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Abstract

This paper proposes a low-carbon optimization dispatch method for hydrogen-based
multi-agent regional integrated energy system (RIES) that incorporate CET-GCT. The
approach aims to coordinate the interests of all parties within the regional integrated
energy system while reducing overall system carbon emissions. First, based on Stackelberg
game theory, the interactions between the energy operator and agents on the supply side
and demand side are fully characterized, establishing a “one main, two subordinate” multi-
agent game model. Second, the model incorporates refined power-to-gas (P2G) technology
to enhance system flexibility. Subsequently, a combined carbon trading-green certificate
trading mechanism is introduced to effectively constrain the carbon emission behaviors of
all stakeholders. Finally, an improved Ivy algorithm is integrated with the CPLEX solver to
solve the proposed model. Simulation results demonstrate that while each entity maximizes
its own benefits by adjusting its strategy, the system’s overall carbon emissions decrease by
5.12% and total revenue increased by 11.49%, yielding significant low-carbon economic
benefits. This validates the effectiveness of the proposed model and methodology.

Keywords: RIES; CET-GCT; Stackelberg game; P2G; improved Ivy algorithm

1. Introduction

In the context of the accelerating global energy transition and the deepening im-
plementation of carbon peaking and carbon neutrality goals, regional integrated energy
system (RIES) have emerged as key enablers for achieving clean and low-carbon energy
development, owing to their advantages in multi-energy complementarity and cascade
utilization [1-3]. However, as RIESs continue to evolve and electricity market mechanisms
grow increasingly complex, a critical challenge has emerged in coordinating the conflicting
interests of various internal stakeholders and ensuring equitable benefit distribution across
all parties involved in system scheduling [4].

Game theory has proven to be an effective tool for coordinating dynamic interac-
tions among multiple stakeholders in the optimal scheduling of RIES [5,6]. For instance,
Reference [7] developed an RIES optimization scheduling model based on a leader—follower
game to facilitate interactive decision-making between energy operators and users, thereby
increasing mutual benefits; Reference [8] established a two-level IES optimization schedul-
ing model that accounts for building thermal inertia, using electricity purchase and sale
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pricing mechanisms to guide building users in optimizing their energy consumption strate-
gies, thereby enhancing system flexibility and promoting the integration of renewable
energy; Reference [9] developed a leader—follower game model based on Stackelberg game
theory, designating the operator of a multi-microgrid system as the leader and each micro-
grid user as a follower. This model fully captures the interplay of interests among multiple
entities, achieving coordinated optimization of benefits for both the system and the users.
However, the aforementioned studies primarily focus on the game-theoretic relationships
between operators and users, making it difficult to fully reflect the complex market environ-
ment involving multiple investment entities in integrated energy systems. To address this,
Reference [10] developed a “leader-follower” model for coordinated electricity-heat opti-
mization, with energy suppliers as the leader and CCHP operators and load aggregators
as followers. By using dynamic electricity and heat prices to guide optimized operations
on both the supply and demand sides, this model achieves a synergistic improvement in
the interests of all parties; Reference [11] further proposed a master—slave game model
comprising IES operators, electric vehicle clusters, and user aggregators. By coordinating
multi-party interactive decision-making and the orderly scheduling of electric vehicles,
this model improved the operational efficiency of the integrated energy system. While
these studies have significantly advanced the modeling of stakeholder interactions and the
optimization of multi-agent scheduling, they remain primarily focused on economic objec-
tives, they inadequately consider carbon emission constraints in RIES operations, overlook
the green adjustment capabilities of various entities, and fail to adequately balance both
economic and low-carbon dual objectives.

Currently, domestic and international scholars primarily explore the low-carbon
operation of RIESs from two dimensions: low-carbon technologies and market-based
mechanisms [12]. From the perspective of low-carbon technologies, hydrogen energy, as
a low-carbon, clean secondary green energy source, holds broad application prospects in
optimizing RIES operations. Power-to-gas (P2G) technology provides an effective pathway
for converting surplus electricity into hydrogen and synthetic natural gas. Reference [13]
utilizes renewable energy to synergistically produce hydrogen via electrolysis, enabling
flexible integration of wind and solar power. Reference [14] refines the P2G process by seg-
menting it into electricity-to-hydrogen and hydrogen-to-methane stages, further enhancing
P2G operational efficiency and wind power integration capacity. Reference [15] established
a synergistic model coupling P2G with carbon capture and storage (CCS), demonstrating
that their combined operation promotes wind power integration while reducing carbon
emissions. Although the aforementioned literature considers the flexible and low-carbon
characteristics of P2G in RIES scheduling, most studies focus solely on optimizing equip-
ment and technology. They have yet to deeply integrate P2G operational characteristics
with market-based low-carbon mechanisms such as carbon trading (CET) and green cer-
tificate trading (GCT). This hinders the formation of synergistic technological and market
drivers under dual economic and low-carbon objectives, leaving the optimization potential
of RIES low-carbon economic scheduling to be further explored.

CET and GCT are market-based mechanisms that facilitate efficient resource alloca-
tion and effectively reduce system-wide carbon emissions [16]. These mechanisms have
been extensively studied in the context of RIES operational optimization. For instance,
Reference [17] incorporates a carbon trading cost model into IES optimization scheduling,
establishing a low-carbon economic scheduling model for combined heat and power sys-
tems by comprehensively considering both carbon trading costs and system energy supply
costs. Reference [18] implements a tiered carbon trading price structure and compares
it with traditional carbon trading mechanisms, highlighting the advantages of the tiered
carbon trading mechanism in carbon emission reduction. Reference [19] proposed an
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energy hub model for electricity—heat—carbon integrated systems, incorporating a seasonal
carbon trading mechanism and a shared electric—carbon quota method to optimize carbon
allowance allocation and stepwise carbon pricing. Reference [20] analyzed the feasibility of
simultaneously integrating CET and GCT into RIESs and established a joint carbon-green
certificate trading framework. Reference [21] developed an IES operational optimization
model by accounting for green certificate trading, carbon emissions, and related factors,
and analyzed the effects of renewable energy consumption responsibility weight and CET
pricing on system performance. References [22,23] introduced a joint CET-GCT trading
mechanism based on the mutual recognition of carbon allowances and green certificates
within an IES, and compared the system’s low-carbon performance and economic bene-
fits before and after integration. The results demonstrate that the coordinated CET-GCT
trading mechanism achieves superior emission reduction performance and economic ben-
efits, effectively exploiting the complementary characteristics and synergistic effects of
the two mechanisms, thereby further enhancing the economic efficiency and low-carbon
performance of the RIES.

