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The construction of a power system including renewable energy has become
the direction of development for the power industry as a result of the “carbon
peaking and carbon neutrality” targets. Yet because the electricity market (EM),
carbon market (CM), and green certificate market (GCM) have traditionally
operated independently, with little interaction among them. To explore the
interaction and correlation among the three markets, this paper analyzes the
trading patterns and mutual influencing factors of the EM, CM and GCM and
proposes the optimal decision-making model of “carbon-electricity-certificate”
integration of multiple markets based on the decision-making behavior of power
producers in each market. Finally, the golden jackal optimization algorithm
(GJO) is used to solve the problem under the condition of network security.
The simulation results show that the integration of multiple markets is more
conducive to promoting the consumption of renewable energy source (RES),
and also verify the feasibility and effectiveness of GJO in solving the optimal
decision-making problem of power producers in EM.

KEYWORDS

electricity market, carbon market, green certificate market, multi-market integration,
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1 Introduction

With the increasingly severe environmental problems, China is actively building a power
system including renewable energy as the main body to help achieve the strategic goal
of “carbon peaking and carbon neutrality”. Under the circumstance of new power system
construction, the proportion of renewable energy connected to China’s power grid has
rapidly increased. In order to promote the consumption of renewable energy power, China
has successively implemented a fixed electricity price mechanism and Renewable Portfolio
Standard (RPS) (Yang et al., 2021; Sun et al., 2022). In the GCM, the green certificate trading
mechanism cooperates with the implementation of the RPS to promote the development of
renewable energy power, making it possible for green electricity to be sold at a low price, and
greatly promoting the consumption of green electricity. The convergence mechanism and
development planning of the three markets are not well unified, which leads to the uncertain
development prospects of the markets and the lack of coordination among them. In order
to improve the efficiency and vitality of carbon trading market and green certificate trading
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market, the integration of the two markets and power wholesale
market will become the future market development trend.

In recent years, there has been increasing research on CM
and the development of renewable energy. (Xin-gang et al., 2022)
used system dynamics to construct a long-term trading model
under China’s Renewable Portfolio Standard (RPS). (Wang et al.,
2022) proposed a comprehensive energy system optimization and
schedulingmodel for a ladder-type carbon tradingmechanism. (Sun
and Nie, 2015) compared the effectiveness of Feed-in Tariff and
RPS policies for promoting renewable energy electricity generation.
Government regulation (Zhu, 2017), carbon quota prices, carbon
quota allocation, and management (Yang et al., 2020) are all key
factors affecting the normal operation of carbon emissions trading.
Similarly, the GCM is also constrained by factors such as green
certificate prices (Zhao et al., 2019), environmental factors, and
market policies. The opening of the CM and the GCM is aimed
at promoting the consumption of renewable energy electricity
(Wang et al., 2014) and promoting low-carbon emission reduction
(Radpour et al., 2021), but from the current trading environment,
these three markets (CM, EM and GCM) operate in isolation
from each other and have low interaction with other markets. The
isolated operation of each market does not produce satisfactory
results.

Currently, domestic and foreign scholars have also studied the
coupling relationship between the CM, GCM, and EM, Among
them, in the coupling research of the CM and the EM, (Liu and
Jin, 2020), studied the mutual influence of EM, fossil fuel, and
carbon emission trading prices. (Ding et al., 2020) studied theway to
achieve clean energy transformation in the carbon-electricity joint
market. As for the coupling research of the GCM and the EM,
(An et al., 2019), established an oligopoly trading equilibriummodel
for the electricity market incorporating tradable green certificates.
(Song et al., 2021) studied the impact of RPS on the trading of
renewable electricity in multiple markets. But the research is mainly
focused on the coupling of two markets, and there is little research
on the impact of the deep integration of trading elements of the three
markets on the main trading strategies.

The EU’s research on the coupling relationship and cohesion
mechanism of the CM, GCM, and EM (Schusser and Jaraitė, 2018)
can provide a reference for China. Many scholars have conducted
extensive research on the interactions among the three markets.
(Ju et al., 2016) constructed an optimizationmodel for power system
planning under carbon emission trading and renewable energy
quota system. (Chen and Jiang, 2023) established a multi-market
fusion model, but fixed carbon prices limited the scope of its
research.

Research on network constraints in power systems is of great
significance for ensuring the stable operation of power systems
and developing reasonable system planning. Currently, there has
been a considerable amount of research on network constraints
in power systems. (Liu et al., 2023) investigated the peer-to-peer
transaction model of multi-microgrids partitioned pricing under
network constraints. (Zun et al., 2019) established a network model
of the electric-gas-heat energy system for regional comprehensive
energy systems and proposed a linearization method. At present,
there are few researches on network constraints in multi-markets.

Based on the current research situation, most related studies
lack the necessary description of the “carbon-electricity-certificate”

market relationship, and most related studies do not include
the network constraints and the spot market of carbon trading.
Therefore, the main innovations of this paper are as follows.

a) Describe the operation modes of the three markets and their
coupling relationship in detail;

b) Consider the trading model of thermal power companies in
the spot trading of carbon market, and adopt a ladder carbon
price higher than the current price level to better simulate the
development trend in the future market;

c) Consider the network constraints and compare GJO algorithm
with particle swarm optimization and improved particle swarm
optimization in the simulation process of an example to illustrate
the advantages of GJO algorithm in the power system simulation
process.

