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ABSTRACT: Against the backdrop of China’s “dual-carbon” target, clean energy generation currently accounts for
about 3.8 trillion kilowatt-hours, or 39.7 percent of total power generation, establishing a reasonable market trading
mechanism while enhancing the low-carbon economic benefits of the integrated energy system (IES) and optimizing
the interests of various entities within the distribution system has become a significant challenge. Consequently, this
paper proposes an optimization strategy for a low-carbon economy within a multi-agent IES that considers carbon
capture systems (CCS) and power-to-gas (P2G). In this framework, the integrated energy system operator (IESO) acts
as the primary leader, while energy suppliers (ES), energy storage operators (ESO), and load aggregators (LA) follow.
At the level of low-carbon technology, a coupling model of P2G and CCS is developed, leading to the establishment of
an IES that incorporates energy conversion and storage equipment. Economically, effective control of system carbon
emissions in market trading is progressively established. Lastly, the trading decision model of the system is integrated
within a master-slave game framework, utilizing an improved differential evolution algorithm in conjunction with the
distributed equilibrium method of quadratic programming for solution. The calculation example demonstrates that
the strategy safeguards the benefits for both parties in the game and achieves energy savings and carbon reduction for
the system.

KEYWORDS: Integrated energy system; carbon capture; power-to-gas; master-slave game; stepped carbon trading

1 Introduction
In recent years, carbon emissions have produced a greenhouse effect due to rapid economic and social

development, leading to global climate change [1]. Amidst accelerating global efforts toward sustainable
development, the adoption of decarbonized energy systems has emerged as a critical priority for both
current and future economic paradigms. The development of IES, marked by the seamless coordination of
generation, grid, demand, and storage components alongside cross-energy synergies, serves as a cornerstone
strategy for advancing toward sustainable, low-carbon energy economies. IES interconnects diverse energy
networks, dynamically transforming electricity, thermal, cooling, and gas resources to optimize energy dis-
tribution while seamlessly integrating decentralized renewable energy generation [2]. Advancing energy
efficiency optimization and driving sustainable energy transitions represent pivotal research priorities with
profound implications for future innovation and policy development.

P2G technology facilitates the bidirectional conversion between electrical energy and hydrogen within
IES, enhancing energy flexibility and storage capabilities. Reference [3] analyzed the principle of power-
to-gas, electrolysis of water to obtain hydrogen, to achieve the conversion and storage of energy. CCS
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plays a key role in reducing carbon emissions from IES, and CCS technology captures, sequesters, and
uses CO2 emitted from the energy sector [4,5]. References [6,7] verify the effectiveness of CCS retrofits
in decarbonizing power systems in real cases. However, the application of either P2G technology or CCS
technology alone is not ideal in terms of economics [8]. The integration of CCS and P2G technologies enables
the repurposing of captured CO2 for methane synthesis, achieving dual outcomes: a substantial reduction
in IES carbon emissions and the production of renewable synthetic fuel [9]. Introducing P2G technology
into the cogeneration scheduling model in IES effectively improves energy utilization and economy [10].
Reference [11] feeds captured CO2 from a gas-fired cogeneration plant to a P2G plant, and the generated
gas is supplied to a gas-fired cogeneration plant. The above references lack consideration of the need for
CO2 feedstock for methane production. Reference [12] established an integrated wind-light-hydrogen energy
model and a coupled CCS and P2G model, which provides an effective way for IES renewable energy to
adapt to a reliable hydrogen supply. Reference [13] proposed an operational framework including carbon
capture, hydrogen fuel cells, and P2G technology. Through analysis of carbon valorization pathways, results
confirmed improved eco-economic efficiency when operating under a stepped carbon trading policy. The
literature largely excludes transactional market structures from multi-stakeholder operational models and
employs fixed-rate carbon trading systems that fail to evolve toward more nuanced emission mitigation
paradigms. Tensions among market participants arising from transactional disagreements risk eroding their
willingness to actively engage in commercial exchanges.

Recent practical research reveals that the power trading mechanism is showing significant dynamic
evolution characteristics, and the composition of the participating subjects in its marketization process has
broken through the traditional single form and transformed into a multi-dimensional industrial synergy
network. Under the new power system architecture, power generation companies, power sales companies,
and load aggregators are forming a complex ecology of competition through long-term agreement alliances
and spot market bidding. In the face of this asymmetric information environment, the construction of
game models for strategy derivation has become an inevitable choice for market players to optimize
their decision-making—equilibrium analysis can effectively deconstruct the conflict of interests of multiple
parties, while game theory provides quantitative support for dynamic strategy adjustment, which provides
a key methodological framework for solving the dilemma of the market power game under the new power
system. Since the master-slave game is an important method for solving the dispute of interests of multiple
decision-making subjects and studying the strategy choice, it is now widely used in the field of optimal
scheduling of IESs [14]. In IES, the system operator formulates an appropriate price strategy based on the
load demand and supply-demand relationship, and the suppliers and consumers respond according to the
price information given by the operator, there is a sequential order in the game process, which is in line
with the dynamic game situation between master and slave [15]. Reference [16] proposes a game-theoretic
optimization framework for regional multi-energy systems, integrating load demand responsiveness to
maximize combined economic and operational efficiency. Reference [17] proposes a two-level cooperative
control strategy model based on multi-intelligence deep reinforcement learning for an “electricity-heat-
gas” integrated energy system, which improves energy efficiency and reduces the cost of the integrated
energy system. Reference [18] proposes a dual-phase optimization framework for combined heat and
power systems, integrating strategic tariff adaptation and operational policy refinement to balance energy
efficiency gains with cost minimization. Reference [19] incorporates a carbon trading mechanism, establishes
a hierarchical decision-making model between energy suppliers and load-side stakeholders, and incentivizes
user participation in low-carbon demand-side management through dynamic pricing strategies and flexible
generation scheduling. This approach facilitates synergistic optimization of energy efficiency and emission
reduction within IES. The study confirms that the introduction of master-slave game analysis tools can not
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only quantify the loss of game efficiency due to market power abuse but also provide a computable theoretical
framework for institutions to design market power suppression mechanisms, which opens up a new path
to solve the prevalent strategic offer and market manipulation problems in the power system. However, the
solution methodology and other trading mechanisms are not comprehensively considered, and the extent of
the IES carbon reduction potential is not deep enough.

Building on this context, the study introduces a coordinated optimization mechanism for multi-
stakeholder interactions within a hierarchical decision-making framework. Firstly, the model of IES
including CCS and P2G, and the market trading mechanism are introduced. Then, the payoff model and
game framework of each subject are constructed separately. Subsequently, a distributed solving algorithm
that protects the privacy of each subject is used to realize the balance between information privacy and
market competition by the upper leader formulating a price strategy and the lower follower responding
according to the price information provided. Scenario-based evaluations conclusively demonstrate the
practical efficacy of the methodology introduced in this study.

Our work establishes the main innovations:
1. A multi-energy coupled IES optimal scheduling model based on a master-slave game is established. By

describing the behaviors of each subject of interest in IES, the problem of conflicting interests among
each other is solved, and the interests of each subject are maximized.

2. A refined CCS and P2G coupling model is constructed, as well as CET and GCT mechanisms are added
to deeply explore the carbon reduction potential of IES.

