=~ Energy Engineering & Tech Science Press

D0i:10.32604/ee.2025.065419 .

ARTICLE Check for

updates

Low Carbon Economic Dispatch of a Multi-Principal Integrated Energy System
Considering CCS and P2G

Yunfeng Liu, Ximin Cao" and Yanchi Zhang

School of Electrical Engineering, Shanghai Dian]i University, Shanghai, 201306, China
*Corresponding Author: Ximin Cao. Email: caoxm@sdju.edu.cn

Received: 12 March 2025; Accepted: 14 May 2025; Published: 27 June 2025

ABSTRACT: Against the backdrop of Chinas “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.
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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

® Copyright © 2025 The Authors. Published by Tech Science Press.
This work is licensed under a Creative Commons Attribution 4.0 International License, which permits

unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.



https://www.techscience.com/journal/EE
https://www.techscience.com/
http://dx.doi.org/10.32604/ee.2025.065419
https://www.techscience.com/doi/10.32604/ee.2025.065419
mailto:caoxm@sdju.edu.cn

2866 Energy Eng. 2025;122(7)

plays a key role in reducing carbon emissions from IES, and CCS technology captures, sequesters, and
uses CO, 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 CO, 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 CO, 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
CO, 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 [I18] 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 payoft 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. Arefined 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.
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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 CO, 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 CO, in an absorption tower,
isolating it from the gas stream. The pure CO, 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 CO, 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 CO, 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 CO, mass flow
rate. In the coupled system, the CCS first captures and sequesters the CO, released from the gas boilers and
CCHP equipment in the system, and then uses the captured CO, directly in the P2G process. In this way, it
not only realizes CO, reduction but also contributes to sustainable development. The coupled model of P2G
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and CCS is shown below:

t _ t t
Pees = Pocs,f + Pecs,o
t _ t
Ptcs,o = €ccsSccs
t _ t t
Sces = fices (Sge + Scemp)
t t
Sk = ML PRy,
t _ t
SMr = MMRPyR H, 1)
Pt _ Pt
MR,CO, =~ PEMR,H,
t _ ¢t
myy, = Sgr/Hu,
t _ Qt
Mecy, = Swmr/Hch,
t _ t
MMR,co, = mCH4MCOz/MCH4

t _ t t
Sces = Mur,co, + Ms co,

where Pécs’ P(t:cs, P Pécs, , are the total, fixed, and operational consumption of CCS at moment ¢, respectively;
eccs is the energy consumption factor for CCS; S¢ g is the amount of CO, captured by the CCS at moment
t; nccs is the efficiency of CO, capture by CCS; S&g, S&cyp are the amount of CO, produced by the gas
boiler and CCHP unit at moment , respectively; Sg;, Pf; are the hydrogen production power and power
consumption power of the electrolysis cell at moment ¢, respectively; Sy, Pyrr 11,» Pyr co, are the power of
gas production, hydrogen and carbon dioxide consumption of the methane reactor at moment ¢, respectively;
nEL, MR are the conversion efficiencies of the electrolysis cell and methane reactor, respectively; ¢ is the
coefficient of utilization of carbon dioxide; mﬁz, thH4 are the masses of H, and CHy, respectively, at moment
t; Hy,, Hen, are the calorific values of H, and CHy, respectively; Mco,, Mcu, are the molar masses of CO,
and CHy, respectively; m}g co,> MS co, are the CO, supplied by the CCS to the methane reactor and the
CO; to be sequestered at moment ¢, respectively.

The operational power constraints and climb constraints for carbon capture are:

{OSPECSSPEHS)S( (2)
| Pécs — Pécs 1< Pees

where ¢ denotes the moment; PEy is the upper power limit of the CCS; P:R 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:

(3)

t max
{0 < Pi < PR
t -1 up
|PEL_PEL |£PEL

where ¢ denotes the moment; P§;** is the upper power limit of the electrolysis cell; P;} 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 < P{jp < PUX @
| Pyir — Paie | < Pae

where ¢ denotes the moment; Pia* is the upper power limit of the methane generator; Py, 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:

Plcnp = (QtCH4,CCHP + QIt—Iz,CCHP) Nécrp

Hicpp = QEH4,CCHP + Qlt—Iz,CCHP ﬂgCHP

Cecnp = (QéH4,CCHP + Qﬁz,CCHP) necup (5)
QtCH4,CCHP = SEH4,CCHP(XCH4

Qﬁz,CCHP = Sﬁz,CCHP“Hz

where 72 cup> Tocups NEcnp are the electrical, thermal and cooling efficiencies, respectively; PLciip, Hecpps
Cécpp 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 ¢, respectively; Qcy, ccups Qi ccnp are the powers
corresponding to the natural gas and hydrogen consumed by the CCHP at the moment ¢, respectively;
ScH,.conps Sti, ccnp are the consumptive quantities of natural gas and hydrogen in the CCHP at the moment
t, respectively; and acp,, ag,are the natural gas and hydrogen power conversion coefficients.

