewable energy for entities in other provinces.

2.3. Bilevel Model Construction

By establishing a two-level decision-making model of intraprovincial and interprovin-
cial markets, the coupling relationship between the two levels of markets is abstracted into
a mathematical model. Under the weight of absorption responsibility, the multi-market
decision-making problem can be reflected by the two-tier decision-making model. In the
upper optimization model, it is reflected as the quotation decision-making problem of
participating in the provincial electricity market as a power producer, and in the lower
optimization model, it is reflected as the cross-province electricity purchasing decision
problem as an interprovincial electricity purchasing supplier. The optimization results of
the upper and lower models are iterated, and, finally, the optimal power purchase decision
and the provincial market clearing power of renewable power generators are formed.

2.3.1. Upper-Layer Construction

The upper provincial market optimization model adopts a unilateral bidding model on
the power generation side. The power generation costs of wind turbines and conventional
units, the cost corresponding to interprovincial renewable energy demand, and the cost
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of purchasing additional green certificates are taken into account. The following model is
designed to minimize operating costs:

min C = ∑
t
(∑

w
Pw

t λw
t + ∑

g
Pg

t λ
g
t + ∑

g
Pg,r

t λ
g,r
t ) + ∑

t
Ptr

t λtr
t + Ptgcλtgc

s.t.
(1)

∑
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t + ∑

g
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t + Ptr
t = Pd
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∑
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t ≥ αPd
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∑
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∑
w
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t + ∑

t
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t + Ptgc ≥ β∑
t

Pd
t (4)

0 ≤ Pw
t ≤ Pw, f

t , ∀w, t (5)

Pg
min ≤ Pg

t + Pg,r
t ≤ Pg

max, ∀g, t (6)

∣∣Pw
t − Pw

t−1
∣∣ ≤ Pw,p, ∀w, t (7)

∣∣∣Pg
t − Pg

t−1

∣∣∣ ≤ Pg,p, ∀g, t (8)

The meanings of each decision variable and constant above are listed in Table 1.

Table 1. Upper-level model decision variables and constants.

Decision Variable or Constant Meaning

Pw
t Clearing power of wind turbine unit w of wind turbine manufacturer during period t

Pg
t

Cleared power of conventional energy power generation opportunity group g during
period t

Pg,r
t

Clearing reserve capacity of conventional energy power generation opportunity group g
during period t

Ptr
t Renewable energy demand outside the province obtained through market clearing

Ptgc Number of green certificates available to purchase
λw

t Quotation of electric energy for each unit of wind power supplier w during period t

λ
g
t

Quotation of electric energy for each unit g of a conventional energy power producer during
period t

λ
g,r
t Standby quotation for each unit g of conventional energy power producers during period t

λtr
t Interprovincial renewable energy clearing price

λtgc Green certificate prices that do not change over time
Pd

t Load demand for period t
α Reserve coefficient in the provincial market
β Weight of subject’s consumption responsibility within the province

Pw, f
t Predicted output of each unit w of wind turbine manufacturer during period t

Pg
min,Pg

max Minimum and maximum output of each unit g of conventional energy power producers
Pw,p Climbing restrictions for each unit w of the wind turbine
Pg,p Climbing restrictions for each unit g of conventional energy power producers

It is impossible to reach the maximum generating power quickly due to the time
necessary for generating units to run from shutdown to full power. Therefore, it is necessary
to impose climbing restrictions on wind turbine generator units and conventional energy
generator units: the generating capacity within this time period cannot excessively increase
compared to the generating capacity within the previous time period. The specific upper
limit is, generally, the maximum generating capacity multiplied by a reasonable coefficient.
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The constraint Equation (2) ensures the balance of power generation and consump-
tion at every moment. The power generation resources supporting this balance include
conventional energy as well as intraprovince thermal, wind, PV, and other renewables.
The constraint Equation (3) ensures that the reserve services provided by conventional
energy power producers in the province meet the requirements of rotating reserves in the
power system. The reserve amount is set according to a certain proportion of the load.
The constraint Equation (4) ensures that the renewable energy consumption weight of the
subject responsible for consumption meets the indicator requirements. Weight satisfaction
methods include the consumption of wind power within the province, renewable energy
power outside the province, and green certificates with the same effect. The constraint
Equation (5) ensures that the output of each wind turbine generator unit is within the
predicted generation capacity. The constraint Equation (6) ensures that the output of each
unit of a conventional energy power producer is within the range of the power generation
capacity. The constraint Equation (7) ensures that the output of each wind turbine generator
unit meets the climbing limit. The constraint Equation (8) ensures that each unit of a
conventional energy power generator meets the climbing limit.