3. In this paper, a distributed solution algorithm is proposed, aiming to cope with the severe challenge
of competition in the electricity market, while protecting the information privacy of each subject of
interest. Unlike the traditional Stackelberg game approach, the algorithm does not need to disclose
sensitive information such as participants’ objective functions, equipment parameters, or energy use
preferences, which are regarded as trade secrets. The core mechanism of the algorithm is that the upper-
tier leaders formulate pricing strategies, while the lower-tier followers make decisions based on the
received price information, thus maintaining the fairness and stability of the market competition while
safeguarding the information privacy.

2 IES Structure
The architecture of IES is shown in Fig. 1. Energy is supplied by wind turbine (WT), photovoltaic (PV),

grid, and natural gas. The IES device mainly includes a gas boiler (GB), electric boiler (EB), micro turbine
(MT), heat recovery boiler (HRB), absorption chiller (AC), hydrogen fuel cell (HFC), electric refrigeration
unit (ERU). Within the combined cooling, heating, and power (CCHP), it consists of MT, HRB, and AC.
IESO acts as a bridge between energy supply and demand, connecting the supply side, storage side and load
side, and realizes the integrated operation of source, network, load and storage.

The strategic behavior of IESO, ES, ESO and LA in the process of energy trading can be regarded as a
kind of game, in which they formulate trading strategies and optimize the internal operation state according
to their interests and environmental effects, respectively. The IESO is the coordinator and leader of the entire
IES, assuming the three-way energy mobility and decision-making ability of source-load-storage, setting the
energy purchase and sale prices according to the supply-demand relationship and market conditions, and
purchasing the energy produced by the ES and selling it to the LA and the ESOs to earn profits. ES, as the
energy supplier of IES, provides electricity, heat and cold energy to the system through multiple energy supply
equipment. Aligning with the IESO’s established energy pricing framework, the ES dynamically optimizes
the IES’s operational strategy to maximize profitability. ES also participates in the GCT and CET markets,
taking the initiative to bear carbon emission penalties. LA re-optimizes load demand and reduces energy
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purchasing expenditures. ESO buys energy at a lower price to store it during low energy use periods and sells
it at a higher price during peak energy use periods to make a profit.

Figure 1: Structure of integrated regional energy system

3 System Model

3.1 CCS and P2G Coupling Model
CCS constitute climate mitigation frameworks that integrate post-combustion capture technologies

with geological sequestration, targeting anthropogenic CO2 emissions from industrial flue streams and
power generation units through mineralogical trapping mechanisms. The procedure begins with purifying
flue gas by removing contaminants. A chemical solvent then interacts with CO2 in an absorption tower,
isolating it from the gas stream. The pure CO2 is separated and transported by compression to a designated
location, where it can be sequestered or used in the P2G process [20,21]. In the P2G process, the electrolysis
cell (EL) and methane reactor (MR) are two key components. The EL utilizes electrical energy to break down
water into hydrogen and oxygen, while the MR reacts CO2 with hydrogen to produce methane gas [22,23].

The advantage of coupling CCS with P2G is that it enables more efficient carbon cycling and emission
reduction, thereby minimizing external carbon procurement expenditures and the risk of CO2 transporta-
tion. In addition, the energy expenditure of CCS systems is categorized into two primary components: fixed
energy consumption and operational energy consumption. Fixed energy consumption refers to the energy
and resources required to build the CCS equipment, which does not change with CCS operation. Operational
energy consumption, on the other hand, exhibits a direct proportionality to the captured CO2 mass flow
rate. In the coupled system, the CCS first captures and sequesters the CO2 released from the gas boilers and
CCHP equipment in the system, and then uses the captured CO2 directly in the P2G process. In this way, it
not only realizes CO2 reduction but also contributes to sustainable development. The coupled model of P2G
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and CCS is shown below:
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
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where Pt
CCS, Pt

CCS, f , Pt
CCS,o are the total, fixed, and operational consumption of CCS at moment t, respectively;

εCCS is the energy consumption factor for CCS; St
CCS is the amount of CO2 captured by the CCS at moment

t; ηCCS is the efficiency of CO2 capture by CCS; St
GB, St

CCHP are the amount of CO2 produced by the gas
boiler and CCHP unit at moment t, respectively; St

EL, Pt
EL are the hydrogen production power and power

consumption power of the electrolysis cell at moment t, respectively; St
MR, Pt

MR,H2
, Pt

MR,CO2
are the power of

gas production, hydrogen and carbon dioxide consumption of the methane reactor at moment t, respectively;
ηEL, ηMR are the conversion efficiencies of the electrolysis cell and methane reactor, respectively; φ is the
coefficient of utilization of carbon dioxide; mt

H2
, mt

CH4
are the masses of H2 and CH4, respectively, at moment

t; HH2 , HCH4 are the calorific values of H2 and CH4, respectively; MCO2 , MCH4 are the molar masses of CO2
and CH4, respectively; mt

MR,CO2
, mt

s,CO2
are the CO2 supplied by the CCS to the methane reactor and the

CO2 to be sequestered at moment t, respectively.
The operational power constraints and climb constraints for carbon capture are:

{ 0 ≤ Pt
CCS ≤ Pmax

CCS
∣ Pt

CCS − Pt−1
CCS ∣≤ Pup

CCS
(2)

where t denotes the moment; Pmax
CCS is the upper power limit of the CCS; Pup

CCS is the upper climb limit of
the CCS.

P2G systems involve hydrogen generation through electrolytic cells as the initial stage of the energy
conversion sequence. The operating power constraints and creep constraints of the electrolysis cell are:

{ 0 ≤ Pt
EL ≤ Pmax

EL
∣ Pt

EL − Pt−1
EL ∣≤ Pup

EL
(3)

where t denotes the moment; Pmax
EL is the upper power limit of the electrolysis cell; Pup

EL is the upper climb
limit of the electrolysis cell.

Methanation is the next step, and the methane reactor is operated with power constraints and climb
constraints:

{ 0 ≤ Pt
MR ≤ Pmax

MR
∣ Pt

MR − Pt−1
MR ∣ ≤ Pup

MR
(4)

where t denotes the moment; Pmax
MR is the upper power limit of the methane generator; Pup

MR is the upper climb
limit of the methane generator.
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3.2 CCHP Model
CCHP unit integrates three core components—a gas turbine, waste heat recovery boiler, and absorption

chiller—to simultaneously generate cooling, heating, and electricity through optimized natural gas utiliza-
tion. This multi-functional design enhances energy efficiency while significantly reducing operational carbon
footprints and energy waste. The mathematical model is shown below:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

Pt
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(5)

where ηP
CCHP, ηH

CCHP, ηC
CCHP are the electrical, thermal and cooling efficiencies, respectively; Pt

CCHP, Ht
CCHP,

Ct
CCHP are the electrical, thermal and cooling powers generated by the micro gas turbine, the waste heat

recovery boiler and the absorption chiller at the moment t, respectively; Qt
CH4 ,CCHP, Qt

H2 ,CCHP are the powers
corresponding to the natural gas and hydrogen consumed by the CCHP at the moment t, respectively;
St

CH4 ,CCHP, St
H2 ,CCHP are the consumptive quantities of natural gas and hydrogen in the CCHP at the moment

t, respectively; and αCH4 , αH2 are the natural gas and hydrogen power conversion coefficients.
CCHP running power constraints and climbing power constraints are:

{Qmin
CCHP ⩽ Qt

CCHP ⩽ Qmax
CCHP

Qdown
CCHP ⩽ Qt

CCHP − Qt−1
CCHP ⩽ Qup

CCHP
(6)

where t denotes the moment; Qmax
CCHP, Qmin

CCHP are the upper and lower limits of the CCHP outflow,
respectively; Qup

CCHP, Qdown
CCHP are the upper and lower limits of the CCHP climb rate, respectively.

