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Abstract

The multi-microgrid integrated energy system (MM-IES) plays a vital role in enhancing
energy utilization efficiency and promoting the coordinated consumption of renewable
energy. However, the realization of low-carbon dispatch in MM-IES is hindered by multi-
energy coupling and the need for distributed coordination under increasingly stringent
carbon emission constraints. To address these issues, a distributed scheduling strategy that
integrates demand response and green certificate trading mechanisms is proposed. Firstly,
a low-carbon integrated energy microgrid (IEM) model integrating carbon capture and
storage (CCS) and power-to-gas (P2G) technologies is proposed to improve the system’s
low-carbon regulation capability and mitigate the impact of multi-energy coupling in MM-
IES. This integration enhances the system’s low-carbon regulation capability. Secondly,
to incentivize user participation in system optimization, a demand response mechanism
and a tiered green certificate trading model are introduced. On this basis, an MM-IES
low-carbon economic dispatch model is established with the goal of minimizing total
operating costs, carbon trading costs, and green certificate trading costs. To further protect
the privacy of each microgrid and achieve efficient coordination, distributed algorithms
are used to solve the model. This method only requires exchanging boundary information
to achieve collaborative optimization between microgrids. Finally, the simulation results
indicate that the proposed strategy can effectively reduce system operating costs and carbon
emissions. Furthermore, the effectiveness of demand response and green certificate trading
in promoting low-carbon economic operation of multi microgrid systems is verified.

Keywords: integrated energy system; low-carbon dispatch; demand response; green
certificate trading; distributed optimization; multi-microgrid

1. Introduction
In the context of carbon neutrality and frequent energy supply changes, the integrated

energy system (IES) enhances energy efficiency by coupling electricity, natural gas, and heat
networks, thereby facilitating the achievement of net zero emissions and ensuring the
economical of energy systems [1,2]. With the rapid development of IES, the integrated
energy microgrid (IEM), particularly the combined heat and power (CHP) microgrid, has
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also been rapidly developed and widely adopted. A method for the energy optimized
operation and management of CHP systems is proposed to reduce both carbon emissions
and operational costs [3].

To achieve the carbon peak and carbon neutrality goals, the low-carbon transforma-
tion of the IEM is imminent. Currently, extensive research on the low-carbon dispatching
and operation of power systems has been conducted by both domestic and international
scholars. The application of carbon capture and storage (CCS) and power-to-gas (P2G) in
the power industry can not only more effectively reduce the system’s carbon emissions,
but also improve energy utilization efficiency. Therefore, installing carbon capture devices
in conventional units will become a future development trend. A low-carbon optimal
model of the CCS is proposed to reduce carbon emissions [4]. A low-carbon planning
framework for multi-energy systems and CCS is proposed to improve energy utilization
efficiency [5]. Moreover, carbon trading and green certificate trading mechanisms offer
novel approaches to enhance renewable energy generation and consumption while reduc-
ing carbon emissions [6]. A low-carbon economic dispatch model is proposed to address
the challenge of optimizing power generation [7]. The model analyzes CCS and demand
response mechanisms and incorporates carbon trading costs into the objective function, aim-
ing to minimize emissions and operating costs. A step-by-step carbon trading mechanism
is proposed to carbon price set according to emission ranges, thereby further restricting the
system carbon emissions [8,9]. Moreover, a multi-objective dynamic economic emission
dispatch model based on a tradable green certificate trading mechanism for wind-solar-
hydro power is proposed to promote renewable energy development and consumption [10].
A peer-to-peer joint power and renewable energy certificate trading method is proposed to
enhance renewable energy generation and reduce carbon emissions [11]. Therefore, it is
necessary to introduce carbon trading and green certificate trading mechanisms into the
IEM system. User-side demand response, as a flexible adjustment method participating
in system optimization and dispatch, can achieve peak load shaving, improve renewable
energy consumption capacity, and reduce system operating costs [12]. A virtual power
plant optimization dispatch model is proposed to incorporate demand response resources
and participates in carbon emission rights trading, thereby enhancing the system’s power
supply reliability and carbon emission reduction [13]. The conventional power energy
demand response will gradually evolve into integrated demand response under the net-
work architecture of the IES. By adjusting different energy demands, the demands between
multiple loads can be realized on the user side [14]. An incentive-based integrated demand
response model is proposed to improve energy utilization [15]. A linearized ID optimiza-
tion model is proposed to address the integration of electricity and natural gas demand
response [16]. The results indicate that integrated demand response provides distinct
advantages over single power demand response in terms of cost efficiency, environmental
impact, and energy utilization.