2.3.2. Lower-Level Construction

After determining the interprovincial power purchase demand through the market
clearing of the upper optimization model, the wind power supplier begins to act as the
interprovincial agent to purchase renewable energy power from outside the province.

The lower layer is a power purchase optimization model. Under the conditions of
meeting grid security constraints (e.g., load balancing and interprovincial transmission
constraints), the following model is designed to minimize power purchase costs:

min C = ∑
t

∑
m

Pm
t (λm

t + λl)

s.t.
(9)

∑
m

Pm
t

(
1− ξ l

)
− Ptr

t = 0 : ηt, ∀t (10)

Pl
min ≤∑

m
Pm

t ≤ Pl
max : µlmin

t , µlmax
t , ∀t (11)

0 ≤ Pm
t ≤ Pm, f

t : µmmin
t , µmmax

t , ∀t (12)

λtr
t = ηt, ∀t (13)

The meanings of each decision variable and constant in the above are listed in Table 2.
The constraint Equation (10) ensures that the interprovincial renewable energy trading

volume is balanced with the interprovincial renewable energy power demand under
the influence of transmission line losses. The constraint Equation (11) ensures that the
renewable energy power transmitted between provinces is within the capacity range of the
interprovincial transmission channel. The constraint Equation (12) ensures that the clean
electricity output of renewable energy outside the province is within the transregional
transmission capacity range. The constraint Equation (13) ensures that the dual variable
corresponding to the equality constraint has the same significance as the clearing price of
interprovincial transactions.

The optimization results of the upper and lower levels of the model are iterated in
such a cycle, which ultimately forms the optimal power purchase decision and the market
clearing electricity quantity of renewable energy power generators in the province. The
transitive relation of decision variables between upper and lower levels can be seen in
Figure 2.
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Table 2. Lower-level model decision variables and constants.

Decision Variable or Constant Meaning

Pm
t

Clean electricity output of each unit m of renewable energy power producers outside the
province during period t

Ptr
t Total demand for renewable energy power between provinces

Pl
max,Pl

min Upper and lower limits of transmission capacity of interprovincial transmission channels

Pm, f
t

Predicted output of participating in outbound transactions for each unit m of renewable
energy power producers outside the province during period t

λm
t

Quotation for each unit m of renewable energy power generation companies outside the
province during period t

λl Transmission price of interprovincial transaction channel
ξ l Transmission loss of interprovincial transmission channel line

µlmin
t ,µlmax

t
Dual variables corresponding to capacity constraints of interprovincial transmission

channels

µmmin
t ,µmmax

t
Dual variables corresponding to clearing power constraints of each unit of renewable

energy power producers outside the province

ηt
Dual variable corresponding to power balance constraint of interprovincial transactions as

clearing price of interprovincial transactions during the given period
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2.4. Bilevel Model Derivation and Solution

The bilevel model demonstrates the intricate nature and interconnectedness of multiple
markets within the realm of renewable energy consumption responsibility weight. This
is evident in the coupling of electricity and green certificates at the upper level as well as
the coupling of intraprovincial and interprovincial markets at the lower level. Achieving
optimal decision making necessitates the exchange of decision variables between the two
levels. However, conventional optimization solvers currently lack the capability to handle



Sustainability 2023, 15, 13575 10 of 22

bilevel models or iterative solutions. To address this limitation, we employ a simplification
technique that leverages duality properties to transform one model into a different set
of constraints.