3.3 Models of Energy Conversion Equipment
3.3.1 Gas Boiler Model

GB generates thermal energy through the combustion of natural gas, and the model for this high-carbon
emission device is as follows:
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩
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(7)

where ηGB is the heat conversion efficiency of the gas boiler; Ht
GB is the heat production power of the boiler

at the moment t; Qt
CH4 ,GB, Qt

H2 ,GB are the corresponding power of hydrogen and natural gas consumed
by the gas boiler at the moment t, respectively; Qmax

GB , Qmin
GB are the upper and lower limits of the heat output

of the gas boiler; Qup
GB, Qdown

GB are the upper and lower limits of the climb of the gas boiler; St
CH4 ,GB, St

H2 ,GB
are the consumption of natural gas and hydrogen in GB at the moment t, respectively.
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3.3.2 Electric Heating Boiler Model
Through electrothermal conversion, the boiler elevates water to steam or high-temperature liquid states

to supply heat, which is modeled as follows:

⎧⎪⎪⎪⎨⎪⎪⎪⎩

Ht
EB = ηEBPt

EB
Pmin

EB ⩽ Pt
EB ⩽ Pmax

EB
Pdown

EB ⩽ Pt
EB − Pt−1

EB ⩽ Pup
EB

(8)

where Ht
EB, Pt

EB are the heat-producing and power-consuming power of the electric heating boiler at the
moment t; ηEB is the energy conversion efficiency of the electric heating boiler; Pmax

EB , Pmin
EB are the upper

and lower limits of the electric heating boiler’s output; and Pup
EB, Pdown

EB are the upper and lower limits of the
electric heating boiler’s climb.

3.3.3 Model of Electric Refrigerator
Through a series of compression, expansion and other processes, the electric refrigeration machine

realizes the refrigeration of air or other media, converting electrical energy into cooling capacity, which is
modeled as follows:
⎧⎪⎪⎪⎨⎪⎪⎪⎩

Ct
ERU = ηERUPt

ERU
Pmin

ERU ⩽ Pt
ERU ⩽ Pmax

ERU
Pdown

ERU ⩽ Pt
ERU − Pt−1
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(9)

where Ct
ERU, Pt

ERU are the cold power and power consumption power generated by the electric cooler at
moment t; ηERU is the energy conversion efficiency of the electric cooler; Pmax

ERU, Pmin
ERU are the upper and lower

limits of the output power of the electric cooler; Pup
ERU, Pdown

ERU are the upper and lower limits of the climb of
the electric cooler.

3.3.4 Photovoltaic Unit Model
Photovoltaic systems transform sunlight into electrical energy. During operation, the generated power

of PV panels correlates linearly with solar irradiance intensity. The output power of the photovoltaic unit is
modeled as follows:
⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

Pt
PV = PSTC

S
SSTC
[1 + λ (TC − TSTC)]

Pt
PV,p = Pt

PV + Pt
PV,a

0 ⩽ Pt
PV ⩽ Pt

PV,p

(10)

where Pt
PV, Pt

PV,p, Pt
PV,a are the actual output power, predicted power, and abandoned the power of the PV

unit at moment t, respectively; PSTC is the maximum output power under the standard conditions (light
intensity of 1000 W/m2 and ambient temperature of 25○C); S is the actual light intensity during the operation
cycle of the PV unit; SSTC is the light intensity of the PV panels under the standard conditions; λ is the
temperature coefficient of the power; TC is the temperature of the PV panels’ surface; TSTC is the temperature
of the PV panels’ surface under the standard conditions.
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3.3.5 Wind Turbine Model
Wind power generation hinges on wind speed, but its variability demands rigorously defined opera-

tional limits (cut-in/cut-out speeds), which structure the model’s technical framework:

Pt
WT =

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

0, νt < νw i
ν3
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0, νt > νwo

(11)

{ Pt
WT,p = Pt

WT + Pt
WT,a

0 ⩽ Pt
WT ⩽ Pt

WT,p
(12)

where Pt
WT, Pt

WT,p, Pt
WT,a are the actual output power, predicted power, and abandoned power of the WT at

moment t, respectively; νt is the wind speed at moment t; νw i is the cut-in wind speed; νwo is the cut-out
wind speed; νo is the rated wind speed; Po is the rated output power of the wind turbine.

3.3.6 Hydrogen Fuel Cell Model
A hydrogen fuel cell converts the energy produced by burning hydrogen into electrical output and also

produces a large amount of heat, which is modeled as follows:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩
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(13)

where Pt
HFC, Ht

HFC are the electric and thermal power generated by the fuel cell at moment t, respectively;
ηe

HFC, ηh
HFC are the electric and thermal power produced by the fuel cell, respectively; Pt

H2 ,HFC is the hydrogen
power consumed by the fuel cell at moment t; Pmax

H2 ,HFC, Pmin
H2 ,HFC are the upper and lower limits of the hydrogen

power supplied to the hydrogen fuel cell by the electrolysis cell; ΔPmin
H2 ,HFC, ΔPmax

H2 ,HFC are the upper and lower
limits of the creeping power of the hydrogen fuel cell; κmin

HFC, κmax
HFC are the upper and lower limits of the

thermoelectricity ratio of the hydrogen fuel cell.

3.4 Models of Energy Storage Device
The energy storage device includes hydrogen storage tank (HST), thermal storage tank (TST), electric

energy storage (EES), and cold storage tank (CST), which are similar in the process of energy charging
and discharging but differ in capacity storage. Attaining optimized energy storage and adaptive allocation
demands coordinated integration of multi-energy systems to ensure equilibrium between energy generation
and consumption. The mathematical model is as follows:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
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where St
TST, St

EES, St
CST, St

HST indicate the capacity of heat storage, electricity storage, cold storage and
hydrogen storage equipment at the moment t, respectively; δTST, δEES, δCST, δHST indicate the self-loss
coefficient of heat storage, electricity storage, cold storage, and hydrogen storage equipment, respectively;
Ht ,ch

TST, Ht ,dis
TST indicate the charging and discharging heat power of heat storage equipment at the moment t;

Pt ,ch
EES , Pt ,dis

EES indicate the charging and discharging power of electricity storage equipment at the moment t;
Ct ,ch

CST, Ct ,dis
CST indicate the charging and discharging cold power of cold storage equipment at the moment

t; Pt ,ch
HST, Pt ,dis

HST denote the charging and discharging hydrogen power of the hydrogen storage equipment at
the moment t; ηch

TST, ηdis
TST denote the thermal energy charging and discharging efficiency; ηch

EES, ηdis
EES denote

the electrical energy charging and discharging efficiency; ηch
CST, ηdis

CST denote the cold energy charging and
discharging efficiency; and ηch

HST, ηdis
HST denote the hydrogen energy charging and discharging efficiency.