CCHP running power constraints and climbing power constraints are:

i t
{Qgﬁwu%awsaga ; @
t -
QCOCV{-IHP < QCCHP - QCCHP < QCCHP

where t denotes the moment; QZ&%,, Q2. are the upper and lower limits of the CCHP outflow,

respectively; Qutp, QE2YR, 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:

HE;B = s (Qtw, e + Qr,.cp)

QE < Qby < QGF°

Q™ < Q&p - Q55 < Qo (7)
QtCH4,GB = StCH4,GB‘XCH4

QIt-Iz,GB = SIt-Iz,GBaHz

where 7p is the heat conversion efficiency of the gas boiler; Hgy, is the heat production power of the boiler

at the moment #; Q(yy, o> Qf, gp are the corresponding power of hydrogen and natural gas consumed

by the gas boiler at the moment t, respectively; Q¥5*, QZ}" are the upper and lower limits of the heat output
. . up d . . . . . t t

of the gas boiler; Qgp, QGp'" are the upper and lower limits of the climb of the gas boiler; Sy, gp> Sy, gp

are the consumption of natural gas and hydrogen in GB at the moment ¢, 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:

Hgp = epPip
Pmm PEB < Pmax (8)
Pdown PEB PEB < PEIE

where Hfy, Pfy are the heat-producing and power-consuming power of the electric heating boiler at the
moment t; gy is the energy conversion efficiency of the electric heating boiler; Py, PSy™ are the upper
and lower limits of the electric heating boiler’s output; and Pgh, PSS"™ 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:

t _ t

Cgry = ErRUPERY
min t max

PERU PERU PERU (9)
down

up
PERU PERU PERU PERU

where Clgy» Piry are the cold power and power consumption power generated by the electric cooler at
moment ¢ 77ggy is the energy conversion efficiency of the electric cooler; PoX, PRi% are the upper and lower

limits of the output power of the electric cooler; Pyk;, Paow™ 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:

PPV —PSTCS [1+A(TC_TSTC):|
Py, = Ppy + PIt’V,a (10)
0 < Pft’V < PIt’V,p

where Py, Py ,» P}y , are the actual output power, predicted power, and abandoned the power of the PV
unit at moment ¢, respectively; Pstc is the maximum output power under the standard conditions (light
intensity of 1000 W/m? and ambient temperature of 25°C); S is the actual light intensity during the operation
cycle of the PV unit; Sgrc is the light intensity of the PV panels under the standard conditions; A is the
temperature coefficient of the power; T¢ is the temperature of the PV panels’ surface; Tsyc 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:

0, vy < Vyi

Py =1 Ve == (11)
Py, vo v < Vo

0, v > Vo
t _ pt t
Pyrp = Pyr + Py, (12)
0< Pl <P}
S Pwr S Pwrp

where Pjy ., P\f\,T)p, Py, , are the actual output power, predicted power, and abandoned power of the WT at
moment ¢, respectively; v, is the wind speed at moment ¢; v,,; is the cut-in wind speed; v, is the cut-out
wind speed; v, is the rated wind speed; P, 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:

t _ € t
Pirc = MrcPh,, Hec
t _ t
Hygc = uecPu, uec

min t max
P e < P, nrc < Ph,tirc (13)
min t t—1 max
AP e < Py onrc — P, nrc € AP Hirc
min t t max
kirc < Phpc/Hirc < Kiiee

where Pfirc, Hipc are the electric and thermal power generated by the fuel cell at moment £, respectively;
e Miec are the electric and thermal power produced by the fuel cell, respectively; Pf;, yrc is the hydrogen
power consumed by the fuel cell at moment #; Py} "irc, Pyj, 1ixc are the upper and lower limits of the hydrogen
power supplied to the hydrogen fuel cell by the electrolysis cell; APy irc, APy "fipc are the upper and lower

limits of the creeping power of the hydrogen fuel cell; xfji(, x{jfe 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:

dis

t _ ot-1 t,ch ch H'tfs*r
Stsr = Ster (1 - O157) + (HTSTWTST S At

t o _ ot-l tich ch _ Phe
Skgs = Sgps (1= Ors) + | Pegs MEps — —an | At

MEEs (14)