In summary, existing research has yet to address the coordinated optimization of multi-
agent integrated energy systems with hydrogen, while simultaneously considering the
coupling of green certificate and carbon trading. Most studies focus only on operator—user
interactions or a single low-carbon market, failing to integrate hydrogen utilization into the
carbon—green certificate game framework. Furthermore, they rarely treat EGO equipped
with hydrogen facilities as independent game entities, making it difficult to reflect the actual
multi-agent interest interactions. Given this, this paper proposes a multi-agent optimization
scheduling strategy for hydrogen-based integrated energy systems that accounts for the
synergy between CET and GCT. First, a leader—follower game model is constructed with
the EMO as the leader and EGO and users as followers, fully considering the interests of
all agents to characterize the strategic interactions among different participants in energy
scheduling. Second, a multi-stage hydrogen utilization model is introduced to enhance
comprehensive hydrogen efficiency, integrating the interactive coordination mechanism
between carbon and green certificate trading into the game framework. Subsequently, the
constructed game model is solved using an improved Ivy algorithm (IVYA) combined
with the CPLEX solver. Finally, the proposed method’s effectiveness is validated through
comparative analysis of multiple scenarios designed via computational examples.

2. Research Framework of the Proposed RIES
2.1. Energy Flow Structure

Figure 1 illustrates the system structure and energy flows of the RIES. The system
integrates multiple energy carriers including electricity, natural gas, heat, cooling, and
hydrogen, and consists of an energy operator (EGO) and the user side. Electricity is
supplied by the power grid and wind turbine (WT), which can directly meet the electrical
load, drive the electric chiller (EC) for cooling production, charge the battery storage (BS),
or power the electrolytic hydrogen production (EL) in the P2G subsystem for hydrogen
production. Natural gas from the gas network is supplied to the gas turbine (GT) in the
combined cooling heating and power (CCHP) unit and the gas boiler (GB). The gas turbine
simultaneously generates electricity and heat, where the recovered waste heat through the
waste heat boiler (WHB) can either satisfy heating demand, be stored in the heat storage
unit (HS) for flexible thermal management, or drive the absorption chiller (AC) to produce
cooling, forming a strong coupling between the power, heat, and cooling subsystems.
In addition, the P2G subsystem further enhances the interaction among different energy
carriers. The EL converts electricity into hydrogen, which can be stored in the hydrogen
storage tank or utilized by the hydrogen fuel cell (HFC) to generate electricity and heat,
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while the methanation reactor (MR) enables hydrogen to be converted into synthetic
natural gas. Through these energy conversion and storage devices, multiple energy flows
including power flow, heat flow, cold flow, gas flow, and hydrogen flow are interconnected,
highlighting the strong interdependencies among renewable generation, gas-based energy
conversion, and multi-energy storage within the RIES.

EGO USER
A
CCHP Cooling
load
= & —>
GT Vv — =
S |, ) - 1y
w_ BS =i Electrical
Load
WHB AC
A >
T LY >
I EIa | HFC S|
Grid L1y -y > E"
GB e L HS nor . Heat
H2S H: (- > Load
| r2G_|MR i '
_ — —> —_> el >
Power Heat Cold Gas H2
flow flow flow flow flow

Figure 1. System structure and energy flow of the RIES.

2.2. Multi-Agent Game-Based Interaction Mechanism

The interactive decision-making among the EMO, EGO and end users is modeled
through a leader—follower game structure, as depicted in Figure 2.
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Figure 2. Game-theoretic interaction framework among multi-agent stakeholders.
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In this framework, the EMO functions as the upper-level leader, aiming to maximize its
own profit by setting purchase and sale prices for energy, thereby influencing downstream
market behaviors and trading electricity with the external grid. Acting as lower-level
followers, the EGO and users adjust their operational strategies in response to the EMO’s
pricing decisions. EGO integrates a complete hydrogen energy system, encompassing P2G
equipment, EL, hydrogen storage tank, and HFC—all components for energy production
and storage. Beyond meeting electricity, heating, and cooling demands, EGO autonomously
manages the entire hydrogen production, conversion, storage, and utilization process to
maximize its own revenue. It optimizes the output of various units and hydrogen com-
ponents based on energy purchase prices set by EMO and natural gas supply conditions.
Users dynamically adjust transferable loads according to EMO’s energy sales prices, en-
abling demand-side response. Through this master-slave interaction mechanism, the EMO
indirectly guides the operation of internal energy production and storage equipment within
the EGO via price signals, while steering the energy consumption behavior of transferable
loads on the user side. The EGO responds to the leader’s decisions by adjusting the output
strategies of hydrogen-coupled components and conventional units, while users modify
their energy demand based on price signals. This ultimately achieves a game equilibrium
among all entities and enables low-carbon economic operation of the system.

2.3. Tiered Carbon and Green Certificate Trading Mechanisms

This paper establishes an interactive mechanism between green certificate trading and
carbon emission trading (GCT-CET), under which the EGO in the RIES can not only obtain
revenues from green certificates but also receive additional carbon emission allowances
allocated by the government [24].

At present, carbon emission allowances for RIESs in China are mainly allocated using
the baseline method [25], which only accounts for carbon emissions generated during
the energy utilization process. Accordingly, this study considers that carbon emissions in
RIESs originate from two primary sources: (i) indirect carbon emissions resulting from
electricity purchased by the EMO from the external power grid, which is mainly supplied
by coal-fired generation units; and (ii) direct carbon emissions produced by the operation
of fossil-fuel-based units within the EGO, such as GT and GB.

Since the above carbon emissions are attributed to two different agents, namely
the EMO and the EGO, both entities are required to participate in the carbon emission
trading market. In contrast, green certificates are exclusively associated with renewable
energy generation activities; therefore, only the EGO participates in the green certificate
trading market.

The carbon emission trading volumes of the EMO and EGO, denoted by EFM© and
EEGO are defined as the deviations between their actual carbon emissions and the corre-
sponding allocated carbon quotas, and are calculated as follows:

T
EMO _
ERMO = ¥ (Ebyio,. — Ebmo)

t;l (1)
EFCO = El (EItEGO,a - EEGO)
EEMO,a = §e,aP é,buy
E]tEMO = 5ePet,buy (2)

EfGo, = OhaHog + 0na (Hivis + @P6r) — dmr Py
Etco = dnHip + on(Hiyggs + ¢Pér)
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where T denotes one scheduling cycle; Je . and Jde are the actual carbon emission factor
and the carbon quota coefficient per unit of electricity purchased from external sources,
respectively; dy, , and J}, are the actual carbon emission factor and the carbon quota coef-
ficient per unit of heat, respectively; dmr represents the CO, absorption coefficient of the
MR; Pt is the electric power output of the CHP system; PI{,[R,g denotes the gas production
power of the MR; H{y;;5 and HEp are the thermal outputs of the CHP system and the GB,
respectively; ¢ is the power-to-heat conversion factor.