The contributions of this paper can be summarized as follows.

a) The research explains the interaction among the GCM, CM, and
EM, and constructs a decision optimization model for power
producers considering the integration of multiple markets from
the perspective of maximizing overall producer interests.

b) The consideration of high-level ladder-type carbon trading
price instead of fixed carbon prices helps power producers to
formulate trading strategies in the future event of carbon price
increases.

c) Through the exploration of the “carbon-electricity-green
certificate” trading model, the paper provides strategy for
members in the threemarkets on how tomaximize their benefits
under the circumstance of the continuous improvement of
renewable energy under the condition of network security.

The remainder of this paper is organized as follows. In Section 2,
the paper proposes the transactionmodes of the EM,CM, andGCM.
In Section 3, themarket framework for the “carbon-electricity-green
certificate” is designed. In Section 4, “carbon-electricity-certificate”
market trading model are constructed. In Section 5, GJO is used
to solve the optimal decision-making model of power producers in
the “carbon-electricity-green certificate” multi-market integration.
In Section 6, the market competition under different quota ratios
and carbon prices is analyzed through a case-study. Section 7 is the
discussion and limitation. Finally, Section 8 provides a summary of
the entire paper.

2 Transaction mode of CM, EM, and
gce

2.1 CM transaction mode

In China, the allocation of carbon quotas mainly includes free
allocation and paid allocation. Under the free allocation, enterprises
obtain carbon quotas without paying any fees, while under the
paid allocation, enterprises need to purchase carbon quotas through
auctions or fixed prices. The historical total amount method, the
historical intensity method, and the reference line method are
three main methods for the free allocation of carbon allowances.
The administration of China’s carbon quota allocation technique is
getting better and better, and it has switched from the mixed use of
numerous approaches to the reference line method, learning from
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the development experience of European and American countries.
This paper will discuss the reference line method as the quota
allocation method. The reference line method, refers to the use of
carbon emissions intensity of the products produced within the
scope of carbon quota management as the benchmark, and uses
this as a reference indicator for carbon quota allocation. Specifically,
the carbon emissions per unit of the same product among different
enterprises within the carbon quotamanagement scope are arranged
in ascending order, and the top 20% of the products are selected as
the product benchmark (20% is a hypothetical data). The carbon
quota obtained by an enterprise is equal to the product output
multiplied by the product benchmark value.

Companies that produce thermal power are subject to more
complicated economic effects because they must balance the
demands of the EM and the CM. The government can determine
the annual pre-allocated carbon quota of thermal power producers
(TPP) using the reference line method. To acquire a single-day
carbon quota threshold, which serves as a benchmark for single-day
EM and CM transactions, TPP typically distribute it to each day. In
the EM trading stage, TPP predict the rise and fall of carbon prices
based on historical single-day carbon prices, and combine the cost
of TPPs’ carbon emission units, coal consumption costs, and risk
preferences to declare power bidding information. After the market
organization releases the clearing price and unit winning bid, the
TPP calculates the single-day carbon emission, compares it with the
single-day carbon emission threshold to obtain the difference, and
then determines the single-day carbon quota trading decision based
on its own marginal cost. In the CM trading stage, the CM conducts
paired clearing for buyers and sellers under constraints, and obtains
the single-day carbon allowance clearing amount and clearing price,
which are recorded in historical data.

2.2 EM transaction mode

At present, EM transactions mainly include “medium and
long-term” transactions and spot transactions. The enterprises
that mainly provide electricity services are power generation
enterprises and electricity sales enterprises. Through the power
forward contract, the forward market exchanges a specific quantity
of electricity for a specific amount of time in the future at a
price that is satisfactory to both sides. The influence of uncertainty
on transaction prices in the real market is eliminated by the
ahead electricity market, which supports the equilibrium market
electricity price. According to the time dimension, spot trading can
be separated into day-ahead market, intraday market, and real-time
market. Each market participant submits quotations and demands
in the day-ahead market based on variables such as their own
costs and price forecasts/purchase volume and factors announced
by the market operations department after the market operation
department announces the market transaction-related information
and rules the day before the transaction. To match transaction
objects, facilitate transactions, supervise and limit both parties to
complete power supply and settlement within the allotted time, the
marketing department will use the outcomes of the bidding process
and market rules.

After the day-ahead market closes, the intraday market adjusts
the power generation and consumption schedule to account for

forecast errors and unforeseen circumstances. The real-time market
establishes the real-time clearing price and quantity of each unit in
a shorter time by using centralized bidding or a real-time balancing
mechanism. Although the pricing in the spotmarket is more volatile
and carries higher market risk than the forward market, it can
more accurately reflect the market’s supply and demand dynamics.
In addition to addressing the various transaction requirements of
power producers, the joint operation of the two market transaction
modes promotes the stability and long-term operation of the EM.

2.3 GCM transaction mode

In order to effectively solve the problem of lack of government
subsidies, China learned from the development experience of
European andAmerican countries and officially began to implement
the green certificate system in 2017 and implemented it in the
form of voluntary subscription. The green certificate system was
initially designed as a means to help alleviate the government’s
subsidy shortfall for renewable energy by providing income from
the sale of certificates. The system also aimed to develop the
domestic market for green electricity consumption and was later
linked to the responsibility of accommodating renewable power
generation. With the improvement of the GCM system and policies,
the scope of issuance of green certificates has been gradually
expanded to cover all renewable energy power generation projects
according to the standard of 1 MW h of settlement electricity per
certificate. Renewable power producers participate in electricity
market transactions by selling their electricity at market prices and
obtaining the corresponding number of green certificates. These
green certificates can be sold for additional revenue through various
channels, such as listing or offline bilateral transactions, in the green
certificate market. However, once the green certificates are sold,
the corresponding electricity will no longer receive government
funding subsidies and cannot be traded again. The RPS clarifies the
renewable energy consumption responsibility of local governments
and market entities, thereby promoting the utilization of renewable
energy generation.