St = St—l (1 -8 ) + Ct,ch ch _ Cég%s At

CST = OCST CST csthest o

o _ qt-l t,ch  ch BisY
Skst = Stst (1= Onst) + (PHST’]HST T s At

ST
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where Siqr, Stps Ster Shsr indicate the capacity of heat storage, electricity storage, cold storage and
hydrogen storage equipment at the moment ¢, respectively; drst, Oggs, Ocst, Oust indicate the self-loss
coefficient of heat storage, electricity storage, cold storage, and hydrogen storage equipment, respectively;
Hég, H%g%s indicate the charging and discharging heat power of heat storage equipment at the moment ¢;
Pé’Ecg, Pé’gsis indicate the charging and discharging power of electricity storage equipment at the moment ¢;
Cé’ngl, Cé’giTs indicate the charging and discharging cold power of cold storage equipment at the moment
t; LR, PLAIS denote the charging and discharging hydrogen power of the hydrogen storage equipment at

the moment ; 5%, 755, denote the thermal energy charging and discharging efficiency; 7, 7iisc denote

the electrical energy charging and discharging efficiency; nd., 735, denote the cold energy charging and
discharging efficiency; and k., 785, 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:

min t max

STt < ShTST s ShTSTh
t,c t,c ch,max

0< HT%"_F < uTSCFHTdS.T
t,dis t,dis is,max

0< I_ItTdS.T s %T%T Hrgt (15)
,d1s ,C

013 uTSTZI urst <1

Stst = Stst

where SB2X, STIn for the upper and lower limits of heat storage capacity; Hium®, HES™2 for the maximum

charging and discharging power of the heat storage equipment; u%’ng‘, ufr’giTs for the charging and discharging
state of the equipment at the moment ¢, for the 0-1 variable, not working at 0, working at 1; SITST for the initial
capacity of the heat storage equipment; S7§ 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 = Eg + Eccup + Egs (16)
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Ep = Xezz;lplg.buy

Eccre = Xg [Z11 (Pécue + #Hcnp + #5Cocnr) | (17)

Egg = XgZ - Hgp
where Ey is the unremunerated carbon emission quota of the integrated energy system; Eg, Eccup, Egs
are the unremunerated carbon emission quota of purchased electricity, CCHP and GB, respectively; PéAbuy
is the purchased interactive power at moment t; y., xg are the carbon emission right quota coefficients of
natural gas consumption per unit of electricity, specifically 0.728 and 0.3672, respectively; uy, u; are the
electricity-heat and cold-heat conversion coeflicients, 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:

E.ir = Ep_o + Eccup_a + EGB_a — Ep_a (18)

_ T pt
Ep .= sezt:IPE,buy

Eccup_a = €921 QCu, conp 19)

Egp.a= 5g22{:1QéH4,GB

Ep o= gcozzz;IPIEAR,HZ
where E,ir, Ep_a, Eccup_a» EG_a> Ep_a are the actual total carbon emissions of the integrated energy system,
the equivalent CO, generated by the actual power purchase, the CO, generated by the actual CCHP operation
process, the CO, generated by the actual GB operation process, and the CO, handled by the P2G, respectively;
& is the calculation coefficient of the carbon emissions of the thermal power purchased from the grid, which
is specifically 1.08; &4, &, 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; co, is the parameter of CO, absorption by the
P2G equipment, which is specifically 0.9.