The constraints are the same for heat, electricity, cold, and hydrogen storage equipment, so only the
heat storage constraints are described, and the same for electricity, cold, and hydrogen storage equipment
constraints, which are as follows:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

Smin
TST ≤ St

TST ≤ Smax
TST

0 ≤ Ht ,ch
TST ≤ ut ,ch

TSTHch,max
TST

0 ≤ Ht ,dis
TST ≤ ut ,dis

TST Hdis,max
TST

0 ≤ ut ,dis
TST + ut ,ch

TST ≤ 1
S1

TST = S24
TST

(15)

where Smax
TST , Smin

TST for the upper and lower limits of heat storage capacity; Hch,max
TST , Hdis,max

TST for the maximum
charging and discharging power of the heat storage equipment; ut ,ch

TST, ut ,dis
TST for the charging and discharging

state of the equipment at the moment t, for the 0–1 variable, not working at 0, working at 1; S1
TST for the initial

capacity of the heat storage equipment; S24
TST for the capacity of the heat storage equipment at the end of the

most important moment.

4 Market Trading Mechanisms

4.1 Carbon Trading Mechanism
In compliance with China’s established carbon quota management scheme, carbon emission allowances

have become an important trading asset in the market and can be freely traded in various carbon markets.
In China, the initial allocation of allowances is generally done on a free-of-charge basis, and the government
regularly accounts for the carbon emissions of enterprises to make timely adjustments to the allowances [24].
When there is a discrepancy between the actual production of the enterprise and the pre-quota, the govern-
ment department will make up for the discrepancy according to the actual situation, to ensure the accuracy
of the enterprise’s carbon emission quota [25,26]. The carbon emission allowances discussed in this paper
cover three major categories: power purchase allowances, CCHP allowances, and GB allowances. Carbon
allowance distribution for power procurement is proportional to the volume of electricity sourced from
external grids, which predominantly rely on fossil-fuel-based generation. In the study, the CET mechanism
is refined to the hour, and each hour is optimized to record the carbon quota and the corresponding carbon
emission, and then liquidated by the hour at the end of a cycle. The expression is as follows:

EW = EB + ECCHP + EGB (16)
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⎧⎪⎪⎪⎨⎪⎪⎪⎩

EB = χeΣT
t=1Pt

E.buy
ECCHP = χg [ΣT

t=1 (Pt
CCHP + μe

hHt
CCHP + μc

hCt
CCHP)]

EGB = χgΣT
t=lHt

GB

(17)

where EW is the unremunerated carbon emission quota of the integrated energy system; EB, ECCHP, EGB
are the unremunerated carbon emission quota of purchased electricity, CCHP and GB, respectively; Pt

E .buy
is the purchased interactive power at moment t; χe, χg are the carbon emission right quota coefficients of
natural gas consumption per unit of electricity, specifically 0.728 and 0.3672, respectively; μe

h, μc
h are the

electricity-heat and cold-heat conversion coefficients, specifically 6 and 3.6, respectively.
The IES’s net carbon footprint aggregates direct emissions from CCHP and GB operations, indirect

emissions linked to electricity procurement, and deducts emissions mitigated through P2G conversion
processes. The expression is as follows:

Eair = EB
−

a + ECCHP
−

a + EGB
−

a − EP
−

a (18)

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

EB
−

a = εeΣT
t=1Pt

E.buy
ECCHP

−

a = εglΣT
t=1Qt

CH4 ,CCHP
EGB

−

a = εg2ΣT
t=1Qt

CH4 ,GB
EP

−

a = ξCO2 ΣT
t=1Pt

MR,H2

(19)

where Eair, EB
−

a, ECCHP
−

a, EGB
−

a, EP
−

a are the actual total carbon emissions of the integrated energy system,
the equivalent CO2 generated by the actual power purchase, the CO2 generated by the actual CCHP operation
process, the CO2 generated by the actual GB operation process, and the CO2 handled by the P2G, respectively;
εe is the calculation coefficient of the carbon emissions of the thermal power purchased from the grid, which
is specifically 1.08; εgl, εg2 are the carbon emission coefficients of the natural gas-fired energy supply of CCHP
and GB, which are specifically 0.789 and 0.25, respectively; ξCO2 is the parameter of CO2 absorption by the
P2G equipment, which is specifically 0.9.

Net carbon emissions E are actual carbon emissions minus compliance allowances allocated:

E = Eair − EW (20)

This study proposes a laddering carbon trading framework that imposes hierarchically defined emission
constraints through segmented emission thresholds, contrasting with conventional homogeneous trading
systems, thereby establishing compliance costs based on differentiated allowance allocation across defined
carbon intensity brackets. The calculation model of CET is as follows:

CCET =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

−χ (2 + 3θ) L + χ (1 + 3θ) (E + 2L), E ≤ −2L
−χ (1 + θ) L + χ (1 + 2θ) (E + L),−2L < E ≤ −L
χ (1 + θ)E ,−L < E ≤ 0
χE , 0 < E ≤ L
χL + χ (1 + θ) (E − L), L < E ≤ 2L
χ (2 + θ) L + χ (1 + 2θ) (E − 2L), 2L ≤ E

(21)

where χ is the carbon trading base price of 120 CNY/t; L is the length of the carbon emission interval 15; θ is
the carbon trading price growth rate of 0.25; CCET is the systematic carbon trading cost, and the coefficients
are positive for buying and negative for selling.
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4.2 Green Certificate Trading Mechanism
The GCT mechanism is based on the renewable energy generation quota, when the actual renewable

energy power produced by the system fails to meet the established quota requirements, obligated entities
procure green certificates to make up the difference, to achieve the renewable energy quota target. If the
quota requirements are exceeded, it is possible to make a profit from the sale of green certificates. Analogous
to laddered carbon trading, the study uses a laddered GCT mechanism. The model for GCT is as follows:

Sres = κgcΣT
t=1P

t
Load (22)

SN =
ΣT

t=1 (St
PV + St

WT)
1000

(23)

EGCT = Sres − SN (24)

CGCT =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

−xGCT (2 + d)U + xGCT (1 + 2d) (EGCT + 2U), EGCT ≤ −2U
−xGCTU + xGCT (1 + d) (EGCT +U),−2U < EGCT ≤ −U

xGCTEGCT,−U < EGCT ≤ 0
xGCT (1 + d)EGCT, 0 < EGCT ≤ U

xGCT (1 + d)U + xGCT (1 + 2d) (EGCT −U), U < EGCT ≤ 2U
xGCT (2 + 3d)U + xGCT (1 + 3d) (EGCT − 2U), 2U < EGCT

(25)

where Sres for the green certificate quota index; κgc for the green certificate quota coefficient; Pt
Load for the

t moment of the electric load power; SN for the actual consumption; St
PV, St

WT respectively in t moment of
photovoltaic and wind power consumption; EGCT for the participation of the green certificate of the trading
volume; xGCT for the green certificate base price of 60 CNY; U for the green certificate trading interval length
of 100; d for the green certificate price growth rate of 0.25; CGCT for the green certificate transaction costs,
coefficients for the positive representative of the purchase, and a negative coefficient represents a sale.

5 Modeling the Benefits of System’s Subjects
Due to the geographic location of the IES in the study, cooling is supplied to users from May to October,

and heating is supplied to users from November to April. Although there is a difference in the way heat
energy and cold energy are converted, the transaction mode is roughly the same, and this paper chooses to
analyze the heat supply mode.