Currently, although China’s green certificate market is still
in its early stages, China adopts a RPS and a green certificate
system in parallel to stimulate the consumption and development of
renewable energy in order to strengthen the connection mechanism
between the green certificate system and the EM. There are two
main types of transactions in the market, namely, “certificate-
electricity unification” and “certificate-electricity separation”. In the
" certificate-electricity unification " mode, buyers of green electricity
make a power contract purchase and then actually use a certain
amount of green electricity, whereas in the " certificate-electricity
separation " mode, green electricity has been traded on the EM
and buyers serve as a proof of nominal consumption of green
electricity. The performance of the GCM is typical “certificate and
electricity integration” under the medium and long-term green
electricity agreement, which is advantageous to the overall planning
and scheduling of production activities. The “certificate-electricity
separation” mode separates the environmental value of green
electricity from the EM, enhances transaction flexibility, ensures
stable connection between the GCM and the EM, and effectively
improves the liquidity of the GCM.
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3 Market framework design of
“carbon-electricity-certificate”
integration

CM and GCM can promote the consumption of RES to a
certain extent. However, at present, the operation effect of a single
market is very little, and the links among the markets are weak.
In order to improve the links among the markets and promote the
consumption of RES, a multi-market joint transaction model of
“carbon-electricity-certificate” has been built.

Through market mechanisms, the “carbon-electricity-green
certificate” market influences market participants’ choices and
interacts with supply-demand dynamics and power market prices.
The coupling relationship is depicted as Figure 1.

When external demand changes and leads to an increase in
electricity demand. In the CM, as the electricity price rises, the
profit margin of TPPs increases, and TPPs will increase the supply
of electricity, which will cause the electricity price to fall; at the
same time, as the demand for carbon quotas increases, the price of
carbon quotas in themarket rises, thereby reducing the profitmargin
of TPP and causing them to abandon part of their market share
to maintain dynamic stability. For the GCM, when the electricity
price rises, the demand for green certificates by TPPs increases, and
the price of green certificates rises. The profit margin of renewable
energy power companies increases, which makes renewable energy
companies increase their investment, resulting in an increase in
power generation and a decrease in the supply-demand ratio of
green certificates. This promotes a rebound in electricity prices and
a reduction in profit margins.

In CM, the size of the carbon cost varies with power generator
output, influencing power generator decision-making in EM.
Because of the carbon quota system’s implementation, when TPP

reach a certain share, the carbon cost will gradually increase with the
amount of power generation, so TPP can only obtain the bestmarket
returns by giving up a portion of the power generation share. At
this moment, renewable power generation company can occupy the
part of power generation given up by TPP, enhance the proportion
of green electricity, and promote the increase in the proportion of
renewable energy in the grid to a certain extent.

In GCM, power generators buy or sell green certificates based on
their electricity output in order to cover the cost of green certificates
or obtain revenue from them. Due to the existence of RPS, all
thermal power generators are required to consume a certain quota
percentage K of green electricity. Traditional TPP can meet the
requirements of RPS by purchasing a specified number of green
certificates. Therefore, in the GCM, green power producer s act
as sellers and can adjust green certificate prices by controlling the
quantity of certificates; TPPs, as purchasers, can adjust their output
according to the price of green certificates to achieve the best
possible profit. To encourage the use of green power, a portion of
the profits is passed to green power suppliers. The Cournot model
(Hobbs and Pang, 2007) is used in the power market to compete for
market output by generators. Because TPP have lower unit power
generation costs, thermal power has a considerable advantage in the
EM consumption process.

Because each power generation company’s final contribution
affects its income and costs in the CM, GCM, and EM all at the
same time, the three markets are linked for decision-making so that
the power generation company’s income can be optimized. Figure 2
depicts the participation of power generation companies in various
market transactions.

In the electricity wholesale market, TPPs and green power
producers declare their power outputs to determine the electricity
market price. TPPs must pay a set amount of carbon cost and green

FIGURE 1
“Carbon-electricity-green certificate” market interaction.
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FIGURE 2
Trading block diagram of the “carbon-electricity-certificate” markets.

certificate cost under the limits of the carbon quota system and
the RPS, and the size of the carbon cost and green certificate cost
is decided by the quantity of their own output. When TPPs cut
their output in EM, green power producers raise their output to
occupy this part of the market share. At the same time, green power
producers will also control the number of green certificates to affect
the price of green certificates in the GCM, thereby affecting TPP
decision-making in EM. It can be observed that power generators’
decisions in the carbon and GCM will influence their decisions
in the EM, demonstrating that the three markets are inextricably
linked and affect each other.The government departments supervise
and oversee the market transactions in the electricity wholesale
market. The government will also play a role in the CM by
granting free quotas. Before the transaction, it will issue free quotas
to various power generators according to different policies and
will also approve the current basic carbon price according to the
market transaction situation and policy requirements. Meanwhile,
supervise all power generators to complete the task of carbon quotas
and punish power generators that fail to fulfill the target. In GEM,
the government department plays a similar role in issuing green
certificates to renewable energy generators, supervising all power
generators to fulfill their quota obligations, and penalizing those
who fail to meet their targets.

4 Construction of
“carbon-electricity-certificate” market
trading model

4.1 CM trading model

Under the call of carbon emission reduction, the government
forced high-carbon enterprises to reduce emissions by issuing free
carbon emission quotas. In the power industry, the main carbon
source of carbon emissions come from TPP. Therefore, TPP can sell

or purchase certain carbon emission rights according to the carbon
emissions generated by their own power generation. For TPP with
good emission reduction effects, they can obtain profits by selling
excess carbon emission rights in the carbon tradingmarket. In order
to simplify the analysis, this paper uses the reference line method
(Li and Wang, 2019) to determine the free carbon emission quota of
power producers.

a) The total amount of carbon emission quotas for TTP.