2.4.1. Steps of Model Monolayer

1. Constructing the Lagrange function of the lower-level model:

min L = ∑
t

∑
m

Pm
t

(
λm

t + λl
)
− ηt

[
∑
m

Pm
t

(
1− ξ l

)
− Ptr

t

]
−µlmin

t

(
∑
m

Pm
t − Pl

min

)
− µlmax

t

(
Pl

max −∑
m

Pm
t

)
−µmmin

t Pm
t − µmmax

t

(
Pm, f

t − Pm
t

) (14)

2. The Lagrange function calculates the gradient of variables to form a stability condition:

λm
t + λl − ηt

(
1− ξ l

)
− µlmin

t + µlmax
t − µmmin

t + µmmax
t = 0, ∀m, t (15)

3. Complementary relaxation conditions:

0 ≤
(

∑
m

Pm
t − Pl

min

)
⊥µlmin

t ≥ 0, ∀t (16)

0 ≤
(

Pl
max −∑

m
Pm

t

)
⊥µlmax

t ≥ 0, ∀t (17)

0 ≤ Pm
t ⊥µmmin

t ≥ 0, ∀m, t (18)

0 ≤
(

Pm, f
t − Pm

t

)
⊥µmmax

t ≥ 0, ∀m, t (19)

The stability condition and complementary relaxation condition together constitute
the KKT condition of the lower-layer model. This KKT can be used to effectively replace
the original lower-layer model. The bilevel model is thus converted into a single-layer
model, for which the lower layer serves as a constraint condition. To facilitate the solution,
the nonlinear parts of the objective function and constraint conditions were linearized
as follows.

4. Nonlinear constraint linearization processing:

The nonlinear complementarity Equations (16)–(19) in the mathematical model take
linearization form via the large M method as Equation (20) (not listed here):

H ≥ 0
Q ≥ 0
H ≤ τM
Q ≤ (1− τ)M
τ ∈ {0, 1}

(20)

5. Linearization of objective function:

In the upper-level problem, a section of the objective function involves multipli-
cation of two decision variables: interprovincial renewable energy purchasing demand
and interprovincial clearing price. The objective function can be linearized using strong
duality theory.
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Under the strong duality theorem, the optimal solution of the lower-level problem is
equal to the optimal solution of the lower-level dual problem. Thus, Equation (21) holds:

∑
t

Ptr
t λtr

t = ∑
t

∑
m

Pm
t

(
λm

t + λl
)
+ µlmax

t Pl
max − µlmin

t Pl
min + µmmax

t Pm, f
t , ∀t (21)

The upper objective function can be rewritten based on the above as Equation (22):

min C = ∑
t

(
∑
w

Pw
t λw

t + ∑
g

Pg
t λ

g
t + ∑

g
Pg,r

t λ
g,r
t

)
+ Ptgcλtgc

+∑
t

∑
m

Pm
t

(
λm

t + λl
)
+ µlmax

t Pl
max − µlmin

t Pl
min + µmmax

t Pm, f
t

(22)

At this point, the bilevel model is converted to a single-layer model.
Considering the needs of program design, we rewrote Equation (22) to obtain the

objective function (23) of the main model:

min C = ∑
i

Si + Ptgcλtgc + µlmax
t Pl

max − µlmin
t Pl

min + µmmax
t Pm, f

t (23)

The meanings of decision variables in the above are listed in Table 3.

Table 3. Main model objective function decision variables.

Decision Variable Meaning

Si Total price of single power source (sum of prices at each time point)
Ptgc Number of green certificates to purchase
λtgc Green certificate prices that do not change over time

µlmin
t ,µlmax

t Dual variables corresponding to capacity constraints of interprovincial transmission channels

µmmax
t

Dual variables corresponding to clearing power constraints of each unit of renewable energy power
producers outside the province

Pl
max,Pl

min Upper and lower limits of interprovincial transmission channel transmission capacity

Pm, f
t

Predicted output of units of renewable energy power producers outside the province that can
participate in outbound transactions during the given period

Compared to Equation (22), the last three items of Equation (23) are the same, while
in the others, Σ Electricity × The “unit price” type item (total price) is simplified to Si.
The calculation of Si is relatively complex, and it is reflected in constraints to simplify the
representation of the objective function during program design. Otherwise, the objective
function will be very long (although it can be written more succinctly when writing
formulas).