A tiered carbon pricing mechanism is adopted in this study to constrain the carbon
emissions of the RIES. The corresponding model is formulated as follows:

(1 +3a)(EX +2d) — (2 +3a)d, E¥ < —2d
9(1+24)(E* +d) —d(1+a)d, —2d<E*<d
(

(1 + a)E%, —d < E*<0

Feo,x = (3)
J0E%, 0< EX<d
9(1+a)(E* —d) +d, d<E¥<2d

9(1+2a)(E* —2d) +3(2 +a)d, E*>2d

where x € {EMO, EGO}; Fco,x denotes the tiered carbon emission cost; d is the base
carbon price; & is the incremental carbon price; d represents the length of each carbon
trading interval.
The number of green certificates held by the EGO and its corresponding quota are
defined as follows:
Lot
Ngreen =) (PWT/looo)
t=1 4)
T (
Nquota = tgl (Aquota (Pés + PéT + PIEIFC,e) /1000)

where Ngreen is the number of green certificates held by the EGO; Nquota represents the

allocated green certificate quota; Aquota i the green certificate allocation coefficient of the

system; Py denotes the electric load power; Pfyp . denotes the output power of the HFC.
The trading cost incurred by the EGO in the green certificate market is given by:

F green — /\green (N green — N, quota) (6)

where Fgreen denotes the green certificate trading cost; Agreen is the unit price of
green certificates.

The carbon reduction attribute inherent in green certificates enables the coupling of
CET and GCT. The specific amount of carbon reduction represented by a green certificate
can be quantified by calculating the difference in lifecycle carbon footprints between coal-
fired power generation units and renewable energy systems [26]. Accordingly, the carbon
reduction associated with green certificates can be defined as:

Eger = 7Nquota (6)

Y= Ecoal — Eres (7)

where 7 denotes the carbon emission reduction associated with a single green certifi-
cate; Eqoq and Eres denote the lifecycle carbon footprint equivalents of coal-fired power
generation units and renewable energy systems, respectively.
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Accordingly, under the CET-GCT interaction mechanism, the CET trading volume for
the EGO in Equation (1) is reformulated as follows:

E®SO = Erco,. — Erco — Ecer (8)

3. Operational Models of RIES Participants
3.1. Model of the EMO

The EMO is tasked with developing a dispatch strategy to coordinate energy supply,
demand, and storage, aiming to maximize its operational profit. The objective function is

defined as:
T

maxFenmo Z sell — P]:iuy - Férid - Flt)R - F(tIOz,EMO) (9)

where Fs ol

EL, y i the cost incurred by the EMO for purchasing energy from the EGO; Féri 4 represents

denotes the revenue obtained by the EMO from selling energy to users;

the grid interaction cost of the EMO; Ff; is the penalty associated with load interruption;
F&OZ,EMO is the carbon trading cost borne by the EMO.
The above equations can be expressed as:

Fsell - Z(Plts fs)A (10)
l
Fouy = ) (Pa,cip) At (11)
Z
thrid = [max(P% — P, 0)cy s + min(P; — Pés,O)ctg,b]At (12)
Fir = (max(P, — Pl,,0)By + max(P! — P, 0)B.) At (13)

where i € {e,h, c}; P, and P} represent the power of each type of load on the user side
and the power purchased by users from the EMO for each type of load, respectively; c!, and
¢!, are the selling and purchasing prices of each type of load, respectively; Cf&s and Ctg,b are
the electricity prices at which the EMO sells to and purchases from the grid, respectively;
Bn and B are the penalty coefficients for the interruption of thermal and cooling loads,
respectively; At is the time duration.

To safeguard the interests of all participants, the selling and purchasing prices of
electricity, heat, and cooling are subject to the following constraints:

<ceb<cgs, gb<ces<c (14)

i (15)

Clt'1,min < Chs (t) < CL max’ CL min < Chb (t) < Cfl,max
Cc,min < Ccs (t) < Cc max’ Cc min < Ceb (t) < Cz,max

t
“Cavge,max

1=
g
A
—

T-ct (16)

avgh,max

[}
kel

IN

T-ct

avge,max

© -
w

eIyl

T
IN

where ¢} .. and ¢ . denote the minimum and maximum prices of thermal energy,
respectively (corresponding parameters for cooling energy follow the same constraint
structure); cavge maxs Coy ¢hymax and canC max Fepresent the average selling prices of electricity,
thermal energy, and cooling energy, respectively.
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In addition, the energy exchange between the EMO and the external power grid must
satisfy the following constraints:
0 < Pps < Up (PR
0 < Py, < Uy, P (17)
t
ué,b +Ups <1

where Pé,s and Péb are the electric power sold to and purchased from the external grid

by the EMO, respectively; Ué,s and Uéb are binary variables indicating the selling and
purchasing status; Pgs™ and Pé“bax represent the upper bounds of selling and purchasing
electricity power, respectively.

3.2. Model of the EGO

The EGO optimizes the output of its controllable units in response to the dispatch
strategy issued by the EMO. Taking into account its participation in both the CET and GCT
markets, the objective function is formulated as:

T

_ t t t t t t
maxFeco = ) (Fsern + Fareen — Fonp,cB — FC0,, 560 — FEGO,08m — Feat) (18)
=1

where F! |, denotes the revenue from energy sales; threen and F(tZOz,EGO represent the costs
incurred by the EGO in green certificate and carbon trading, respectively; F&yyp p is the
fuel cost; Fioo oem Te€presents the operation and maintenance (O&M) cost of the EGO;
Fe

ut represents the cost of curtailed electricity.

The above equations can be expressed as:
2 2
Cerp,cp = e(PGr)” + bePGr + ce + an(Hgp) ™ + bnHgp + cn (19)

CEGO00em = J_XnD (20)
n

where ae, be, ce and ay, by, ¢, denote the cost coefficients of the CCHP unit and the GB,
respectively; x, is the O&M cost coefficient of device 1; P! represents the output power of
device n; n indicates the type of energy supply equipment.
The hydrogen energy multi-purpose utilization segment, as a vital component of EGO,
operates through the following stages:
(1) Electrolytic Hydrogen Production Process
The EL first converts surplus electrical energy into hydrogen energy. A portion of
this hydrogen is fed into the MR to synthesize natural gas with CO,, supplying GB and
CHP. Another portion is directly delivered to the HFC to convert into electrical and thermal
energy. A further portion is stored via hydrogen storage tanks. The mathematical model is
as follows:
P }tEL,Hz = 1eLP }tEL,e
Pe < Pore < Pite (21)
AP < Pele = Ppe < APE
where P]f:L/e represents the electrical power input to the EL; P]f:L/HZ denotes the hydrogen
production power of the EL; #gr, indicates the energy conversion efficiency of the EL;
Pgis and Pg‘ﬂ% represent the upper and lower limits of the electrical power input to the
EL; APg°% and APgﬁg denote the upper and lower limits of the ramp-up rate for the
EL, respectively.
(2) Hydrogen-to-Electricity Conversion and Heating Process
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The hydrogen-to-thermal-electric conversion stage utilizes HFC as the medium. Hy-
drogen produced by EL can be directly transported to HFC for energy conversion. Com-
pared to the conventional approach of first converting hydrogen to natural gas via MR
before undergoing energy conversion through GT and GB, this method eliminates one en-
ergy conversion step, reduces energy loss, and enables high-quality utilization of hydrogen
energy. Simultaneously, this energy conversion process produces no CO,, thereby reducing
environmental pollution and contributing to carbon emission reduction. Its mathematical
model is:

Piipc,e = HFC.e Pipc i,

HﬁFc,h = WHFC,hPIt{FC,Hz

P, < Phrc, < PG H, (22)
AP 1, < Phircu, — P, < AP,

min t t max
kHFC < HHFC,h/ P HFC,e < kHFC

where Pf{FC/e and HIt{FC,h represent the electrical and thermal power outputs of the HFC;
PﬁIFC/HZ denotes the hydrogen power input to the HFC; #gpce and #ypcn denote the
electrical and thermal conversion efficiencies of the HFC; Pigc 1y, and Phge py, repre-
sent the upper and lower limits of the hydrogen power input to the HFC; APFEe 1y and
AP{g¢ 1, denote the upper and lower limits of the ramping speed for the HFC, respectively;
ke and kfffc represent the upper and lower limits of the thermoelectric ratio of HFC.

(3) Hydrogen-to-methane process

The hydrogen-to-methane process unit is designated as MR, which synthesizes
methane from hydrogen produced in the combined heat and hydrogen production process.
The MR operational model is as follows:

P t
15 MRg — IMRPyg 1,

min t max
PuRH, < Pmrb, < PMRH, (23)
min t+1 t max
AP MR, H;, <P MR H, — P MR, H;, < AP MR H,

where P{Ang represents the gas production power of the MR; PI{,[R’HQ denotes the hydrogen
power input to the MR; R is the energy conversion efficiency of the MR; PRy, and
PII\T/IIE}HZ are the upper and lower limits of the hydrogen power input to the MR; APyR'y,
and APyg'y. are the upper and lower limits of the ramp-up rate for the MR, respectively.
In addition, the energy supply devices in the EGO are subject to electricity, heating,

and cooling balance constraints:

P{s = Piyr + Por + Plipce + Phs gis — Phc — Pire — Pis chr
Py = Hgg + Hiyip + Hipen + Hiis ais — Hits ene — Hac
P és = CEC + CfAC

Pir 1, = Plrm, + Phircm, + P, dis — Phiy chr

(24)

where P{VT are the output power of the WT units, respectively; P]f:C denotes the electric
power consumed by the EC; Cl - and Cf,- represent the cooling output of the AC and EC,
respectively; P}tES/ chy and P}tES/ dis Tepresents the charging and discharging power of electrical
energy storage; PIt—Iz, che and PIt—Iz, 4is denote the charging and discharging volumes of the
hydrogen storage tank, respectively.
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3.3. Model of the USER

The user’s objective is to minimize energy costs by adjusting flexible loads in response
to multi-dimensional incentives on the demand side. The corresponding objective function

is formulated as:
T

t t
maxFuser = Y, (Upsgr — Fiser) (25)
t=1
where U{JSER denotes the user satisfaction index; F{]SER represents the energy procurement
cost function.
The above equations can be expressed as:

U, 2
U{ser = Z(Vipit - EZ(P;) )At (26)
1
Fisgr = ) Plci At (27)

where v; and u; are the user preference coefficients for consuming different types of energy.
The loads on the user side are subject to the following constraints:

P{ = P}, + P},

0<P iﬁk <P it,kmax (28)

T
t_ t
Wik = LAt

where P/ g and Pf, denote the fixed and adjustable portions of each load type, respectively;
Pit,kmax represents the maximum adjustable capacity for each load type; Wit,k is the total

amount of adjustable load across all time periods.

4. Game-Theoretic Optimization Model and Solution Algorithm
for RIES

4.1. Game-Theoretic Optimization Model

The EGO and USER optimize their strategies in response to the pricing strategy set
by the energy supplier. Their optimization outcomes, in turn, influence the supplier’s
pricing decisions, ultimately converging to a Stackelberg equilibrium. The resulting leader—
multiple-follower Stackelberg game model is formulated as follows:

® = {EMO; {EGO, USER}; Ygmo;

(29)
{Yeco, Yuser }; Femo; { Feco, Fuser }}

The model comprises three components:

(1) the set of participants, representing all involved stakeholders;

(2) the set of strategies, corresponding to the optimization strategies adopted by
each stakeholder;

(3) the set of utilities, corresponding to the objective functions of each stakeholder.

A Stackelberg equilibrium is achieved when no stakeholder can further improve their
utility through unilateral deviation from their current strategy. Under this condition, the
equilibrium solution must satisfy the following:

Femo (Yemor Yecor Yiser) = Femo (Yemo, Yicor Y{iser)

Feco (Yemor YEcor Yiiser) = Feco(Yemor YEGO, Y{isEr) (30)
Fuser (YEMO/ YEGOI Yf_k;SER) 2 Fuser (Y]::kMO’ YEGOI YUSER)
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A unique Stackelberg equilibrium exists when the leader-follower game model satis-
fies the following conditions:

(1) The strategy sets of both the leader and followers are non-empty, compact,
and convex;

(2) Given the leader’s strategy, all followers have a unique optimal solution;

(3) Given the followers’ strategies, the leader has a unique optimal solution.

According to the RIES model, each agent’s strategy is constrained by multiple condi-
tions. The leader’s policy set is defined by constraints such as price boundaries, average
price constraints, and energy balance, ensuring the existence of feasible solutions. The
follower’s policy set is similarly constrained by linear constraints including energy supply
and load aggregation. Since these constraints are all convex functions and non-empty, both
the leader’s and follower’s policy sets constitute non-empty, compact, convex sets.

Once the leader’s strategy is specified, the subordinate followers solve their respective
optimization problems. First, at each time scale, the first-order partial derivatives of the load
aggregator’s objective function with respect to Pet,k, Pfllk and Pct’k are calculated, yielding;:

oF
abors = Ve — e (Peg + Pek) — Ces

J
?Ti‘f‘ = uy (Ph,g - Ph,k) — Up + Chs (31)

J
75%?? = Uc (Pc,g - Pc,k) — U¢ + Ces

Setting the first-order partial derivative of the above equation equal to zero yields:

0 p— e Les
Poy = *o55e — Peg
Che — 0
pY, = s ip (32)

, u

Ccs—0,
P((i),k = CSMC ‘ + Pcrg

Then, taking the second-order partial derivatives of the objective function with respect
to Pk, Phx and Py are obtained as follows:

azFUSElg = —u,
agpe,k)
OFuser 4,

= 33
(Puy)” h (33)
azpusEIE - —u,
9(Pex)

Since the energy consumption preference coefficients are generally positive, the second-
order partial derivatives are all less than zero here. Therefore, ng, P}?,k and ng are the
maximum points of the user objective function. Combined with the interval constraints on
the optimization variables, the optimal solution values are:

opt 0 max

Poic €10, Py Pex }

opt 0 ma

Pox €10 P B h,kx} (34)
opt 0 max

Pc,k €40, Pc,k’ Pc,k }

Therefore, once the selling price of EMO is specified, a unique optimal solution exists
for users. Similarly, the proof for the unique optimal solution of EGO follows analogous
reasoning and will not be repeated here.