Cp = ∑
i∈Ωth

qth,iσ (1)

whereCp is the total carbon emission quota of thermal power plants,
qth,i is the generating capacity of TPP i, Ωth is a collection of TPP, σ
is the carbon emission quota per unit power generation of thermal
power plants, and taking 0.728 t/(MW·h)

In the spot market, the total power generation days of TTP i in
a year are D days, and the carbon quota threshold of D day. Ei,d. is
shown in Formula (2).

Ei,d = (C
p
i −

d−1

∑
n=1

Ei,n +ΔEi,d−1)
qth,i,d
D

∑
i∈Ωth,n=d

qth,i,n

(2)

Where qth,i,n is the predicted power generation of the unit on
the nth day. qth,i,d is the power generation of the unit on the day d,
Ei,n is the carbon quota allocation value of the unit i on the dth day.
ΔEi,d−1 is the carbon emission quota of TPP i that is not traded on
the d-1 day.

b) When designing and developing the total carbon emission
model of electric power enterprises, in order to better integrate
the carbon-electricity market, the fixed unit carbon emission
system model (Duan et al., 2021) (that is, the number of rows
is linearly related to electricity), and the two Sub-function form
(Yang et al., 2022), that is, more and more power generation, the
total carbon emissions are getting higher and higher.
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Ct =
D

∑
d=1
∑
i∈Ωth

(αiqth,i,d
2 + βiqth,i,d + χi + πd−1ΔE

trading
i,d−1 ) (3)

where Ct is the total carbon emissions of thermal power plants, αi
and βi are the carbon emission coefficients of TPP i unit, indicating
that the relationship between the power generation capacity of the
power generation business unit and its carbon emissions is greater
than 0. πd−1 is the cleaning price in the d-1 day in the CM. ΔEtradingi,d−1
is the trading amount of the carbon quota of unit i in the d-1 day.

c) Transaction cost model of carbon emission rights.

In order to better stimulate the participation of fire and
electricity companies in emission reduction, this paper adopts
a ladder-type carbon trading mechanism (Guo et al., 2023). The
model is shown in Eq. 4.

C f =

{{{{{{{{{{{{{
{{{{{{{{{{{{{
{

−Pc(1+ α)l− Pc(1+ 2α)(Cp −Ct − l),

Ct ≤ Cp − l

−Pc(1+ α)(Cp −Ct),Cp − l < Ct ≤ Cp

Pc(Ct −Cp),Cp < Ct ≤ Cp + l

Pc[k+ (k− 1)α]l+ Pc(1+ kα)(C
t −Cp − kl),

kl+Cp < Ct ≤ Cp + (k+ 1)l

(4)

where C f is the transaction cost of carbon emission rights, Pc is the
carbon trading price approved by the government, α is the reward
and punishment coefficient of carbon emissions of multiple energy
supply entities, and l is the excess range of carbon emissions.

4.2 GCM trading model

Due to the existence of the RPS policy, green power producers
can sell excess green power in the form of “certificate-electricity
separation” on the green certificate trading market to obtain
additional income. To meet the requirements of the RPS, TPPs must
purchase the specified number of green certificates. Assuming that
1 unit of green certificate represents the production of 1 MW h of
green electricity, this paper considers only wind and photovoltaic
power as green electricity based on the actual development of
renewable energy in China, without considering the differences
in the exchange of green certificates for different green energy
technologies. Therefore, the cost for thermal power generation
enterprises to purchase green certificates in the green certificate
market is shown in Formula (5).

CTGC
th,i = Kqth,iPg (5)

where CTGC
th,i is the cost of TPP i to purchase green certificates in the

GCM, and Pg is the price of the green certificate.
The revenue from green certificate sales by green power

producers in GCM i is shown in Formula (6).

CTGC
g,j = q

TGC
g,j Pg (6)

where CTGC
g,j is the income from green card sales by green power

producers in the GCM, and qTGCg,j is the sales volume of green
certificates.

FIGURE 3
Flow chart of golden jackal optimization algorithm.

In GCM, the income of green power producers is determined by
the price and quantity of green certificates, while the price of green
certificates is determined by the number of green certificates, and the
number of green certificates is determined by the power generation
of green power producers. The income in the GCM is completely
determined by the contribution of green power producers. If the
green power producer increases its output in the EM, its green
certificate price in the GCM will decrease, which in turn will reduce
the cost of TPP in the GCM and stimulate them to increase their
output. As coal power companies have lower marginal costs in the
electricity market, they will be the first to be dispatched. When
coal power companies increase their output, they will compete with
green power companies in the certificate market, which reduces
the revenue of green power companies in the electricity market
and leads to a reduction in their output. This then causes the
price of green certificates to increase in the certificate market,
increasing the revenue of green power companies. However, the
increase in the price of green certificates will also reduce the revenue
of coal power companies, which would then have to reduce their
output to minimize their losses, ultimately reaching a dynamic
equilibrium.
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Therefore, when the TPPs’ marginal cost in the GCM equals
its marginal revenue in the EM, the TPPs’ decision-making in the
GCM and the EM is optimal, and profit is maximized. Since green
electricity suppliers will benefit in both markets, and only receive
profits without costs in the GCM, the green power generators can
achieve the optimal decision and maximize their profits in both
markets only when the marginal cost of their electricity generation
equals the sum of the marginal revenue in the green certificate
market and the electricity market. The market equilibrium model
is as follows.

maxπg,j(qg,j) = Peqg,j −Cg,j +C
TGC
g,j (7)

The GCM constraints are as follows.