Unless otherwise specified, “price” means electricity at a single point in time multi-
plied by unit price, and “total price” means the sum of prices at each point in time. Both
concepts are discussed for a single power source.

2.4.2. Main Model Constraints

1. Basic constraints

Equations (2)–(8), (10)–(13), and (15)–(19) are constraints. Among them, Equations (16)–(19)
should be linearized using the large M method (Equation (20)).

2. Time division and price constraints

The meaning of split price is that the unit price of electricity from a single time period
and single power source is a simple function, and the total price is the integral of this
simple function. Taking wind power companies in the province as an example, their energy
cut-off points and corresponding electricity prices are shown in Table 4.
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Table 4. Dividing points and segmented electricity prices for wind power in the province.

Dividing Point of
Wind Power in the

Province (Mwh)

Provincial Wind
Power Split Price

(CNY)

Dividing Point of
Wind Power in the

Province (Mwh)

Provincial Wind
Power Split Price

(CNY)

0 350 290 430
150 360 310 440
170 370 330 450
190 380 350 460
210 390 370 470
230 400 390 480
250 410 410 490
270 420 10,000 -

In Table 4, the corresponding energy interval for each level of electricity price is [a,b],
where a is the amount of electricity on the left side of the electricity price, and b is the
amount of electricity on the right side of the electricity price. The value 10,000 represents
the upper limit of power. In the case of a large amount of electricity, it is not possible
to continuously increase the electricity price. Therefore, an impossible upper limit value
for electricity consumption is set for different power sources, and the electricity price is
constant in the last period.

When the electricity quantity exceeds the upper and lower limits of a certain section,
the difference between the upper and lower limits of the electricity quantity in the section
and the electricity price are multiplied and included in the total price of the power source.
Taking the 180 Mwh electricity provided by a provincial wind power supplier at a certain
time as an example, the single period cost is: 150× 350+ (170− 150)× 360+ (180− 170)×
370 = 63, 400. When the power is large, the calculation is relatively complex and should be
implemented using a computer.

Next, we discuss transforming the linear term of a piecewise function (simple func-
tion) into a mixed integer programming linear term and introducing 0–1 variables to
facilitate programming.

Let an n-segment linear function f (x) have n + 1 points, which are, respectively,
b1 ≤ · · · ≤ bn ≤ bn+1, and introduce wk to express x and f (x) as follows:

x =
n+1

∑
k=1

wkbk (24)

f (x) =
n+1

∑
k=1

wk f (bk) (25)

with the following constraints:

n

∑
k=1

zk = 1, zk = 0 or 1 (26)

n+1

∑
k=1

wk = 1, wk ≥ 0 (27)

w1 ≤ z1, w2 ≤ z1 + z2, · · · , wn ≤ zn−1 + zn, wn+1 ≤ zn (28)

In this model, f (bk) is a simple function related to k, abbreviated as f (k) (split price,
as shown in Table 4. In Equation (22), Pw

t , Pg
t , Pg,r

t , Pm
t (collectively referred to as Pt)

corresponds to x, λw
t , λ

g
t , λ

g,r
t , λm

t (collectively referred to as λt) corresponds to f (x), and λl
is a constant when it comes to purchasing electricity from outside the province; otherwise,
it is 0.
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The following constraints hold:

Si = ∑
t

 Pt( f (2) + λl)zt,1+
n
∑

k=2

((
k
∑

j=2
bj( f (j)− f (j + 1))

)
+ Pt( f (k + 1) + λl)

)
zt,k

 (29)

Pt =
n+1

∑
k=2

wkbk (30)

n

∑
k=1

zk = 1, zk = 0 or 1 (31)

n+1

∑
k=1

wk = 1, wk ≥ 0 (32)

w1 ≤ z1, w2 ≤ z1 + z2, · · · , wn ≤ zn−1 + zn, wn+1 ≤ zn (33)

where i is the power source number and other variables are defined as already described above.
The simple function is shown in Figure 3, where the red area was calculated using the

conventional method (Equation (34)).