Substituting the optimization strategies for the follower’s supply side and user side
into the leader EMO operator’s objective function yields a Hessian matrix that is nega-
tive definite. This indicates the existence of a maximum point. Consequently, when the
follower’s strategy set is specified, the leader’s optimal solution is both existent and unique.
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4.2. Stackelberg Game-Based Solution Method

In the constructed Stackelberg game model, the upper-level problem is dominated
by the EMO, whose decision variables include the time-varying electricity, heating, and
cooling purchase and selling price vectors over the entire scheduling horizon. The upper-
level problem is solved using the IVYA [27]. The lower-level problem characterizes the
optimal operational responses of the EGO and end users, driven by the energy price signals
set by the EMO and following the principle of individual profit maximization. Specifically,
during each iteration, IVYA generates candidate price vectors, which are transmitted
to the lower-level optimization model. Given these price signals, CPLEX determines the
optimal operational responses of the EGO and end users by solving a deterministic dispatch
problem. The obtained economic outcomes are then fed back as the fitness values of the
corresponding pricing strategies. Through this iterative interaction, IVYA and CPLEX form
a closed-loop “price-response—fitness” coordination mechanism.

Compared with traditional gradient-based or KKT reformulation methods, the inte-
gration of IVYA with CPLEX provides a more convenient and modular solution framework.
KKT-based approaches typically require Lagrangian transformation and the derivation
of complementary slackness conditions to convert the bi-level model into a single-level
program, which increases modeling complexity and programming burden, particularly
when mixed-integer variables or nonlinear constraints are involved. In contrast, the IVYA-
CPLEX collaborative mechanism directly maintains the original bi-level structure, where
IVYA performs outer-layer nonlinear search and CPLEX efficiently solves the inner-layer
deterministic dispatch problem. This decomposition strategy simplifies implementation, en-
hances computational flexibility, and improves robustness in handling complex multi-agent
energy systems.

To improve convergence speed and solution accuracy, several enhancement strategies
are incorporated into IVYA.

Chaotic opposition-based learning is adopted during population initialization to
increase solution diversity and enhance global coverage of the search space, thereby ac-
celerating early-stage convergence and reducing premature convergence risk. During the
population evolution process, Cauchy flight and tangent flight operators are introduced to
dynamically balance global exploration and local exploitation. The long-tailed property
of Cauchy flight enables occasional large jumps to escape local optima, while tangent
flight strengthens local refinement around promising regions. In the later iteration stage,
differential evolution strategies are integrated to enhance local search precision and im-
prove convergence stability. These improvements collectively accelerate convergence while
maintaining high solution quality, making IVYA suitable for nonlinear pricing strategy
optimization in multi-agent integrated energy systems. The parameter settings of the
IVYA are as follows: population size of 50 and a maximum of 500 iterations. The detailed
game-solving procedure and corresponding flowchart are illustrated in Figure 3.
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Figure 3. Solution process of the leader—follower game.

5. Simulation Analysis

A case study is conducted based on the RIES configuration illustrated in Figure 1.
The forecast profiles of wind, along with the predicted electric, thermal, and cooling loads
within the system, are presented in Figure 4. The adjustable portions of the users” electric,
thermal, and cooling loads are assumed to be 20%, 10%, and 10% of the corresponding total
loads, respectively. The preference coefficients for electricity, heat, and cooling, namely ve,
Ue, Up /s Unyc are set to 1.4, 0.0009, 1.1, and 0.001, respectively. The carbon trading price is
set to 0.25 CNY/kg. The remaining carbon trading parameters follow those reported in [28].
The green certificate trading price is set to 0.1 CNY/kWh. The models and constraints of
each device in EGO refer to Refs. [29,30], and the parameters of each device are shown
in Table 1. The economic parameters of RIES are shown in Table 2. The scheduling horizon

is 24 h, with an optimization time interval of 1 h.
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Figure 4. Typical daily forecast data curve.
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Table 1. The economic parameters of RIES.
Parameters Value/(CNY/kWh)
Peak 1.25
Initial electricity price Flat 0.8
Low 04
Net electricity price 0.35
Table 2. Parameters of devices in the EGO.
. - Operation Ramping
Equipment Upper Limit (kW) Efficiency/% Constraint/%
GT 800 35 20
WHB 1200 83 20
GB 1000 80 20
AC 500 120 20
EC 600 320 20
EL 350 87 20
HEC 250 95 20
MR 200 60 20
H2S 80 95 \
ES 200 95 \
HS 150 95 \

5.1. Analysis of Stackelberg Game Equilibrium

The post-game pricing strategy of the EMO is illustrated in Figure 5. Taking electricity
pricing as an example, the real-time retail electricity pricing strategy of the EMO closely
aligns with the time-of-use tariffs imposed by the upstream power grid. By increasing
retail prices during high-demand periods, the EMO effectively guides users toward off-
peak consumption, thereby mitigating system load pressure and maintaining operational
stability. Lower prices are offered during 1:00-6:00 and 22:00-24:00 to encourage the
shifting of flexible loads, achieving peak shaving and valley filling. Furthermore, the
real-time electricity prices are consistently set no higher than the corresponding time-of-
use tariffs, which enhances the competitiveness of the EMO’s retail strategy. The same
analytical framework applies to real-time heating and cooling prices and is therefore not
discussed further.

5.2. Comparative Analysis of Operational Results

To evaluate the effectiveness of the proposed strategy, four dispatch scenarios are
considered for comparative analysis.

Scenario 1: A baseline IES model is established, considering the coupled and comple-
mentary optimization of electricity, heating, and cooling demands.

Scenario 2: Based on Scenario 1, a hydrogen energy multi-utilization model is in-
corporated by introducing high-efficiency clean hydrogen energy on the supply side and
integrating IDR to enable source-load interaction.

Scenario 3: Based on Scenario 2, the fixed carbon allowance price in the conventional
CET market is replaced with a tiered pricing scheme, thereby considering a ladder-type
CET mechanism.

Scenario 4: Based on Scenario 3, the GCT mechanism is further introduced, allowing
for joint GCT-CET trading.
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Figure 5. EMO pricing strategy.