5.1 Integrated Energy System Operator Revenue Model
The IESO formulates bid-based energy pricing through continuous monitoring of generation-demand

balances and market conditions, and when there is an imbalance between energy supply and demand in
IES, IESO needs to interact with the main grid. The objective function of IESO mainly includes the trading
revenue, operational expenditures for purchasing energy, and the cost of interacting with the higher level of
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the electricity, heat, and gas grids. The specific expressions are as follows:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

max IIESO = ΣT
t=1 (Rt

IESO.E + Rt
IESO.H + Rt

IESO.G − Ct
IESO.E − Ct

IESO.H − Ct
IESO.G)

Rt
IESO.E = ct

E.sellQ
t
E.sell − ct

E.buyQt
E.buy

Rt
IESO.H = ct

H.sellQ
t
H.sell − ct

H.buyQt
H.buy

Rt
IESO.G = ct

G.sellQ
t
G.sell − ct

G.buyQt
G.buy

Ct
IESO.E = ct

E.timePt
E.buy + ct

E.netPt
E.sell

Ct
IESO.H = ct

H. maxPt
H.buy + ct

H. minPt
H.sell

Ct
IESO.G = ct

G. maxSt
G.buy + ct

G. minSt
G.sell

(26)

where IIESO is the revenue of IESO; Rt
IESO.E, Rt

IESO.H, Rt
IESO.G are the net revenues from electricity, heat and gas

transactions at moment t, respectively; Ct
IESO.E, Ct

IESO.H, Ct
IESO.G are the costs of the operator’s interactions

with the higher-level grid, the heat grid, and the gas grid at moment t, respectively; ct
E.sell, ct

H.sell, ct
G.sell are

the prices at which the electricity, heat and gas energy are sold at moment t, respectively; ct
E.buy, ct

H.buy, ct
G.buy

are the prices at which the electricity, heat and gas energy are purchased at moment t, respectively; Qt
E.sell,

Qt
H.sell, Qt

G.sell are the power of electricity, heat and gas energy sold at moment t; Qt
E.buy, Qt

H.buy, Qt
G.buy are

the power of electricity, heat and gas energy purchased at moment t, respectively; ct
E.net, ct

E.time are the feed-
in tariff and time-of-day tariff at moment t, respectively; ct

H. min, ct
H. max are the lower and upper limits of

the heat price at moment t, respectively; ct
G. min, ct

G. max are the lower and upper limits of the gas price at
moment t, respectively; Pt

E.buy, Pt
E.sell are the purchased and sold power from the higher-level grid at moment

t, respectively; Pt
H.buy, Pt

H.sell are the purchased and sold power from the higher-level heat grid at moment
t, respectively; and St

G.buy, St
G.sell are the purchased and sold volume of gas from the higher-level gas grid at

moment t, respectively.
To avoid LAs and ESOs trading directly with the main grid, the IESO shall establish procurement rates

exceeding feed-in tariff benchmarks while implementing selling rates below the dynamic pricing structure
of the time-of-use grid tariffs. To satisfy their interests, the purchase price of electricity should be smaller
than the time-of-use grid tariffs and the sale price of electricity should be larger than the feed-in tariff. At the
same time, the prices for purchasing and selling thermal energy are within a reasonable market price range,
respectively, with the following constraints:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ct
E.net ⩽ ct

E.sell ⩽ ct
E.time

ct
E.net ⩽ ct

E.buy ⩽ ct
E.time

ct
H. min ⩽ ct

H.sell ⩽ ct
H. max

ct
H. min ⩽ ct

H.buy ⩽ ct
H. max

ct
G. min ⩽ ct

G.sell ⩽ ct
G. max

ct
G. min ⩽ ct

G.buy ⩽ ct
G. max

(27)

The IES is identical to the different forms of energy interaction constraints and only the grid interaction
constraints are described. It is specified as follows:

{ 0 ≤ Pt
E.buy ≤ ωt

buyPE. max

0 ≤ Pt
E.sell ≤ ωt

sellPE. max
(28)

where ωt
buy, ωt

sell are the binary sign coefficients for purchasing and selling electricity at moment t,
respectively; PE. max is the upper limit of the amount of electricity interacting with the higher grid.
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5.2 Energy Supplier Revenue Model
Guided by the IESO’s pricing framework and demand conditions, the ES optimizes unit generation

levels to enhance profitability through strategic operational adjustments. The ES maximum target revenue
function is as follows:
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

max IES = ΣT
t=1 (Rt

ES.sell − CCET − CGCT − Cc − Cr)
Rt

ES.sell = ct
E.buyPι

ES.p + ct
H.buyHt

ES.p + ct
G.buySt

MR − ct
E.sellP

t
ES.c − ct

G.sellS
t
ES.c

Cc = aE (Pt
CCHP)

2 + bEPt
CCHP + dE + aH (Ht

GB +Ht
CCHP)

2 + bH (Ht
GB +Ht

CCHP) + dH
Cr = ΣI

i=1KiPt
i

Pt
ES.p = Pt

PV + Pt
WT + Pt

CCHP + Pt
HFC

Ht
ES.p = Ht

GB +Ht
EB +Ht

CCHP +Ht
HFC

Pt
ES.c = Pt

CCS + Pt
EL + Pt

EB
St

ES.c = St
CH4,GB + St

CH4,CCHP

(29)

where IES is the revenue from ES; Rt
ES.sell is the net revenue from energy sales at moment t; CCET, CGCT

are the CET and GCT costs, respectively; Cc, Cr are the O&M and fuel costs, respectively; Pt
ES.p, Ht

ES.p are
the electric and thermal power produced at moment t, respectively; Pt

ES.c, St
ES.c are the electric power and

gas consumption consumed at moment t, respectively; aE, bE, dE (aH, bH, dH) are the fuel cost coefficients;
and Ki is the coefficient of the energy conversion equipment (CCS, P2G, CCHP, GB, EB) operation and
maintenance cost coefficients; Pt

i is the output power of the energy conversion equipment at moment t before
the day.

5.3 Energy Storage Operator Revenue Model
Following the pricing signals set by the IESO for electricity transactions, the ESO optimizes energy

storage charge/discharge patterns to balance supply-demand peaks and valleys, thereby generating revenue
through grid stabilization. The ESO’s maximum target revenue function is as follows:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

max IESO = ΣT
t=1 (Rt

ESO.E + Rt
ESO.H + Rt

ESO.HST − Ct
ESO)

Rt
ESO.E = ct

E.buyQt
ESO.E − ct

E.sellE
t
ESO.E

Rt
ESO.H = ct

H.buyQt
ESO.H − ct

H.sellE
t
ESO.H

Rt
ESO.HST = ct

E.buyPt
HFC + ct

H.buyHt
HFC + cH2 Qt

HST.sell
Ct

ESO = ΣT
t=1 [KEES (Pt ,ch

EES + Pt ,dis
EES ) + KTST (Ht ,ch

TST +Ht ,dis
TST ) + KHST (Pt ,ch

HST + Pt ,dis
HST )]

(30)

where IESO is the ESO’s revenue; Rt
ESO.E, Rt

ESO.H, Rt
ESO.HST, Ct

ESO are the ESO’s net revenues from electricity
storage, net revenues from heat storage, net revenues from hydrogen storage, and O & M costs, respectively;
Qt

ESO.E, Et
ESO.E are the electricity sold and purchased by electricity storage; Qt