S = b1y1 + (b2 − b1)y2 + (x− b2)y3 (34)
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Equation (34) can be rewritten as follows:

S = b1(y1 − y2) + b2(y2 − y3) + xy3 (35)

According to Formula (31), in a single time period, all and only one of the z values
of a single power source is 1, which represents the range in which the power is located.
Multiplying and summing all z with formulas similar to that in Equation (35) can achieve
the calculation of only the area of the red shaded portion (segmented electricity price) in
Figure 3 when the electricity falls within different intervals, as shown in Equation (29). In
Equation (30), k is incremented from 2 because the first b value in Figure 3 is 0, which can
be omitted.

It is important to clarify that the linearization of the objective function within the
model only simplifies a portion of it. The fundamental calculation for total price remains
“unit price × electricity”, with the unit price determined by the electricity. Consequently,
the objective function of the main model is inherently nonlinear. The software combination
of MATLAB, YALMIP, and Gurobi can effectively handle such nonlinear programming
solutions. The relevant version numbers of the three software are as follows: MATLAB
R2021a, YALMIP R20210331, and Gurobi 9.5.1
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To sum up, the objective function of the main model is Equation (23), and the con-
straints are Equations (2)–(8), (10)–(13), (15)–(19), and (29)–(33), wherein Equations (16)–(19)
should be linearized according to Formula (20).

3. Results
3.1. Simulation and Analysis
3.1.1. Basic Data

We set up an example that includes 24 time periods (simulated for 24 h) and seven
power sources: wind power, PV, thermal power, gas power (gas fired power generation)
within the province, category I wind power, category II wind power, and PV outside
the province. The electricity prices of each power source are divided into 14 levels (not
nonadjustable, only for the convenience of collating data), considering that the number of
levels in the 14th level is too small to reflect the “ladder electricity price”, and the number
of levels is too large to facilitate identification, calculation, and programming. The load
demand settings for each time period (within the province) are shown in Table 5, and the
relative relationship with time period is shown in Figure 3.

Table 5. Load demand for each time period.

Time Period
Number

Load Demand
(Mwh)

Time Period
Number

Load Demand
(Mwh)

0 1809 12 4633
1 1860 13 4554
2 1801 14 4514
3 1883 15 4673
4 2192 16 4950
5 2577 17 5009
6 3546 18 4891
7 4217 19 4594
8 4673 20 4099
9 4891 21 3326
10 4811 22 2851
11 4633 23 2851

As shown in Figure 4, the load demand at 0–4 h is small. From 5:00 to 10:00, production
activities increase and load demand increases; 10:00–18:00 coincides with normal working
hours, and the load demand continues to remain high. After 18:00, production activities
decreased and the load decreased, but, overall, it was still higher than in the second half of
the night (0–4:00).
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The predicted output values of renewable energy within and outside the province are
shown in Table 6, and the relative relationship over time is shown in Figure 4.

Table 6. Predicted output value of renewable energy inside and outside the province (Mwh).

Segment
Number

PV Outside
the Province

PV in the
Province

Category I
Wind Power
Outside the

Province

Class II
Wind Power
Outside the

Province

Provincial
Wind Power

0 0 0 245 163 230
1 0 0 238 160 243
2 0 0 227 153 247
3 0 0 214 143 245
4 0 0 207 138 257
5 19 0 198 132 248
6 58 91 178 116 234
7 119 154 129 76 230
8 162 281 88 62 245
9 219 320 85 55 248
10 234 350 82 53 257
11 254 382 74 48 246
12 261 435 62 43 210
13 302 466 59 39 207
14 289 426 72 42 164
15 248 346 85 59 143
16 179 225 131 82 142
17 124 98 164 110 161
18 63 48 181 122 190
19 0 0 214 151 202
20 0 0 238 161 217
21 0 0 255 170 234
22 0 0 242 160 259
23 0 0 243 163 258