As shown in Table 3, in Scenario 1, the optimization scheduling process did not
incorporate the hydrogen multi-use model. Wind power consumption levels remained
low, and the optimization objective focused solely on operational profits under traditional
carbon trading costs. This constrained the output incentives of CHP and GB units within the
EGO, while the EMO incurred higher external power purchases, consequently impacting
the profitability of both the EMO and EGO. Because the carbon trading market adopts a
fixed pricing mechanism, the marginal carbon cost signal remains relatively weak, and
dispatch decisions are therefore dominated by short-term economic benefits rather than
emission reduction considerations. As a result, conventional fossil-fuel units are prioritized
during operation, limiting renewable energy utilization and leading to relatively higher
system carbon emissions. This reflects the inherent trade-off between profit maximization
and low-carbon operation under insufficient carbon price incentives.

Table 3. Income of each subject in different scenarios.

Scenario 1 Scenario 2 Scenario 3 Scenario 4
10,940.18 12,018.44 12,167.95 12,173.43 EMO Revenue (CNY)
7325.11 8207.12 8544.16 10677.28 EGO Revenue (CNY)
—1002.01 —1000.96 —1832.43 —3062.29 EGO CET Cost (CNY)

0 0 0 —942.72 EGO GCT Cost (CNY)
22,174.09 22,199.14 22,238.29 22,234.50 USER Revenue (CNY)
40,439.38 42,424.70 42,950.40 45,085.21 Total Revenue (CNY)

83.00% 99.23% 99.13% 99.29% Power integration rate (%)
242.05 10.93 12.43 10.07 Power curtailment cost (CNY)
2331.84 2215.46 1957.35 1950.05 EMO Carbon Emissions (kg)
7003.31 6827.07 6911.81 6906.81 EGO Carbon Emissions (kg)
9335.15 9042.53 8869.16 8856.86 Total Carbon Emissions (kg)
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Compared to Scenario 1, Scenario 2 increased EMO and EGO revenues by 9.86% and
12.04%, respectively. This improvement stems from the introduction of P2G, which enables
EL to further absorb wind power for hydrogen production, supplying HFC and hydrogen
storage. HFC utilizes surplus wind power for combined heat and power generation,
thereby alleviating the energy supply pressure on CHP and GB units while reducing fuel
costs. Additionally, the energy conversion process generates no carbon emissions, helping
EGO shoulder part of the carbon emission burden. Simultaneously, the introduction of the
diversified hydrogen utilization model significantly enhances the system’s wind power
absorption capacity, reduces curtailment levels, and improves the system’s wind power
absorption rate. Furthermore, EMO can procure sufficient energy from EGO to achieve
supply—demand balance, reducing both the cost of purchasing electricity at high prices
from the upper grid and penalties for insufficient energy supply, thereby significantly
increasing profits. Notably, EGO’s carbon trading costs slightly decreased. This is because
the introduction of P2G enables methane reactors to absorb part of the carbon dioxide,
and EGO prioritizes HFC for energy supply during scheduling. Consequently, both actual
carbon emissions and carbon emission quotas are reduced to some extent, leading to a
slight decrease in EGO’s carbon trading costs. Through the integration of hydrogen energy
pathways, surplus renewable electricity can be converted into hydrogen and reused in multi-
energy conversion processes, effectively enhancing wind power absorption and reducing
curtailment. This technological coupling partially decouples economic performance from
carbon emissions, allowing the system to simultaneously improve renewable utilization
and operational profitability, thereby mitigating the profit-emission trade-off observed in
Scenario 1.

Compared to Scenario 2, Scenario 3 increases EGO’s carbon trading revenue and
total revenue by 83.07% and 1.24%, respectively, while reducing the system’s total carbon
emissions by 1.92%. This occurs because the tiered carbon pricing mechanism strengthens
carbon emission cost constraints, imposing higher marginal carbon costs on high-emission
units. Consequently, EGO increases the output of certain units during dispatch to achieve
optimal carbon trading revenue. Notably, the tiered carbon pricing mechanism further
enhances the output revenue of EGO’s conventional units from an economic perspective.
Compared to Scenario 2, the system reduces the priority given to wind power consumption
during certain periods, leading to a noticeable decline in wind power absorption rates.
Nevertheless, with the overall increase in EGO output levels, EMO effectively reduced
purchased electricity through optimized energy management strategies. Since purchased
electricity constitutes EMO’s primary carbon emission source, its carbon emissions de-
creased significantly, ultimately driving a further increase in the system’s total revenue. This
indicates that the ladder-type CET reshapes dispatch incentives through stronger marginal
carbon costs, shifting system operation toward a carbon-cost-sensitive profit optimization
mode. Under this mechanism, economic benefits and emission reduction objectives are
dynamically balanced, and a temporary trade-off may emerge between maximizing carbon
trading revenue and maintaining renewable energy integration.

In Scenario 4, after introducing the green certificate trading mechanism, EGO’s revenue
increased by 24.97% compared to Scenario 3. This occurs because EGO incorporates both
carbon market costs and green certificate market revenues into its optimization objectives
during operational decision-making. When EGO supplies renewable energy generation, it
not only gains additional revenue from the green certificate market but can also convert the
mandatory quota portion of green certificates into carbon emission allowances under the
GCT-CET equivalence principle for participation in carbon market trading. Consequently,
the marginal economic return of renewable generation increases significantly, prompting
the system to prioritize wind power dispatch. This effectively reduces curtailment levels
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and improves the system’s wind power absorption rate. Simultaneously, the GCT-CET
trading mechanism enhances the low-carbon operation incentives for CHP and GB units,
substantially boosting EGO’s overall revenue. Compared to Scenario 3, Scenario 4 increases
the system’s total revenue by 4.97% and reduces total carbon emissions by 0.14%. By
enabling the joint circulation of carbon allowances and green certificates, the proposed
GCT-CET mechanism internalizes the environmental value of renewable generation into
economic decision-making. This mechanism significantly strengthens the marginal benefits
of renewable energy and aligns economic incentives with low-carbon dispatch, thereby
transforming the traditional trade-off between carbon reduction and profitability into a
coordinated optimization process.

Overall, the transition from Scenario 1 to Scenario 4 reveals a progressive evolution
in the economic—carbon interaction mechanism of the integrated energy system. Scenario
1 reflects a profit-oriented dispatch pattern under weak carbon market signals. Scenario
2 demonstrates that technological coupling mechanisms can enhance renewable energy
utilization and partially alleviate the economic—carbon conflict. Scenario 3 further reshapes
operational incentives through stronger carbon price signals, leading to a carbon-cost-
sensitive dispatch strategy. Finally, Scenario 4 integrates carbon and green certificate
markets, effectively internalizing environmental externalities and aligning economic in-
centives with low-carbon objectives. This progression highlights that while technological
integration improves system flexibility, coordinated market mechanisms play a crucial
role in transforming the traditional trade-off between economic performance and carbon
emissions into a coordinated low-carbon optimization framework.