ESO.H, Et
ESO.H are the heat sold

and purchased by heat storage; Qt
HST.sell is the amount of hydrogen sold by hydrogen storage; cH2 is the price

of hydrogen; KEES, KTST, KHST are the operation and maintenance factors for the charging and discharging
of the electricity, heat, and hydrogen storage.
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5.4 Load Aggregator Revenue Model
LA can regulate its flexible load distribution based on energy prices set by the IESO with the following

maximum objective benefit function:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

maxILA = ΣT
t=1 (yt

u − Rt
LA.buy)

yt
u = [wE Lt

e.tr +wH Lt
h.tr −

vE
2 (L

t
e.cut)

2 − vH
2 (L

t
h.cut)

2]Δt
Rt

LA.buy = ct
E.sellQ

t
LA.E + ct

H.sellQ
t
LA.H

Qt
LA.E = Lt

e.ori + Lt
e.tr − Lt

e.cut
Qt

LA.H = Lt
h.ori − Lt

h.tr − Lt
h.cut

(31)

where ILA is the LA’s revenue; yt
u is the user satisfaction function; Rt

LA.buy is the cost of purchased energy;
wE , vE are the preference coefficients for users’ consumption of electrical energy; wH , vH are the preference
coefficients for users’ consumption of thermal energy; Qt

LA.E, Qt
LA.H are the power of electrical and thermal

energy purchased by the load aggregator, respectively; Lt
e,ori, Lt

e,cut, Lt
e,tr are the base load, curtailable load,

and shifted load for electrical load, respectively; Lt
h,ori, Lt

h,cut, Lt
h,tr are the base load, curtailable load, and

shifted load for thermal load, respectively.
In the case of electrical loads, the constraints on the shifted loads are as follows:

{ 0 ⩽ Lt
e.tr ⩽ Lt

e.tr.max
ΣT

t=1Lt
e.trΔt =WFL.E

(32)

where Lt
e.tr .max is the upper limit of the transferable load; WFL.E is the total amount of transferable load.

In the case of electrical loads, the constraints on the curtailable loads are as follows:
⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

ηmin ≤ ΣT
t=1ηt ≤ ηmax

0 ≤ Σk+Nmax−1
t=k ηt ≤ Nmax

Tmin ≤ Σμ+TC−1
μ=1 Lt

e .cut ≤ Tmax

(33)

where ηmin, ηmax are the minimum and maximum number of load cuts, and Nmax is the maximum number
of continuous cuts limit. TC is the length of load cuts, and Tmax, Tmin are the upper and lower limits of the
maximum and minimum continuous load cuts length.

6 Master-slave Game Framework for Integrated Energy Systems

6.1 Game Model
In the IES, the multi-subject master-follower game describes the decision-making process in which

IESO, ES, ESO and LA pursue the optimization of their respective objectives. ES, ESO and LA act as followers,
optimizing their own strategies according to the price strategies of the IESO, the upper-level leader, and
finally obtaining the optimal solution of the game equilibrium.

The formalized analytical structure representing the game’s dynamics is detailed below:

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

ϕ = {P; S; I}
P = {PIESO; PES; PESO; PLA}
S = {SIESO; SES; SES0; SLA}
I = {IIESO; IES; IESO; ILA}

(34)

where P, S, and I are the participants, strategy sets, and payoffs of the master-slave game, respectively; PIESO,
PES, PESO, PLA are the four participants, which are the participant IESO, the participant ES, the participant
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ESO, and the participant LA, respectively; SIESO, SES, SESO, SLA are the four strategies, which are the sets of
IESO, ES, ESO, and LA, respectively.

The specific set of strategies is listed below:

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

SIESO = {ct
E.sell , ct

H.sell , ct
G.sell , ct

E.buy, ct
H.buy, ct

G.buy}
SES = {Pt

PV, Pt
WT, Pt

CCHP, Pt
HFC, Ht

GB, Ht
EB, Ht

CCHP, Ht
HFC, Pt

CCS, Pt
EL, Pt

EB, St
CH4,GB, St

CH4,CCHP, St
MR}

SESO = {Qt
ESO.E, Qt

ESO.H, Et
ESO.E, Et

ESO.H}
SLA = {Lt

e.tr , Lt
h.tr , Lt

e.cut , Lt
h.cut}

(35)

6.2 Game Balance
Balancing the game demands that followers adjust their behaviors optimally to the leader’s tactics,

with the leader reciprocally incorporating these adjustments into its decision framework. In the equilibrium
solution (S∗IESO, S∗ES, S∗ES0, S∗LA), the participants cannot change their strategies alone to obtain a larger gain.
Equilibrium is achieved by satisfying:

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

IIESO (S∗IESO, S∗ES, S∗ES0, S∗LA) ⩾ IIESO (SIESO, S∗ES, S∗ES0, S∗LA)
IIESO (S∗IESO, S∗ES, S∗ES0, S∗LA) ⩾ IIESO (S∗IESO, SES, S∗ES0, S∗LA)
IIESO (S∗IESO, S∗ES, S∗ES0, S∗LA) ⩾ IIESO (S∗IESO, S∗ES, SES0, S∗LA)
IIESO (S∗IESO, S∗ES, S∗ESO, S∗LA) ⩾ IIESO (S∗IESO, S∗ES, S∗ES0, SLA)

(36)

6.3 Restrictive Condition
The constraint conditions of the supply and demand balance of electricity, heat, gas, and hydrogen are

as follows:

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

Pt
E.buy + Pt

PV + Pt
WT + Pt

CCHP + Pt
HFC + Pt ,dis

EES = Pt
CCS + Pt

EL + Pt
EB + Pt ,ch

EES + Pt
E.sell + Qt

LA.E
Pt

H.buy +Ht
CCHP +Ht

GB +Ht
EB +Ht

HFC +Ht ,dis
TST = Ht ,ch

TST + Pt
H.sell + Qt

LA.H
St

G.buy + St
MR = St

CH4 ,CCHP + St
CH4 ,GB + St

G.sell
St

EL + Pt ,dis
HST = Pt ,ch

HST + Pt
MR,H2

+ Pt
H2 ,HFC + Qt

HST.sell

(37)

6.4 Game Model Solving
In the competitive electricity market with opaque information, the information of each interest body

is not complete, so it is not convenient to optimize the strategy of the participants. The study employs a
modified differential evolution algorithm as a decentralized equilibrium-solving strategy, while the IESO
framework inherently operates under nonlinear dynamics. The problem is addressed using a differential
evolution algorithm, with the resulting pricing solution transmitted to subordinate agents in the lower-tier
hierarchy. The lower follower model belongs to the mixed integer linear model, which uses the CPLEX solver
to calculate its benefits. The step-by-step methodology for resolving the problem is illustrated in Fig. 2.
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Enter the operating parameters of each 
device and initial system data
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the number of iterations to pass the IESO’s 
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their own returns and feed the optimisation 
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Whether the IESO optimal profit has 
changed

Output result

No

Yes

Yes

No

Figure 2: Flow chart of model solving



Energy Eng. 2025;122(7) 2881

7 Case Analysis

7.1 Case Setting
In this study, an IES in a region in western China is analyzed by arithmetic simulation. Fig. 3 presents the

24-h power prediction data for wind and solar energy production, as well as electricity and heat load demand
patterns. Price-related data are summarized in Table 1, while Table 2 lists the technical specifications for the
IES’s conversion equipment and the operational parameters of its multi-component energy storage units.