As shown in Figure 4, at 0–5 o’clock and 19–21 o’clock, due to sunset, the PV (solar)
power is 0. At noon, when the sun is at its most abundant, PV power also reaches its
peak. Because PV plays a complementary role, there is no need for as much wind power
during periods of sunlight as at sunset. Table 6 is in line with actual production and
living conditions.

3.1.2. Analysis of Operation Results

We established multiple scenarios for each power market entity across different time
periods within a typical day. This approach enabled us to simulate the cleared electricity
quantity for each power supply period under optimal costs in the decision-making model.
In every scenario, renewable energy power generation companies engaged in multiple
market transactions. We divided the day into 24 periods and posited seven power source
entities, including wind power, photovoltaics (PV), thermal power, gas power, extra-
provincial Class I and II wind power, and PV. We further categorized the prices for each
power source into 14 levels, mirroring the actual situation. This program design and
calculation effectively capture the real-world characteristics of “ladder pricing”.

We validated the efficacy of multi-market decision making for diverse renewable
energy power producers through a numerical example. In this scenario, producers can
accrue additional benefits via the green certificate market. Users opt to purchase green
certificates when their renewable energy power consumption falls short of their quota.
Consequently, the establishment of responsibility weights for renewable energy power con-
sumption influences the overall revenue of wind power producers. This numerical example
models the quantity of green certificates traded by renewable energy power producers
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along with the overall revenue of wind power producers under varying consumption
responsibility weights.

As shown in Table 7, we considered tiered electricity prices within the range of 6%
to 25% of the typical daily power user consumption responsibility weight as well as
renewable power producers’ green certificate trading energy and revenue. When the
consumption weight is between 6% and 15%, the consumption of renewable energy in the
province meets the specified consumption proportion and there is no need to purchase
from the green certificate market. When the weight of consumption responsibility is below
15%, due to relatively economical prices, it is possible to achieve full consumption of the
predicted output. The green certificate corresponding to the clearing of renewable energy
electricity can be traded in the green certificate trading market to obtain revenue. When the
acceptable liability weight is above 18%, the renewable energy consumption in the province
is insufficient. Green-certificate market purchases are necessary to meet the acceptable
liability weight.

Table 7. Trading volume and price of green certificates.

Weight 6% 12% 15% 18% 21% 25%

Green certificate trading volume
(piece) 0 0 0 441 3136 6729

Purchase price of green certificate
(CNY) 0 0 0 61,740 439,040 942,060

Renewable energy power producers also participate in the electricity market as sellers,
clear markets that include weight of the renewable energy consumption responsibilities
of power users, and make purchases from outside the province in the interprovincial
renewable energy power market. As shown in Figure 5, with the consideration of tiered
electricity prices, the operating costs of the provincial market increase as the weight of
renewable energy consumption responsibility increases.
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According to the results shown in Figure 6, when the weight of the liability is reduced
from 15% to 25%, the operating cost of the power market in the province continues to
increase from CNY 36.7032 million to CNY 37.6788 million, which is mainly due to the
transaction of green certificates between the provinces. According to the simulation results,
the power production decision makers can plan the energy production situation in advance
according to the actual situation in the region to reduce energy waste.
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Table 8 shows the respective cleared electricity quantities of PV and wind power for
24 periods in the decision-making variables of renewable energy power producers under
the condition of meeting the load demand. The cleared electricity quantities of renewable
energy power producers under the optimal cost conditions reflect the actual conditions
of electricity price segmentation. Under different consumption responsibility weights,
renewable energy power producers make different purchasing decisions when considering
step pricing. When the consumption responsibility weight is 18%, the electricity generated
by renewable energy power producers is as shown in Table 8 Through overall planning of
the clean electricity generated by wind power and PV, full renewable energy consumption
can be achieved with optimal demand and cost as well as economic and ecological benefits.