Net carbon emissions E are actual carbon emissions minus compliance allowances allocated:
E = Eqir — 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:

-x(2+30)L+y(1+30)(E+2L),E<-2L
-x(Q+60)L+x(1+20)(E+L),-2L<E<-L
x(1+0)E,~L<E<0

XE,0<E<ZL
xL+x(1+0)(E-L),L<E<2L
x(2+0)L+x(1+20)(E-2L),2L<E

Ccer = (21)

where y is the carbon trading base price of 120 CNY/t; L is the length of the carbon emission interval 15; 6 is
the carbon trading price growth rate of 0.25; Ccgr 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:

Stes = Kgcth:IPIioad (22)

_ D (Spv + Swr)

S 23
N 1000 (23)
Egcr = Sres - SN (24)
—XGCT (2 + d) U + xger (1 + Zd) (EGCT + ZU),EGCT < 20U
-xgerU + xger (1+d) (Eger + U), —2U < Eger < -U
Cocr = xgerEger, —U < Eger £ 0 05)

XGCT (1 + d) Eger,0< Eger £ U
XGCT (1 + d) U + xgcT (1 + Zd) (EGCT - U), U< Eger £2U
XGCT (2 + 3d) U+ XGCT (1 + 3d) (EGCT - ZU),ZU < EGCT

where S for the green certificate quota index; x, for the green certificate quota coefficient; PLtOa 4 for the
t moment of the electric load power; Sy for the actual consumption; Spy, Siyp respectively in t moment of
photovoltaic and wind power consumption; Egcr for the participation of the green certificate of the trading
volume; xgcr 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; Cgcr for the green certificate transaction costs,
coeflicients 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 [igso = tTl (Rigso. E + RItESO 1 *+ Rigso.6 ~ Cleso.r ~ CItESO.H - CItESO.G)

RIESO E™ CE sellQE sell CE buy QE buy

Rigson = CH sell Qe sell CH bquH buy

RIESO G~ CG sellQG sell CG bquG buy (26)
Cleso.E = CE.imePE. buy T CE, netPE sell

CIESO.H - CH. maxPPtI buy + CH. m1nPH sell

t _ At t t t
CIESO.G = Ca. maxSG buy * G mlnsG sell

where I1gso is the revenue of IESO; Rl o g> Rigso 11> Rigso ¢ are the net revenues from electricity, heat and gas
transactions at moment £, respectively; C{zso 1> Clrso > Cirso.q are the costs of the operator’s interactions
with the higher-level grid, the heat grid, and the gas grid at moment ¢, respectively; cf 11> Chy sell> €6 sell 3T€
the prices at which the electricity, heat and gas energy are sold at moment ¢, respectively; cgbuy, cf{bbuy, cé.buy
are the prices at which the electricity, heat and gas energy are purchased at moment ¢, respectively; Qf ..;;»
Qf; el Q6 <o are the power of electricity, heat and gas energy sold at moment ¢; Qé.buy, Qlt_l.buy, Qé‘buy are
the power of electricity, heat and gas energy purchased at moment t, respectively; cf; ,.i» €k ime are the feed-
in tariff and time-of-day tariff at moment ¢, respectively; cf; .in> € max @r€ the lower and upper limits of
the heat price at moment t, respectively; ¢5 i €6 max @€ the lower and upper limits of the gas price at
moment f, respectlvely, , P} . are the purchased and sold power from the higher-level grid at moment

E.buy’
P!

t, respectively; P, 1.1 are the purchased and sold power from the higher-level heat grid at moment

H buy’
t, respectively; and S, buy’ 8¢ oo are the purchased and sold volume of gas from the higher-level gas grid at

moment ¢, 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:

t t t
CE.net < CE sell < CE.time
t t t
CE.net < Cg, buy < CE.time
t t
CH.m in < CH sell < CH max (27)
cf <chpu St
H.min = “H.buy ~ “H. max
t t t
CG.m in S CG sell < CG max
t t
€G.min S CG buy S €G. max

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:

t
{O < PE buy = wbuyPE-maX

pi ot p (28)
0< Esell— sell E. max

where wﬁuy, w!, are the binary sign coefficients for purchasing and selling electricity at moment ¢,
respectively; Pg. 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 = ZtT:I (R]tis.sell - CCET - CGCT - CC - Cr)

R qen = Clta.buypﬁs.p + CIt-I.buyH]tES.p + CtG.buySIt\/IR = g el PEs.c ~ €GsenSEs.c
Ce=ag (PéCHP)Z +bePlcpyp + de + au (HGp + HéCHP)Z +bu (Hgp + Hocpp) + du
C, =2/ K;P!