In addition to the scenario-based mechanism analysis, the indicators in Table 3 further
reveal the interactions between system performance and the proposed optimization strate-
gies. As the scenarios evolve, the wind power consumption rate increases from 83.00%
in Scenario 1 to 99.29% in Scenario 4, which significantly reduces the wind curtailment
cost from 242.05 CNY to 10.07 CNY, indicating that the integration of hydrogen energy
pathways and coordinated market mechanisms effectively enhances renewable energy
absorption capability. Meanwhile, improvements in internal energy coordination reduce
EMO’s reliance on external electricity purchases, leading to a decline in its carbon emissions
from 2331.84 kg to 1950.05 kg. Although EGO carbon emissions fluctuate slightly across
scenarios, the total system carbon emissions decrease overall, reflecting the effectiveness
of the proposed optimization framework in balancing energy supply and emission con-
trol. Furthermore, the total system revenue increases from 40,439.38 CNY in Scenario 1
to 45,085.21 CNY in Scenario 4, demonstrating that the combined effects of technological
integration and market-based incentives can simultaneously improve renewable energy
utilization, reduce carbon emissions, and enhance economic performance.

5.3. Analysis of Supply—Demand Coordination

As shown in Figure 6, during the dispatch cycle, the system’s electricity, heating,
cooling, and hydrogen subsystems exhibit distinct time-dependent synergistic operation
characteristics, with clear multi-energy complementary relationships.

From the electrical power balance results, during the nighttime period from
23:00 to 6:00 the next day—characterized by low load and high renewable energy
output—renewable power generation accounts for a high proportion of the system’s elec-
tricity. The electrical load demand is primarily met by wind power generation within
the EGO, supplemented by GT power generation and HFC discharge to maintain supply—
demand balance. To fully utilize surplus electricity, the EL units within the EGO increase
their operational power, converting excess electricity into hydrogen energy supplied to
HEFC for combined heat and power generation, thereby effectively reducing curtailment
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costs. Simultaneously, the EGO maximizes its internal electrical energy storage systems
to locally store surplus electricity generated at night, further alleviating renewable energy
integration pressures. During daytime hours, as electricity demand continues to rise, wind
power output is fully absorbed, and GT output increases accordingly. However, constrained
by the trade-off between revenue from electricity sales and operational costs, the EGO
imposes certain limits on GT output, leading to a corresponding decrease in HFC output.
The resulting power deficit is primarily supplemented by electricity purchased from the
EMO and discharge from the EGO’s electrical energy storage system.
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Figure 6. Supply and demand balance scheduling results.

Thermal power balance analysis indicates that between 0:00 and 6:00, thermal load
remains high. EMO prioritizes dispatching HFC and WHB for heating, with GB and
thermal energy storage systems within EGO supplementing any shortfall to ensure thermal
power equilibrium. Between 10:00 and 20:00, the overall system thermal load is relatively
low, while localized electrical demand is high. This drives the gas turbine to operate at
high load, generating significant waste heat. During this period, thermal load is primarily
handled by WHB and GB. Excess heat is partially converted into cooling capacity via AC
to meet cooling demands, while the remainder is stored in the EGO thermal energy storage
system. This stored heat is released during subsequent peak thermal load periods to reduce
fuel costs.

The cooling load balance relationship indicates that during periods of high cooling
demand, EC and AC operate synergistically to meet the system’s cooling requirements. EC
primarily relies on electrical power, while AC fully utilizes waste heat from WHB and other
sources for refrigeration, achieving efficient thermal-to-cooling energy coupling. When
cooling demand is low, the output of all refrigeration equipment is reduced accordingly;
with EC primarily responsible for supplying cooling capacity during this period.

Regarding hydrogen subsystem operation, the EL unit converts electrical energy
into hydrogen, storing a portion in hydrogen storage tanks, feeding another portion to
the HFC for electricity and heat production, and supplying the remainder to the MR.
During periods of abundant renewable energy output and low electricity prices, the system
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experiences low electrical load but high thermal demand. The EL unit operates at high
capacity, continuously producing hydrogen. A portion of this hydrogen drives the HFC for
combined heat and power generation, while another portion feeds into the MR to absorb
carbon dioxide, effectively reducing the EGO’s carbon emissions.

In summary, after introducing the hydrogen utilization model, the system achieves
multi-energy complementarity and coordinated optimization of electricity, heat, cooling,
and hydrogen based on varying load characteristics and renewable energy output across
different time periods. Under this dispatch strategy, coordinated operation of all equip-
ment prioritizes renewable energy consumption. This not only ensures power balance
across the system’s multi-energy loads but also significantly enhances clean energy uti-
lization, optimizes the system’s energy structure, promotes coordination between supply
and demand sides, and further strengthens the economic efficiency and reliability of
system operation.

5.4. Analysis of IDR

Figure 7 displays the optimization results for electricity, heating, and cooling loads on
the user side. Analysis indicates that all load types exhibit varying degrees of optimization
adjustments before and after demand response optimization. Taking electricity load as
an example, its optimization is primarily influenced by electricity pricing. Under real-
time pricing, users proactively shift peak-period electricity consumption to off-peak hours
and make reasonable adjustments during standard-rate periods. This approach reduces
users’ energy procurement costs while enhancing EGO’s nighttime wind power absorption
capacity. Similarly, optimization results for thermal and cooling loads follow comparable
patterns. During periods of high thermal and cooling demand—when EMO sets higher
prices—users respond by reducing thermal and cooling loads to varying degrees. This load
shifting to periods of lower demand effectively reduces users’ energy procurement costs.
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Figure 7. Optimization results of electric, thermal, and cooling load curves.
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5.5. Sensitivity Analysis

(1) Sensitivity Analysis of Green Certificate Quota Coefficients

As indicated by Equations (4) and (5) in Section 2.3, the GCT cost is closely associated
with the green certificate quota coefficient. As a key parameter for evaluating system
economic performance, variations in the green certificate quota coefficient directly affect
the overall operational behavior of the regional integrated energy system. To further
elucidate the differentiated impacts of the green certificate quota coefficient on the GCT-
CET mechanism, Scenario 4 is adopted as the baseline framework. A comparative analysis
of the EGO’s green certificate trading cost and carbon trading cost under different quota
coefficient levels is conducted, and the corresponding results are illustrated in Figure 8.
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Figure 8. Impact of different green certificate quota coefficients on system operation.

As illustrated in Figure 9, the renewable energy quota coefficient exhibits a clear thresh-
old effect on the cost characteristics of GCT within the range of 0.3-0.4. When the quota
coefficient remains below this threshold, the GCT-CET mechanism enables the EGO to
obtain positive revenues from green certificate trading. However, once the quota coefficient
exceeds the threshold, the green certificate revenue gradually diminishes and eventually
turns into a net cost. This behavior arises because a higher green certificate quota coefficient
requires the system to hold a larger amount of mandatory green certificates. Under the
assumption that the dispatchable wind power remains unchanged, the total number of
green certificates available to the system does not increase, thereby reducing the quantity
of certificates that can be traded in the market after meeting the quota requirements.