Table 8. Renewable energy power producers’ clean energy (wind power, PV; unit: Mwh).

Time Slot PV Wind Power Time Slot PV Wind Power Time Slot PV Wind Power

0 0 230 8 320 248 16 225 142
1 0 230 9 350 257 17 98 161
2 0 230 10 382 246 18 48 190
3 0 230 11 435 210 19 0 202
4 0 257 12 466 207 20 0 217
5 0 230 13 426 164 21 0 234
6 91 234 14 346 143 22 0 259
7 154 230 15 320 248 23 0 258

Table 9 shows the purchase of electricity from renewable energy sources outside
the province over 24 time periods under optimal cost conditions. Renewable energy
consumption appears to expand under these conditions, reflecting the role of renewable
energy power producers as intermediaries in connecting the power markets inside and
outside the province. Cooperating with renewable energy power producers outside the
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province can not only reduce the operating costs of the entire power market, but also create
a larger market for the consumption of renewable energy and promote the transformation
of the entire energy structure.

Table 9. Electricity purchased from renewable sources outside the province (unit: Mwh).

Time Slot
Renewables
Outside the

Province
Time Slot

Renewables
Outside the

Province
Time Slot

Renewables
Outside the

Province

0 31 8 296 16 372
1 82 9 341 17 378
2 23 10 351 18 348
3 105 11 357 19 347
4 181 12 348 20 379
5 128 13 380 21 242
6 334 14 383 22 382
7 308 15 372 23 386

4. Discussion

Based on the above analysis, we attempted, in this study, to establish a market clearing
model that properly incorporates the split price. Our main contributions can be summarized
as follows.

We propose a multi-market clearing decision model for renewable energy power
producers, taking into account price segmentation. The imposition of constraints on the
power consumption weight of renewable energy guarantees a substantial renewable energy
representation within the electricity market, instigating shifts in the market structure.
This transition not only secures certain economic advantages for renewable energy power
producers but also diminishes the proportion of conventional energy power generation,
thereby contributing to environmental protection.

We have formulated a bilevel decision-making model for renewable energy power
producers acting as interprovincial power buyers. By integrating the market transaction
method of trans-provincial renewable energy power consumption, we allocate the weight
of consumption responsibility across both intraprovincial and interprovincial markets. The
model acknowledges the interdependence between intraprovincial and interprovincial
markets in trans-provincial transactions, iteratively determining the optimal decision
through the alternating transfer of variables between its upper and lower levels. Taking the
Singapore power grid as a case, Li Yuanzheng, Huang Jingjing et al. (2022) proposed a day-
before risk aversion market clearing model considering demand response. This model not
only proposed the scenario of renewable energy participatory power market but also further
considered the actual situation of the grade electricity price in the simulation experiment.
This model is of more reference significance to power market participants [37]. In order to
solve this problem quickly, KKT condition and linearization method are used to transform
the two-layer model into a single-stage linear programming model, and KKT condition of
the lower model can transform the two-layer model into a single-layer nonlinear model,
which is convenient for calculation and solution. Compared with the single-layer model
of other studies, the construction of the intraprovincial and interprovincial dual-layer
model coupled the two intraprovincial markets, which solved the problem of multi-market
clearing decision making better than using only one market.

Through the simulation experiments, the validity of the multi-market liquidation
decision model for renewable energy power producers is effectively proved, and the
further consumption of renewable energy and the reduction of market operating costs can
indeed be realized through intraprovincial and interprovincial markets. In reality, power
producers and decision makers can factor in the actual situation of the region and obtain
the best results through the model’s operation, helping them to make the best decision to
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maximize economic and ecological value, avoid resource waste, and reach an economic,
social, and ecological win-win situation.