Pﬁs.p = Ppy + Pyyr + Péepp + Phigc

Hltas.p = Hgp + Hep + Heepp + Higpe

Pgg . = Pleg + Py, + Pgg

(29)

t _ ¢t t
Sks.c = Scha,gp + Scua,ccnp

where Igg is the revenue from ES; R ., is the net revenue from energy sales at moment t; Ccgr, Coer
are the CET and GCT costs, respectively; C., C; are the O&M and fuel costs, respectively; PEt,S.p’ H]tES.p are
the electric and thermal power produced at moment t, respectively; Pig ., S . are the electric power and
gas consumption consumed at moment ¢, respectively; ag, bg, dg (aun, by, du) are the fuel cost coefficients;
and K; is the coefficient of the energy conversion equipment (CCS, P2G, CCHP, GB, EB) operation and
maintenance cost coefficients; P/ is the output power of the energy conversion equipment at moment ¢ 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:

_ T t t t t
max Igso = 2y (Rgso g + Reso.n + Reso.mst — Ceso)
t _ ot t ot t
Rgso.k = CEbuy QEs0.E ~ CEsenl EEso
t _ ot t ot t
Rgso.n = CHbuyQeso.n ~ ChsenEeso.n (30)

t _ At t t t t
Rgso.nst = CEbuyPrrc + CHbuyHEC + €H, Quistosen

t _vT t,ch t,dis t,ch t,dis t,ch t,dis
Ciso = 241 [KEES (PEES + Pggg ) + Krst (HTST + Hrpgp ) + Kust (PHST + Py )]

where Igso is the ESO’s revenue; Rioq 5, Riso 11> REso mst> Crso are the ESO’s net revenues from electricity
storage, net revenues from heat storage, net revenues from hydrogen storage, and O & M costs, respectively;
Qfso > Efso g are the electricity sold and purchased by electricity storage; Qfs 11> Exso 17 are the heat sold
and purchased by heat storage; Qf;¢y .. is the amount of hydrogen sold by hydrogen storage; cy, is the price
of hydrogen; Kggs, Krst, Kust 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:

maxlya = z";fT:l (ylt:l - RiA.buy)

yo= [weLly 4 wall = % (L)’ = % (L o) ] A
RiA.buy = g e Quak * ChrsenQuam

QIiAAE = Lé.ori + Lé‘tr - Lé.cut

t _ 7t t t
QLA.H - Lh.ori - Lh.tr - Lh.cut

(31)

where I1 5 is the LAs revenue; y! is the user satisfaction function; R is the cost of purchased energy;

t

LA.buy
wg, v are the preference coefficients for users’ consumption of electrical energy; wy, vy are the preference
coefficients for users’ consumption of thermal energy; Q| , g, Q! 4 are the power of electrical and thermal
energy purchased by the load aggregator, respectively; L. .., L! ... L¢ (, are the base load, curtailable load,

e,cut’> “e,tr
and shifted load for electrical load, respectively; Ll'wri, Lfl’cut, Ll'Ltr 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 s Lé.tr § Lé.tr.max (32)
> LL At = Weg

e.tr

where L!

e.tr.max 18 the upper limit of the transferable load; Wy g is the total amount of transferable load.

In the case of electrical loads, the constraints on the curtailable loads are as follows:

77min < zz;ﬂﬁ < 7’]max
0< =Ny < N (33)

pt+Te-17¢
Tmin < z‘uzl Le.cut < Tmax

where #min, fmax are the minimum and maximum number of load cuts, and Ny,,x is the maximum number
of continuous cuts limit. T¢ is the length of load cuts, and Tpax, 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:
¢ ={P;S; I}
P = {Pigs0s Prs; Pesos Pra }

S = {Siks0; Sks; Skso0s Sa }
I = {Iigsos Ies; Iesos Ira }

(34)

where P, S, and I are the participants, strategy sets, and payoffs of the master-slave game, respectively; Pigso,
Pgs, Peso, Ppa are the four participants, which are the participant IESO, the participant ES, the participant
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ESO, and the participant LA, respectively; Sigso, Sks, Seso» Spa are the four strategies, which are the sets of
IESO, ES, ESO, and LA, respectively.