0 ≤ K
N

∑
i=1

qth,i ≤ (1−K)qg,j (8)

When the demand for green certificates exceeds the supply
of green certificates, in order to punish TPPs for excess power
generation, the excess demand for green certificates of TPPs is
calculated at the highest price of green certificates. It is shown in
Formula (9).

N

∑
i=1

CTGC
th,i = Pg

M

∑
j=1
(1−K)qg,j + x(K

N

∑
i=1

qth,i −
M

∑
j=1
(1−K)qg,j) (9)

where x is the highest price of the current green certificate.

4.3 EM trading model

In the electricity wholesale market, all power producers
participate in themarket competition in the form of Cournotmodel,
and the market price is the inverse demand function of the market
demand, which is shown in (10).

Pe = A−BQ = A−B(
N

∑
i=1

q(th,i) +
M

∑
j=1

q(g,j)) (10)

where Pe refers to the wholesale market price of electricity, Q is the
total demand of electricity wholesale market, A and B are constants
greater than zero, M and N are the number of thermal power and
green power manufacturers respectively.

When each power producer only trades in EM, its income is
the income from selling electricity minus the cost of generating
electricity. The TPP i has the following secondary generation cost
function.

Cth,i(qth,i) = ath,iq
2
th,i + bth,iqth,i + dth,i (11)

where qth,i Contribute to the power generation of thermal power
generator i; ath,i and bth,i is a cost coefficient greater than 0; dth,i is
a fixed cost.

Although renewable energy power generation has no cost of fuel
consumption, it requires more operation andmaintenance costs due
to the instability of power generation. According to (An et al., 2019),
renewable energy generator also has the following quadratic cost
function.

Cg,j(qg,j) = ag,jq
2
g,j + bg,jqg,j + dg,j (12)

where qth,i refer to the power generation output of thermal power
supplier i ath,i and bth,i are cost factors greater than 0, and dth,i is fixed
cost.

In EM, the income of each power producer is as follows.

fth,i = Peqth,i −Cth,i (13)

fg,j = Peqg,j −Cg,j (14)

It can be seen from the above formula that when the power
generator only participates in the power market competition, its
income is the power sales income of the power generator minus
the cost of power generation. Among them, the electricity price
will change with the change of the total output. Since the unit
power generation cost of the TPP is relatively small, in the face
of market competition, it has the right to have priority. The green
power business needs to adjust its output according to market
demand and the cost of power generation. When it is equal to
the marginal income, the power generation company achieves
optimal decision-making in the market and maximizes the income.
The power supply and demand balance constraint in the power
market is in (15).

Q =
N

∑
i=1

qth,i +
M

∑
j=1

qg,j (15)

The output constraints of each power producer are follows.

qmin
th,i ≤ qth,i ≤ q

max
th,i (16)

qmin
g,j ≤ qg,j ≤ q

max
g,j (17)

Tk,i,t ≥ Ton,i (18)

Tg,i,t ≥ Tof f ,i (19)

Pg,t − Pg,t−1 ≤ RUg (20)

Pg,t−1 − Pg,t ≤ RDg (21)

where qmin
th,i and qmin

g,j respectively represent the lower limit of output
of TPP and RES producers, qmax

th,i and qmax
g,j respectively represent the

upper limit of power output of TPP and RES producers. Tth,i is the
operating time of TTP. Tk,i,t is the continuous operation time of the
unit i, Ton,i is the minimum operating constraint time of the unit i.
Tg,i,t is the downtime of the unit i, Tof f ,i is the minimum continuous
downtime of the unit i. Pg,t and Pg,t−1 is the output of the unit i at
moment t and moment t-1 respectively, RUg and RDg represent the
increased or decreased output of the unit per unit time, respectively.

5 Optimal decision model for power
producers considering multi-market
integration

5.1 Objective function and constrains

Considering the costs and benefits of CM transactions, GCM
transactions and EM transactions, the profits of each power
generation company are as follows.
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a) The profit of the TPP is the income from electricity sales minus
the cost of power generation, carbon cost and the cost of
purchasing green certificates in the GCM. The profit function is
shown in Formula (22).

maxπth,i(qth,i) = Peqth,i −Cth,i −C f −C
TGC
th,i (22)

b) Similarly, the profit of green electricity suppliers is the income
from selling electricity in the electricity wholesale market plus
the income from selling green certificates in the GCM, and
then subtracting the cost of power generation. Since green
electricity does not generate carbon emissions, green electricity
manufacturers do not participate in CM transactions, that is,
there is no carbon emission cost and no carbon income, then
its profit function is shown in Formula (23).

maxπg,j(qg,j) = Peqg,j −Cg,j +C
TGC
g,j (23)

In order to rationally allocate the power generation resources
in the region, take the maximization of the total revenue of the
power generation companies as the objective function to solve
the optimal output of each power generation company, then the
objective function of the optimal decision-making model of the
power generation companies considering the “carbon-electricity-
certificates” multi-market transaction is as follows.

Π =max[
N

∑
i
πth,j(qth,j) +

M

∑
j
πg,j(qg,j)] (24)

Among them, the constraint of the objective function is the
decision constraint of power generation companies in various
markets.

Studying the combined effects of multiple components on
various types of power grid overloads is key to the long-term stable
operation of the power grid. The following takes into account the
contract or transaction’s line or section limit violation, as well as
other variables. For instance, the following line l has exceeded its
entire power limit in (25) and (26).

Qu
l =∑Uu

l,t (25)

Qd
l =∑tU

d
l,t (26)

where Qu
l indicates that the positive power of the line exceeds the

limit (power flow value Pl is positive); Qd
l indicates that the reverse

power of line l exceeds the limit (power flow value Pl is negative).
According to the sensitivity analysis matrix (power

transfer distribution factor matrix), the contribution of all
contracts/transactions Gi to the electricity flowing through line l
can be obtained, as shown in Formula (27).