Green certificate revenue (CNY)

Figure 9. Impact of different green certificate trading prices on wind power integration rates and
green certificate revenues.
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Notably, with the introduction of the GCT-CET interaction mechanism, mandatory
green certificate quotas can be equivalently converted into carbon emission reductions
and used to offset part of the carbon emission demand. As a result, with increasing quota
coefficients, the EGO’s potential revenues in the carbon trading market continue to rise,
which partially mitigates the deterioration of system economic performance under high
green certificate quota conditions.

(2) Price Sensitivity Analysis of Green Certificate Trading and Carbon Trading

As shown in Figure 9, the system’s response to the unit price of green certificates
exhibits phased sensitivity. In the range where the unit price of green certificates rose
from 50 yuan to 200 yuan per certificate, the increase in wind power absorption rate was
limited, and the additional revenue generated by the system from wind power was low.
Consequently, the incentive effect of price signals on system operation was weak, indicating
that the system exhibited low sensitivity to the unit price of green certificates within this
price range. As the green certificate price further increases to the 200-350 yuan/ certificate
range, the wind power absorption rate rises significantly, and green certificate revenue
also shows marked growth. This indicates that the system’s response to price changes
has strengthened; during this phase, price signals can effectively guide the system toward
optimized dispatch, thereby enhancing wind power absorption capacity. As the unit price
of green certificates continues to rise to the high-price range of 350-500 yuan per certificate,
the wind power absorption rate approaches 100%, and the marginal effect of price on the
absorption rate tends to be limited; however, green certificate revenue continues to increase,
indicating that the system remains sensitive to economic returns in the high-price range,
while its sensitivity to the absorption rate has significantly decreased.

Additionally, the carbon trading base price was designed to fluctuate within a range
of £20% (from 0.2 CNY/kg to 0.3 CNY/kg). The results indicate that the system carbon
emissions decreased by 3.77%, EGO revenue increased by 15.66%, while EMO revenue
rose by 2.21%. This indicates that raising the carbon price increases the carbon cost of
purchased electricity, thereby prompting EMOs to reduce their purchases of electricity and
adjust their operational strategies, while simultaneously strengthening the incentive for
EGOs to generate low-carbon power, thus improving the system’s low-carbon operation
level. In comparison, this parameter has a significant moderating effect on the system’s
emission reduction performance and EGO revenue, while its impact on EMO revenue is
relatively minor.

5.6. Analysis of Algorithm Optimization

Figure 10 compares the iterative convergence characteristics of the proposed algorithm
with those of the PSO and DE algorithms in terms of EMO performance. As shown by
the curves, the PSO algorithm converges relatively quickly in the early iterations but is
prone to getting stuck in local optima; its performance curve levels off after approximately
260 iterations, and the final performance is relatively limited. The DE algorithm converges
more slowly; although it possesses a certain ability to escape local optima, its final perfor-
mance remains slightly lower. In contrast, the algorithm proposed in this paper balances
global exploration with local optimization, rapidly improving performance in the early
stages while maintaining stable convergence in the later stages. Its final performance is sig-
nificantly higher than that of PSO and DE, fully demonstrating the algorithm’s advantages
in convergence speed, global optimization capability, and stability.
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Figure 10. Performance comparison of algorithms.

6. Discussion

This paper constructs a low-carbon economic dispatch model for a hydrogen-based
regional integrated energy system that couples carbon trading with green certificate trad-
ing mechanisms, and implements multi-agent interactive decision-making based on the
Stackelberg game. The results indicate that this framework effectively captures the strategic
interactions among energy operators, energy suppliers, and users, making the dispatch
process more closely aligned with actual energy market mechanisms. By introducing a
multi-stage collaborative utilization mechanism for hydrogen energy, the system’s wind
power integration capacity and emission reduction levels are enhanced, demonstrating that
multi-energy synergy in electricity, heating, cooling, and hydrogen supply can effectively
improve the flexibility and low-carbon performance of integrated energy systems. Mean-
while, the synergistic effect of carbon trading and green certificate trading generates more
effective low-carbon incentive signals, indicating that, compared to single-policy mecha-
nisms, the combined trading of carbon credits and green certificates is more conducive to
promoting renewable energy integration and low-carbon system operation.

Nevertheless, this study has certain limitations. First, the research is primarily based on
simulations of typical scenarios and lacks support from actual engineering data. Second, the
model focuses on 24 h short-term dispatch and has not yet fully considered the long-term
fluctuations of renewable energy or the uncertainties in system operation. Furthermore, as
the system scale expands, the computational cost of the model will increase significantly.
Taking a 50-population simulation with 500 iterations—each requiring CPLEX—as an
example, the overall computational overhead is substantial, and the model may face
significant computational pressure in large-scale scenarios. At the same time, in real-time
dispatching, this framework may be constrained by high multi-agent communication
demands, frequent information exchange, and significant computational latency, thereby
affecting its effectiveness in online applications. In the future, empirical studies using real-
world engineering data could be conducted, and techniques such as long-term modeling,
robust or stochastic optimization, as well as distributed solving and parallel acceleration
methods could be introduced to enhance the model’s applicability and practicality in
complex, large-scale scenarios.

7. Conclusions

This paper constructs a low-carbon economic dispatch model for a hydrogen-based
regional integrated energy system that couples carbon trading with green certificate trading
mechanisms. Based on the Stackelberg game, it characterizes the interactive decision-
making process between energy operators and multiple stakeholders, and achieves multi-
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agent coordinated optimization by solving for the game equilibrium. Comparative simula-
tions across multiple scenarios indicate that:

(1) The integrated energy system optimization model based on the Stackelberg game
effectively captures the decision-making logic and strategic interactions among multiple
stakeholders, enabling the coordinated and optimized operation of multiple energy flows,
including electricity, heat, cooling, and hydrogen. Compared to single-agent or centralized
dispatch models, the proposed hierarchical game framework more closely aligns with
actual market operating conditions and is more suitable for dispatch decision-making in
integrated energy systems under market-oriented conditions.

(2) After introducing a multi-stage hydrogen utilization model, the hydrogen produc-
tion, storage, and consumption stages achieve coordinated operation, effectively enhancing
wind power absorption capacity and energy conversion efficiency while reducing system
carbon emissions. This method provides a reference for low-carbon transition in regions
with abundant wind power and high-carbon energy supply structures, while balancing
economic viability and environmental benefits.

(3) The interaction mechanism between green certificates and carbon trading can
strengthen green incentives while constraining carbon emissions, driving the adjustment of
regional integrated energy systems toward low-carbon economic operations. Sensitivity
analysis indicates that the green certificate quota coefficient is a key parameter affecting the
economic performance of the EGO and the incentive effectiveness of the joint mechanism,
while green certificate prices and carbon trading prices exert varying degrees of influence
on renewable energy integration, emission reduction effects, and the distribution of benefits
among participants, respectively. This provides a reference for the design of differentiated
low-carbon policies and the optimization of engineering coordination mechanisms.
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