The specific set of strategies is listed below:

— t t t t t t
Sieso = {CE.sell’ CH.sell> €G.sell® CE.buy’ CH.buy’ CG.buy}
Ses = { Phy» Plyrs Pcrps Plises Higs Hisgs Hocrps Higor Plcss Phis Phis Stira o St St}
ES =\ pv>twre fccHpr FHFEC? 11GB> H1EB> HfccHP> HTHEC> £ CCS> T EL> L EB> YCH4,GB> YCH4,CCHP> Y MR (35)
S — {Qt Qt Et Et }
ESO ESOE’ ESO.H> ~ESO.E> “ESO.H
— t t t
S1a = {Le.tr’ hte> Le.cut> Ly, cut}

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 (Sfgs0> Shs> Skso> St a)> the participants cannot change their strategies alone to obtain a larger gain.
Equilibrium is achieved by satisfying:

Iteso (Stgso» St Es’ ESO’ ta) = TIieso (Siesos Sgs»> Sgso» Sta)

Iteso (Siksos Sk Es’ ESO’ ta) = Iieso (Sikso> Sks» Skso> Sta) (36)
)21
fa) 2

*

Iigso (SIESO’ ES’ ESO’ IESO( IESO’SES’SESO’ LA)
* * *

Iigso (SIESO’ ES> ESO’ Itgso (SIESO’ ES’SESO’SLA)

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

t
PE buy

t t t t t t,dis t,ch t
Py puy + Heenp + Hop + Hep + Hype + Hygr = Hygr + Py g + Qian

t t t t t,dis t t t t,ch t t
+ Ppy + Pyyr + Pocnp + Pripc + Pres = Pocs + Per + Peg + Pees + Prgen * Quak

St +8L . =St + St + St (37)
G.buy T OMR = OcH,,ccHP T OCH,,GB T OG.sell

t,dis t,ch t t t
Ser + Pst = Prst + Puron, *+ Py mrc + Qlist el

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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Figure 2: Flow chart of model solving
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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.

900

[ —e— T
800 F —aA— PV
I —¥— Electric load
700 —#— Thermal load

Power /MW
%) w B
o o o
(=] (=) (=)

f=3
(=]

Time/h

Figure 3: Power prediction curve

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

Period Restrictions Electricity price Gas price Thermal price
(Electricity) (Gas, Heat) (CNY/kWh) (CNY/m’) (CNY/kWh)
01:00-07:00 Lower limit 0.25 1.92 0.15
11:00-15:00 o
19:00-21:00 Upper limit 0.82 3.5 0.5
7:00-11:00 - 0.53 -
15:00-19:00
21:00-01:00

Table 2: Equipment parameters

Equipment type Parameters Numerical
Maximum power generation/minimum 350/0
power generation/MW
MT _ . .
Maximum heat production/minimum heat 300/0
production power/MW

(Continued)
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Table 2 (continued)
Equipment type Parameters Numerical
Total power creep upper and lower 150/-150
limits/(MW/h)
Thermal/electrical efficiency 0.4/0.35
Maximum/minimum heat production 120/0
GB power/MW
Upper and lower limits of thermal power 40/-40
creep/(MW/h)
Conversion efficiency 0.92
Maximum/minimum power 80/0
EB consumption/MW
Upper and lower limits of power 10/-10
creep/(MW/h)
Electrothermal conversion efficiency 0.9
P2G Electro-hydrogen conversion efficiency 0.85
Maximum/minimum power 120/0
consumption/MW 0.7
Methanation efficiency
Maximum operating conditions energy 120/0
CCS consumption/MW
Storage Device Maximum/Minimum 0.7
Capacity/m’
Initial capacity of the storage device/m’ 14,600
Upper and lower limits of thermal storage 150/15
TST .
capacity/(MW-h)
Maximum charging and discharging 40/40
power/MW
Hydrogen storage capacity up and down 10,000/1000
HST .
limits/(kg)
Initial capacity/(kg) 5000
Upper and lower storage capacity 130/10
EES limits/(MW-h)
Maximum charging and discharging 40/40
power/MW
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 1to 3

Scenariol Scenario2 Scenario 3

O&M costs/10* CNY 48.38 50.61 49.12
Cost of energy purchases/10* CNY 682.81 678.45 701.94
CET costs/10* CNY 71.46 50.27 52.36
GCT costs/10* CNY -112 -2.78 -2.78
Carbon emission/t 1410.25 1119.93 1084.14
IESO gains/10* CNY 53.23 62.44 —47.28
ES gains/10* CNY - 41.17 ~35.87
ESO gains/10* CNY 6.79 8.72 -13.71
LA gains/10* 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 CO, 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.
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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
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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’ ability to internalize carbon externality costs through
enhanced price signal transmission efficiency.

Total market costs of trading Unit:10* CNY
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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.
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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.
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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.
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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.
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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

HEFC 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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