Figure 3: Power prediction curve

Table 1: Electricity, heat, and gas price parameter table

Period
(Electricity)

Restrictions
(Gas, Heat)

Electricity price
(CNY/kWh)

Gas price
(CNY/m3)

Thermal price
(CNY/kWh)

01:00–07:00 Lower limit 0.25 1.92 0.15
11:00–15:00 Upper limit 0.82 3.5 0.519:00–21:00
7:00–11:00

15:00–19:00
21:00–01:00

– 0.53 –

Table 2: Equipment parameters

Equipment type Parameters Numerical

MT

Maximum power generation/minimum
power generation/MW

350/0

Maximum heat production/minimum heat
production power/MW

300/0

(Continued)
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Table 2 (continued)

Equipment type Parameters Numerical
Total power creep upper and lower

limits/(MW/h)
150/−150

Thermal/electrical efficiency 0.4/0.35

GB
Maximum/minimum heat production

power/MW
120/0

Upper and lower limits of thermal power
creep/(MW/h)

40/−40

Conversion efficiency 0.92

EB
Maximum/minimum power

consumption/MW
80/0

Upper and lower limits of power
creep/(MW/h)

10/−10

Electrothermal conversion efficiency 0.9

P2G Electro-hydrogen conversion efficiency
Maximum/minimum power

consumption/MW
Methanation efficiency

0.85
120/0

0.7

CCS
Maximum operating conditions energy

consumption/MW
120/0

Storage Device Maximum/Minimum
Capacity/m3

0.7

Initial capacity of the storage device/m3 14,600

TST Upper and lower limits of thermal storage
capacity/(MW⋅h)

150/15

Maximum charging and discharging
power/MW

40/40

HST Hydrogen storage capacity up and down
limits/(kg)

10,000/1000

Initial capacity/(kg) 5000

EES
Upper and lower storage capacity

limits/(MW⋅h)
130/10

Maximum charging and discharging
power/MW

40/40

Initial capacity/(MW⋅h) 30

7.2 Analysis of Different Optimization Scenarios
This study establishes three comparative scenarios to evaluate how integrating P2G and CCS enhances

both cost efficiency and carbon reduction in optimizing IES. Scenario 1 does without consider P2G and CCS
coupling; Scenario 2 considers P2G and CCS coupling; and Scenario 3 considers P2G and CCS coupling
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but without a gaming framework. The comparison results of the above 3 scenarios in terms of operation are
shown in Table 3.

Table 3: Optimization scheduling results of Scenarios 1 to 3

Scenario 1 Scenario 2 Scenario 3
O&M costs/104 CNY 48.38 50.61 49.12

Cost of energy purchases/104 CNY 682.81 678.45 701.94
CET costs/104 CNY 71.46 50.27 52.36
GCT costs/104 CNY −1.12 −2.78 −2.78
Carbon emission/t 1410.25 1119.93 1084.14

IESO gains/104 CNY 53.23 62.44 −47.28
ES gains/104 CNY – 41.17 −35.87

ESO gains/104 CNY 6.79 8.72 −13.71
LA gains/104 CNY 37.95 50.26 −32.77

The absence of CCS-P2G integration in Scenario 1, is as shown in Table 3, so carbon dioxide will be
emitted into the atmosphere in large quantities, and the corresponding cost of carbon emissions becomes
higher, which also makes the ability to consume wind power and PV lower. In addition, natural gas can only
be obtained from the gas grid or electricity to gas, because Scenario 2 considers CCS and P2G equipment, so
the choice becomes less relative to Scenario 2, the cost of purchasing gas becomes higher, and the total cost
also increases by 250,200 yuan. The absence of CO2 capture and utilization mechanisms in Scenario 1 leads
to elevated carbon market expenses and an additional 290.32 t of carbon emissions.

Scenario 2 uses more conversion energy equipment than the other scenarios, so it has a higher O&M
cost. Nevertheless, its cumulative costs remain lower than those of Scenario 1, primarily due to diminished
carbon market expenditures and reduced financial outlays for externally sourced energy procurement. In
terms of carbon transaction costs, Scenario 2 reduces carbon emissions through carbon capture by converting
carbon dioxide into natural gas through methanation, so the carbon transaction costs are 211,900 yuan less
than Scenario 1. In terms of energy purchase costs, Scenario 2 can realize P2G conversion as well as carbon
capture, which is more choices compared to the cost of purchasing natural gas from the gas grid, so the costs
are also lower. In conclusion, Scenario 2, which considers CCS and P2G added at the same time, improves
both the environmental and economic benefits of IES, and there is also a certain synergy effect between the
two, which can further jointly enhance the system’s comprehensive advantages.

To assess the functional performance of the master-slave game framework in the optimal scheduling
process, Scenario 2 and Scenario 3 can conduct a comparative performance evaluation. In Scenario 3, the ES
trades directly with the upper networks, so the energy selling prices of the ES are the feed-in tariff, the lower
limit of the heat price, and the lower limit of the gas price, and the purchasing prices are the time-sharing
tariff, the upper limit of the heat price, and the upper limit of the gas price, respectively. In Scenario 2, the
masters can obtain high profits, but the carbon emissions and O&M costs are high. This is because the real-
time electricity, heat, and gas prices set by the IESO in the hierarchical decision-making paradigm incentivize
the units to operate, however, the carbon capture as well as the hydrogen and natural gas production of the
coupled CCS-P2G system have been lower than the carbon emissions as well as the hydrogen and natural
gas consumption of the system. Therefore, the actual carbon emissions and the purchased energy increase
as the output or energy consumption increases. Moreover, since IESO assumes the expenses associated with
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coordinating external power, heating, and gas systems, participants operating under the master-slave game
framework can achieve higher financial gains. This outcome underscores the practical value of the master-
slave approach in harmonizing the diverse interests of multiple stakeholders.

In summary, under the gaming framework, after considering the coupling of CCS and P2G, Scenario
2 is superior to the other scenarios both in terms of economic and environmental benefits, and can further
improve the comprehensive benefits of the system. With the evolutionary refinement of the cap-and-trade
framework, the synergistic co-benefits brought by Scenario 2 will further increase.

The optimization iteration process of each subject is shown in Fig. 4, where the subject in the master-
slave game is the upper-level IESO, and the lower-level ES, ESO, and LA are on the side of the followers.
The upper-level IESO transmits prices to the lower-level followers, and each follower calculates its revenue
separately and uploads it to the upper-level leader, there is no information interaction between the lower-
level followers, so it is a two-party game. As can be seen from Fig. 4, the convergence effect is achieved in the
130th iteration. Through iterative progression, the leader’s gain monotonically converges, while the follower’s
gain shows an oscillating or decreasing trend, which reflects the game process between the subjects; when
the game equilibrium is reached, the subject’s gain is no longer significantly changed, which indicates that
either subject can not independently change the strategy to obtain higher the return of each subject is no
longer obvious change after reaching the game equilibrium. This proves that in the two-party master-slave
game framework of the leader IESO and the follower reached the equilibrium solution of the game.