However, in this study, the number of entities participating in the market in the
example is limited, and the types and number of power generation entities will certainly
be more in practice, which makes the solution of the model more complicated, which is
a potential limitation of the research. In addition, when we build the model, we mainly
focus on the constraints of consumption responsibility weight on operating costs but do
not consider the carbon emission constraints in power generation, and the carbon emission
constraints of power producers are also important for the constraints of power production.
This neglected aspect provides a promising direction for future research. In addition, the
issue of market decision making and income distribution of various market players under
different cooperation models is a direction for future in-depth research.

There are some risks for the successful operation of the two-tier market clearing
model constructed in this paper. The first is the operation risk of the generator set. Each
generator set should be able to operate normally; otherwise, it will affect the entire market
supply. The second risk is intraprovincial transaction risk. If there is no infrastructure to
support interprovincial electricity trading, it will not be possible to achieve interprovincial
electricity trading. Finally, there is the risk of information exchange. If the supply and
demand information of electricity between the provinces is not centralized on one platform,
poor information between the parties will also lead to the failure of the transaction.

5. Conclusions

In this study, we constructed a bilevel electricity market clearing model with the par-
ticipation of renewable energy power producers based on hierarchical price constraints. We
explored the impact of different consumption responsibility weights on market participants’
purchase decisions. Under the influence of distinct consumption responsibility weights,
each entity within the power market establishes the clearing capacity for various types of
power generators, the intraprovincial and interprovincial trading capacities, the transaction
status of green certificates, and the market operating costs.

We conducted an example simulation to determine that increasing the weight of
consumption responsibility promotes renewable energy consumption in the power market,
though it also increases operating costs. However, renewable energy power producers
can regain economic benefits through green certificates. At a provincial renewable energy
consumption responsibility weight of 15%, green certificates benefit renewable energy
power generation. At 18%, interprovincial transactions are needed to absorb 7.21 GWh of
renewable energy power from other provinces. A bilevel market clearing model within
and outside the province can reduce market costs by CNY 1.5547 million when considering
price segmentation.

Through the analysis of the result of the example, it is found that renewable energy
generators can participate in the market with different roles in the multi-market environ-
ment and form the situation of multi-market decision making. As the green certificate is
the supplementary completion method of the absorption responsibility weight assessment,
it will promote the green certificate market to mature and stable development. Renewable
energy power producers can sell electric energy and use green certificates by participating
in the renewable energy power market, obtaining additional green certificate income. To
this end, the government should introduce relevant policies to encourage green certificate
trading in different regions, help build relevant trading platforms, and promote the further
development of the green certificate market.

In addition, renewable energy generators participate in the provincial electricity mar-
ket, and, at the same time, they participate in the interprovincial electricity market by acting
as the provincial consumption responsibility entities. In the multi-market environment of
coupling electric energy and green certificates and coupling of intraprovincial and inter-
provincial transactions, the company obtains electricity income and green certificate income
as a power producer and obtains agent income as an interprovincial electricity purchasing
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business. Through the rational decision making of multiple markets under the weight
of consumption responsibility, the company improves its own income level, reduces the
operation cost of the provincial market, and realizes the consumption of renewable energy
power in a wider range and scale. To this end, the energy management department should
issue documents to encourage new energy generators to participate in the market outside
the province, increase renewable energy consumption while protecting the province’s
energy consumption, and promote economic development.

The simulation conducted in this study accounts for not only the participants in
the electricity market but also hierarchical price constraints, resulting in realistic and
applicable outcomes. However, the proposed model only considers the constraints of
consumption responsibility weight on operating costs, possibly neglecting the influence of
carbon emission restrictions on power generation. This is an area for future research.

The bilevel market clearing model proposed in this paper encapsulates the interplay
of intraprovincial and interprovincial transactions and the price and ecological attributes
of electricity. By solving the bilevel model, the optimal interprovincial renewable energy
power purchase can be achieved under the minimum market operating cost in the province.
Moreover, by incorporating green certificate transactions, the model reflects the value
of renewable energy electricity and ecological benefits. This strategy not only reduces
the overall market operating costs and increases the profitability of renewable energy
production, but also promotes the further consumption of renewable energy.
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