Ql,G =∑
i
Kl,Gi

Ql,Gi
(27)

where Kl,Gi
is the power transfer distribution factor of the contract

Gi to the line l obtained based on the DC power flow model. If
the above-mentioned line or section off-limit electricity is positive
off-limit electricity, the sensitivity analysis matrix can be sorted in
descending order, such as Formula (28), so that the contribution of
all contracts/transactions to the line or section congestion can be

calculated sort. The more Kl,Gi
, the more contracts Gi contribute to

line or section congestion. The primary causes of contract power
exceeding the limit rank at the top of the list. Conversely, if the
above-mentioned line or section exceeds the limit of electricity, the
sensitivity analysis matrix can be sorted in ascending order, and the
top one is the key factor of the contract/transaction electricity limit,
such as Formula (29).

descend_sort(K l,G) = [Kl,G1
;Kl,G2
;⋯;Kl,Gn

] (28)

ascend_sort(K l,G) = [Kl,Gn
;Kl,Gn−1
;⋯;Kl,G1

] (29)

5.2 Golden jackal optimization algorithm

This paper adopts GJO to solve the model. GJO was proposed
by two scholars, Nitish Chopra and Muhammad Mohsin Ansari
(Nitish and Muhammad, 2022) in 2022. The algorithm simulates
the behavior characteristics of male jackal leading and female jackal
following when the golden jackal is hunting, making the algorithm
more rapid and efficient. GJO consists of two stages: survey and siege
of prey. The survey stage is to lock the best prey position. The siege
stage is to capture prey. When the algorithm is running, the male
jackal and the female jackal hunt together, which can capture prey
more stably and quickly, that is, can obtain the optimal solution
faster and more accurately. The procedure flow is shown in Figure 3.

The algorithm steps are as follows.

a) Initialize population size and maximum number of iterations
b) Randomly generate the positions (qth,i, qg,j)of population, input

the variable K, Pc, calculate Pg, Pe and initial fitness value.
c) Calculate Pg, Pe and prey fitness value and the positions of the

male and female golden jackals.
d) Update the prey’s escape energy E = E1E0 and random variables

rl = 0.05 ⋅ LF(y). E1 is used to represent the decreasing energy
of the prey during escape, the expression is E1 = c1(1−

t
T
), c1

is constant. E0 represents the initial escape energy and the
expression is E0 = 2r− 1, r is a random number that is 0–1

e) When |E|>1, the jackal is in the survey stage, use
Yt

1,i = Y
t
M −E ⋅ |Y

t
M − rl ⋅ x

t
i| and Yt

2,t = Y
t
FM −E ⋅ |Y

t
FM − rl ⋅ x

t
i| to

update the prey position; when |E|<1, the jackal is in the stage
of siege and pounce on the prey, use Yt

1,i = Y
t
M −E ⋅ |rl ⋅Y

t
M − x

t
i|

and Y2,i(t) = Y
t
FM −E ⋅ |rl ⋅Y

t
M − x

t
i| to update the prey position.

f) Repeat steps 3 to 5 until the maximum number of iterations is
reached.

g) Output the position of the golden jackal, that is, the optimal
strategy combination of the generator.

6 Example analysis

6.1 Basic data

The simulation in this paper considers the standard IEEE 30-bus
system, as shown in Figure 4.

This paper assumes that there are 6 power producers
participating in the market competition, including 4 TPP (G1, G2,
G3, G4) and 2 RES producers (G5, G6). The parameters of each
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FIGURE 4
IEEE 30-bus system.

generator are shown in Appendix A1, and other data are shown in
Appendix A2 andAppendix A3. Set the number of GJO population
to 100, and the maximum number of iterations to 100.

6.2 Simulation analysis

6.2.1 K = 0.2, Pc = 20 current market competition
This section simulates the decision of power producers when

the quota ratio K = 0.2 and the carbon price. The output of each
power producer in the optimization process is shown in Figure 5,
and the income of each power producer is shown in Figure 6.
It can be seen from the data in Figure 5 and Figure 6 that G1
(204MW, 8451$) TPP have a smaller output cost coefficient, so
G1 can have more share of electricity sales in EM; However, G2
(154MW, 5735$), G3 (72MW, 2700$) and G4 (53MW, 1857$) TPP,
due to cost constraints, are unable to have too much share of

FIGURE 5
The output of each power producer in the optimization process when
K = 0.2 and Pc = 20

FIGURE 6
The revenue of each power producer in the optimization process
when K = 0.2 and Pc = 20

electricity sales, with less output and income; Although the output
cost of RES producers G5 (118MW, 4144$) and G6 (89MW, 3357$)
is higher than that of all TPP, because there is no cost of carbon
emissions, and they have the income from selling green certificates,
the share and income of RES producers will exceed that of G3
and G4, but under the current quota ratio and carbon price,
the output of G1 and G2 power producers will still account for
more.

6.2.2 Market competition in different scenarios
In order to explore the impact of CM and GCM on the decisions

of power producers in EM, four different scenarios are set up for
comparative analysis. Scenario 1 does not consider the carbon cost
and green certificate cost, Scenario 2 only considers the carbon cost,
Scenario 3 only considers the green certificate cost and Scenario 4
only considers the carbon price is 20, and the quota ratio is 0.2.
Output and income of all power producers. The data is shown in
Table 1.

The results show that the interaction of the three markets has
reduced the revenue of TPP, forced some of the revenue to be
transferred to RES producers, thus promoting the consumption
and development of RES, and promoting the market to attract
more and more RES producers, gradually increasing the
proportion of RES, and promoting the construction of new power
systems.