Figure 4: Convergence results

In addition, in terms of mutation operation, in contrast to the traditional genetic algorithm (GA)
and particle swarm optimization (PSO) algorithm which have the phenomenon of early convergence,
the method used in this paper is improved in the inertia weights, which makes the convergence speed
faster. Our hybrid optimizer outperformed conventional GA and PSO, respectively, in the convergence
time, as detailed in Table 4’s three-way comparative analysis. The algorithms in this paper have significant
improvements over the 2 traditional algorithms in terms of the number of iterations and convergence time.
The proposed hybrid computational framework, integrating a modified differential evolution architecture
with a decentralized quadratic programming equilibrium formulation, ensures the privacy of each subject’s



Energy Eng. 2025;122(7) 2885

commercial information and enhances its global optimization-seeking ability, allowing the game strategy to
be optimized optimally compared to traditional GA and PSO.

Table 4: Comparison of three solving algorithms

Arithmetic Number of iterations Convergence time/min
GA 273 60.61
PSO 256 48.45

The algorithms in this paper 130 32.25

7.3 Sensitivity Analysis of Market Trading Mechanisms
A parameter sensitivity assessment of the emissions trading framework (GCT-CET) was performed

under Scenario 3 operational parameters. As depicted in Fig. 5, the system exhibits inverse cost elasticity
to CET baseline price adjustments when GCT pricing remains constant, while demonstrating positive
cost sensitivity to GCT benchmark variations under fixed CET parameters, revealing critical cross-market
interaction effects. This is because GCT and CET base prices affect the incentives of GCT and CET
interactions. On the one hand, when the GCT base price is lower, the incentives of GCT and CET interactions
increase, and ESs are more inclined to use the excess green certificates to offset part of their carbon emissions,
thus obtaining more carbon credits and minimizing the cost of CET. On the other hand, when the GCT
base price is high, ES must bear high CET costs. When weakening market interaction significantly amplifies
compliance costs, confirming the joint mechanism’s ability to internalize carbon externality costs through
enhanced price signal transmission efficiency.

Figure 5: Total costs of GCT-CET

7.4 Sensitivity Analysis of Market Trading Mechanisms
The electric power balance diagram when reaching the game is shown in Fig. 6. ES power supply

resources are mainly photovoltaic, wind turbine, gas turbine, coal-fired unit, and fuel cell. The observed
24-h dispatch dominance of gas turbine units over coal-fired counterparts stems from the comparative
economic advantage where the total levelized expenditure (comprising operational maintenance and carbon
pricing externalities) of coal generation exceeds the fuel procurement expenditures of natural gas combustion
systems. From the point of view of economic and environmental friendliness, gas turbines are better than
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coal-fired units. During 01:00–07:00, the PV unit cannot generate electricity and the electric load is in the
valley load period, but due to the wind at night, the gas turbine is affected by the heat to determine the power
also needs to output part of the heat, thus causing the electric load supply exceeds demand, the price of
electricity is relatively low, in this period ESO to purchase electricity at a low price to be stored in the battery.
In 11:00–15:00 and 19:00–23:00 this period the electric load demand is large, and the price of electricity is
relatively high, in addition to gas turbines and photovoltaic wind turbines mainly to provide electricity, the
lack of part of the ESO to provide, the ESO in the peak period of electricity will be stored in the battery power
to sell, through this method to realize arbitrage.

Figure 6: Electric power balance diagram

The heat power balance diagram when reaching the game is shown in Fig. 7. The main ES heating
resources are electric boilers, gas boilers, CCHP units, and fuel cells. Overall, the CCHP heat supply is larger
than GB, which is because GB has lower carbon emissions than the gas boiler and a corresponding lower
carbon trading cost. During the periods 10:00–14:00 and 19:00–21:00, the output of the CCHP unit increases,
and during this time, ESO purchases excess heat at a low price to be stored in TST. In addition, the demand is
met by regulating the thermal power and utilizing the charge-discharge cycle of storage equipment. During
the period from 22:00 to 2:00, IESO purchases heat at a higher price, gas boiler output increases, and the
shortfall is supplemented through TST selling heat at a higher price.

Figure 7: Heat power balance diagram
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The gas power balance diagram when reaching the game is shown in Fig. 8. The gas supply resources are
gas purchased from the main network and gas produced by mechanization. The gas-using resources are gas
boilers and gas turbines. During the period of 06:00–12:00, the gas purchased from the main grid is mainly
relied on, and the gas produced by mechanization decreases to provide gas power for the CCHP unit. During
the period 19:00–21:00, gas purchases increase, methane production decreases and gas turbines continue to
produce power.

Figure 8: Gas power balance diagram

The hydrogen power balance diagram when reaching the game is shown in Fig. 9. During valley load
periods, alkaline electrolysis cell are employed to transform surplus renewable generation from wind-PV
systems into hydrogen for pressurized storage. Conversely, in peak demand intervals, regenerative fuel cells
activate to deliver combined heat and power generation through hydrogen oxidation, thereby establishing a
demand-side management strategy with ancillary service provision capabilities. In addition to this, a certain
amount of high-purity hydrogen can be sold, providing a new profit model for the ESO. Hydrogen storage
equipment not only plays the role of elimination but also reduces the energy consumption of non-essential
equipment. The addition of CCS and P2G reduces the carbon emission cost of ES greatly reduced, and even
enables the system to obtain carbon trading income, enriching the system’s source of income, so CCS, P2G,
and HST also have important synergistic effects in improving the system’s economy.

Figure 9: Hydrogen power balance diagram
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8 Conclusion
In this paper, to realize the low-carbon economic benefits of the IES, an optimization model of the

IES considering CCS and P2G synergy under the game framework is proposed. Based on the premise of
protecting the privacy of each subject and improving the economy and stability, IESO is taken as the upper-
level leader, and ES, ESO, and LA are the lower-level followers, and the operation optimization strategy
is formulated under the master-slave game framework. Practical numerical analyses conclusively yield the
following determinations.

(1) Considering the interaction between source-load-storage, IESO implements dynamic pricing mech-
anisms to coordinate ES system dispatch, ESO charge-discharge cycles, and LA demand response
patterns. Through optimizing a reasonable price strategy, and reaching the game equilibrium state
after many games to establish a multi-agent collaborative dispatching framework for heterogeneous
energy carriers.

(2) CCS and P2G coupling can enhance new energy consumption capacity, reduce carbon emissions,
optimize energy conversion and storage, enhance system flexibility, and improve economic efficiency,
as well as have a certain reference value for IES market decision-making. With hydrogen energy storage,
synergistic operation can play the role of cost reduction and efficiency. Consequently, the pathways
for achieving low-carbon synthesis and multifaceted deployment of hydrogen energy systems warrant
systematic investigation in subsequent research endeavors.

(3) A systematic evaluation of the market trading mechanism’s operational efficacy is conducted. The
adoption of GCT and CET mechanisms can effectively stimulate the carbon reduction potential of IES
and broaden the space of IESO’s price strategy, making the whole game process more flexible.
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Nomenclature
IES Integrated energy system
CCS Carbon capture system
P2G Power-to-gas
IESO Energy system operator
ES Energy suppliers
ESO Energy storage operators
LA Load aggregators
WT Wind turbine
PV Photovoltaic
GB Gas boiler
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EB Electric boiler
MT Microturbine
HRB Heat recovery boiler
AC Absorption chiller
HFC Hydrogen fuel cell
ERU Electric refrigeration unit
CCHP Combined cooling, heating, and power
EL Electrolysis cell
MR Methane reactor
EES Electric energy storage
TST Thermal storage tank
HST Hydrogen storage tank
CET Carbon emission trading
GCT Green certificate trading
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