Therefore, under the interaction of the three markets, the
implementation of carbon trading and RPS enables green power to
occupy more market share in the electricity wholesale market more
quickly, thus achieving the goal of promoting the consumption of
RES. In the new power system in the future, the access of a high
proportion of RES to the grid will increase the RES quota ratio,
which limits the output of TPP in the power market. Therefore,
increasing the quota ratio and strengthening the construction of
GCM can more promote the consumption of a high proportion of
RES in the new power system.
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TABLE 1 Output and revenue of each power producer under different scenarios.

Scenario 1 Scenario 2 Scenario 3 Scenario 4

Power Producers Power Revenue Power Revenue Power Revenue Power Revenue

generation /$ generation /$ generation /$ generation /$

/(MW·h) (MW·h) /(MW·h) /(MW·h)

G1 341 13102.7 231 9849.7 314 11379.5 204 8451.0

G2 169 6182.4 166 6939.9 150 5194.4 154 5734.5

G3 108 3806.7 85 3299.1 93 3103.5 72 2699.8

G4 41 1387.2 61 2252.4 26 804.2 53 1857.2

G5 74 2862.5 100 3896.5 94 3706.2 118 4143.5

G6 53 2013.1 74 2847.1 69 2687.1 89 3357.4

Total power/(MW·h) 783 717 746 690

Market electricity price/($·(MW·h)−1) 68.68 71.32 70.16 72.4

Green certificate price/($·(MW·h)−1) - - 21.088 20.032

Total revenue/$ 29354.7 29084.9 26874.9 26443.5

6.2.3 Market competition under different carbon
prices and quota ratios

In order to further explore the carbon price in the CM and the
degree of influence of the renewable energy quota ratio in the GCM
on the market, this section discusses the impact of different carbon
prices and quota ratios on the electricity market when the carbon
price is between 10 and 40USD/ton, and the renewable energy quota
ratio is between 0.1 and 0.4. Power generation companies G1 andG5
are selected as representatives to analyze their output and revenue
under different scenarios.

Figure 7 demonstrates that the larger the quota ratio, the greater
the impact on the power generation companies. With an increase
in the quota ratio, the output of G1 TPP decreases while the output

of G5 green power producers increases. This indicates that in the
case of a high quota ratio, TPP would be required to buy more green
certificates in GCM, which would reduce their revenue and force
them to reduce its output to reduce the cost of green certificates;
On the contrary, as the quota ratio increases, although the amount
of green certificates that can be sold by the green power generation
company decreases, due to the reduction in the output of TPP, the
market share of the EMwill be correspondingly be givenup, allowing
the green power companies to occupy this part of the market,
increase their own output and the amount of green certificates that
can be sold, and obtain more benefits.

Based on the analysis in Figure 7, it can be concluded that an
increase in carbon prices will cause TPP to reduce their output to

FIGURE 7
The output of each power producer in the optimization process when K = 0.2 and Pc = 20
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repay the increase in carbon costs. However, because carbon costs
have no effect on green e-commerce, when the total output of the
CM declines, it will correspondingly increase its output to obtain
more profits.

Therefore, under the interaction of the three markets, with the
increase of quota ratio and carbon price, green power can occupy
more market share in the electricity wholesale market more quickly,
thereby promoting the consumption of renewable energy. In the
new power system in the future, the high proportion of renewable
energy entering the grid will increase the quota ratio of renewable
energy, which will limit the contribution of TPP in the power
market. Therefore, increasing the quota ratio and strengthening
the construction of the GCM will be more. It can promote the
consumption of a high proportion of renewable energy in the new
power system.

6.3 Algorithm comparative analysis

To validate the superiority of the golden jackal optimization
technique utilized in this paper, the market equilibrium model is
solved using the standard Particle Swarm Optimization (PSO) and
the improved Particle Swarm Optimization algorithm. Based on the
principle of controlling variables, the population size of the three
algorithms is set to 20, and the maximum number of iterations is 50
generations. The optimal convergence circumstances are compared
after executing the above three algorithms numerous times, as
illustrated in Figure 8. The improved Particle Swarm Optimization
algorithm hopes to advance the global search, so that the search
area quickly approaches a small range, and then uses local search
to obtain a higher precision solution, so the weight factor w is
proposed, and the inertia weight w is set to a linear decreasing form,
in the early stage of search, w is higher, improve the global search
ability of particles, with the increase of the number of searches, w
gradually decreases, and the local search ability increases, which
can avoid falling into local convergence and improve convergence
speed; The learning factors c1 and c2 indicate that the next

FIGURE 8
Comparison of the advantages and disadvantages of different
algorithms.

action comes from its own experience and the weight of other
particle experience, respectively, pushing the particle to the optimal
position of the individual and the optimal position of the group.
Adaptive improvement of c1 and c2 obtains adaptive acceleration
coefficient: c1 = 0.5+ 2exp[−(4t/T)2], c2 = 2.2− 2exp[−(4t/T)2]. In
the standard particle swarm operation, w, c1 and c2 are fixed values,
which greatly limits the optimization efficiency of particle swarm
operation.

According to the data in Figure 8, the three algorithms have
equivalent accuracy and can converge to a stable value in terms
of algorithm accuracy; in terms of optimization times, GJO
demonstrates its rapid and efficient benefits. Convergence has
already begun in the tenth generation, while the standard PSO
requires completion in the 30th generation. The improved PSO
algorithm’s convergence speed is expedited due to improvements
in the adaptive learning factor and the algorithm’s weight factor,
but it still takes roughly 20th generations to converge, which is
slower than the convergence pace of GJO. In addition, Particle
Swarm Optimization and improved Particle Swarm Optimization
have relatively high requirements for the initial value, and once the
initial value changes randomly, the convergence result of multiple
times may not be the same optimal solution, and an invalid solution
may also be obtained. As a result of the above study, it can be
concluded that the GJO algorithm used in this paper can not only
be well adapted to the equilibrium solution of the electrical market,
but also be faster and more efficient while maintaining the same
accuracy.

7 Discussion and limitation

In order to speed up the construction of new energy-based
power system, China has successively built a carbon market and
a green certificate market nationwide. However, from the current
trading situation, the development of the carbon market and
the green certificate market is not satisfactory. Therefore, it is
urgent to build a carbon-electricity-certificate market. In this paper,
the market framework of carbon-electricity-certificate is designed,
and the optimal decision of e-commerce under multi-market
integration and network constraints is analyzed and simulated by
GJO algorithm, which contributes to the discussion and related
research of multi-market integration in the future. (Chen and
Jiang, 2023). adopted a fixed carbon price, which limited the
research scope. (Xue et al., 2018). did not introduce the coupling
and interaction in the three markets in detail. Our research analyzes
the independent operation mode of the three markets, provides a
clear coupling relationship in the integrated market and builds a
trading model of the three markets based on the ladder carbon
price. A key discovery is that with the increase of quota ratio and
carbon price, green electricity companies will occupy more and
more market share (Figures 7, 9), so as to promote the consumption
of renewable energy and promote the integration and development
of multiple markets. This result shows that increasing the carbon
price and enterprise quota ratio in the future market will become
one of themeans for the government to promote the development of
new energy, and power producers and green e-commerce companies
should also be prepared for this. In addition, this study confirms the
rapidity and efficiency of GJO algorithm in solving the electricity
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FIGURE 9
The output of power producers G1 and G5 at different carbon price when K = 0.2.

market equilibrium, and provides a new way for related research
and market participants to solve the market equilibrium model. It
should be pointed out that this paper does not consider the decision-
making of power companies in the integrated market. However,
the role of user companies in the electricity market cannot be
ignored.

In this paper, when discussing and studying the interaction
relationship and information interaction between CM, GCM and
EM, this paper mainly adopts the analytical method, mainly using
formulas to show the interaction relationship between the three
markets, such as the coordination between TPP and green e-
commerce in the EM on the impact of electricity prices. In
the integrated multi-market system we designed, the combination
of the three markets will be closer and have more information
interaction processes, and the requirements for communication
technology and model building will become higher in this process.
More and more new information and communication technologies
have emerged to assist the design and operation of future smart
energy systems (Zhao et al., 2023), including artificial intelligence,
quantum computing, blockchain and other technologies that
are developing rapidly. At the same time, new model-building
methods (Górski, 2023), such as integration flows modeling, will
also play an important role in helping the development and
advancement of future power systems. Therefore, we believe that
research on new information and communication technologies
and messaging flows models will be more important in related
research.

8 Conclusion

This article constructs an optimal decision-making model for
power generation companies considering the integrated trading of
“carbon-electricity-certificates” in multiple markets. It can be used
to analyze the changes in power generation and revenue of power
generation companies under different combinations of carbonprices

and quota ratios in the interaction of the three markets. Through
numerical simulation analysis of the model on the IEEE 30 system
nodes, the findings of this article are as follows.

1) In CM, GCM, and EM, compared to single or dual trading
markets, green power generators have higher profits and are
better able to promote the consumption of renewable energy
electricity under the integration of three trading markets.

2) This article sets a carbon price level higher than the current level
of the national unified CM, which can better predict the impact
on the electricity wholesalemarket in the future when the carbon
price increases as the CM develops.

3) Raising the carbon price level and quota ratio will force thermal
power generators to give up a portion of their market share
and profits to renewable energy generators, while the profits of
renewable energy generators will increase with the increase of
carbon price and quota ratio.

4) With the development of renewable, the increase of carbon price
level and the rise of quota ratio, more and more RES producers
have entered the market and occupied the share of EM, so as to
promote the consumption of high proportion of RES in the new
power system.

5) This paper applies the golden jackal optimization algorithm to
the equilibrium solution of the EM. The results demonstrate that
the golden jackal optimization algorithm is fast and efficient, and
it also demonstrate that the golden jackal optimization technique
may be used to solve the power market’s equilibrium problem.

More consumption of renewable energy power will become
increasingly significant in the future power systems, and enhancing
the connection between the three trading markets will be critical
to encouraging green power consumption. It should be noted that
this article does not consider the decision-making of electricity
consumers participating in the CM and the GCM. However, in the
EM, CM, and GCM, the participation of electricity consumers will
play an important role; thus, the consumes’ decision-making in the
three markets will be the future research.
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Appendix A

TABLE A1 Parameters of power producers in themarket.

Generator a b min/MW max/MW

G1 0.041 23.265 0 400

G2 0.063 26.588 0 250

G3 0.076 29.037 0 200

G4 0.080 33.971 0 120

G5 0.105 46.885 0 250

G6 0.128 47.889 0 250

TABLE A2 The coefficient of carbon emission of thermal generating units.

Generator αi/($ ·(MW·h)-2) βi/($ ·(MW·h)-1)

G1 0.002 0.3

G2 0.002 0.3

G3 0.004 0.4

G4 0.004 0.4

TABLE A3 Other parameters of themodel.

Parameter A/($ ·(MW·h)-1) B/($ ·(MW·h)-2) x/($ ·(MW·h)-1) d/($ ·(MW·h)-2) Pc/($·t
-1)

value 100 0.04 25 0.03 20
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