However, with the growing demand for electricity and advances in distributed energy
technologies, single microgrids now face shortcomings, such as insufficient anti-interference
ability, energy shortages, and is unable to meet complex system dispatch goals. To address
these challenges, the adjacent microgrids are established into a multi-microgrid system
to achieve energy complementarity and sharing, thereby improving the reliability and
stability of the overall power supply [17]. Moreover, a hierarchical market structure is
proposed to enable multiple microgrids to participate in the real-time balancing market
at the transmission level and provide auxiliary services to the power grid [18]. At the
distribution level, local microgrids with distributed sustainable resources are economically
dispatched by the distribution system operator. A particle swarm optimization algorithm
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is proposed to solve a multi-microgrid system, which aims to minimize the total operating
cost [19].

Although the centralized optimization method discussed in the aforementioned ref-
erences has yielded notable results in the energy management and dispatch of multi-
microgrids, it also presents several challenges that cannot be overlooked. Centralized
optimization requires extensive communication infrastructure to support information col-
lection and instruction issuance, which may also cause information security and privacy
protection issues. Moreover, centralized optimization algorithms require accurate modeling
of the entire system. So the uncertainty and volatility of wind and solar power generation
will increase the complexity and difficulty of solving the model. In contrast, distributed
optimization algorithms are more flexible, efficient, and convenient. A distributed dynamic
event-triggered optimization algorithm is proposed to reduce the consumption of commu-
nication resources [20]. A analytical target cascade method is proposed to provide a fully
distributed framework for power dispatch in multi-microgrid systems [21]. A stakeholder
parallel distributed scheme of the analytical target cascade method is proposed for dis-
patching hybrid AC/DC multi-microgrids [22]. In recent years, the Alternating Direction
Method of Multipliers (ADMM) has gained widespread attention for its application in
power system energy management. A model, which uses ADMM to promote information
interaction between distribution network operators and microgrids is proposed to address
the challenges of distributed energy management in multi-microgrid systems with renew-
able energy uncertainties [23]. A distributed robust opportunity-constrained power flow
optimization model based on the alternating multiplier method is proposed to for manage
distributed wind power uncertainty [24]. The proposed distributed method obtains the
optimal solution faster and has lower operating costs than the conventional centralized
method. A distributed state estimation ADMM algorithm is proposed to improve the state
estimation of multi-microgrid systems [25]. A distributed algorithm based on ADMM is
proposed to manage multi-microgrid systems with a high penetration of distributed energy
resources [26].

Based on the aforementioned summary of existing researches. This paper presents a
low-carbon dispatch model for integrated energy multi-microgrids containing CCS-P2G,
which enhances system efficiency by integrating CCS and P2G technologies, promoting
energy sharing, and minimizing operating costs and emissions through a distributed energy
management strategy based on the ADMM.

2. Integrated Energy Multi-Microgrid Architecture with CCS-P2G
The IEM operation framework is shown in Figure 1. This framework presents a

multi-energy microgrid system that couples electric, gas, and heat energy, incorporating
CHP units, gas boilers (GB), energy storage devices, renewable energy generation systems,
and other key components. During the operation of the entire system, the CHP unit is
the primary source of carbon dioxide emissions, while the CCS device efficiently uses
electricity to capture the carbon dioxide emitted by the CHP unit. Moreover, the P2G device
uses carbon dioxide as a raw material to produce natural gas, effectively reducing carbon
emissions, minimizing energy waste, and enhancing system flexibility. In this study, we
extend the conventional microgrid by incorporating P2G and CCS, while establishing a
carbon trading and green certificate trading market.This framework effectively balances
economic objectives with environmental sustainability. Each microgrid in the system can
either purchase electricity from or sell electricity to other microgrids. To promote energy
consumption within the microgrids, it is assumed that the purchase price between micro-
grids is lower than that from the main grid. Therefore, microgrids prioritize purchasing
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electricity from adjacent microgrids. If the purchased electricity is insufficient to meet the
system’s load demand, the microgrid will source the remainder from the main grid.
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Figure 1. IEM operation framework.

Moreover, each microgrid is equipped with a microgrid energy management system
(MGEMS) that leverages information and communication technologies to enable energy
exchanges and data interactions between adjacent microgrids. This system enhances energy
efficiency and improves the economic and environmental performance of interconnected
microgrids. Based on this, a low-carbon operation model for the multi-energy microgrid
system is developed, as shown in Figure 1.

2.1. System Model Establishment
2.1.1. Gas Turbine Model

The gas turbine is the core equipment for coupling multiple energy forms such as
electricity and heat. It generates electricity by burning natural gas. The gas consumption is
proportional to the power generation. The CHP unit model is expressed [27].

PCHP,t = VCHP,tηCHPQCH4 (1)

where PCHP,t denotes the power generation of the gas unit at time t, ηCHP is the power
generation efficiency of the gas unit, QCH4 is the combustion value of natural gas, and VCHP,t

is the gas consumption of the gas unit at time t.
As a highly efficient heat supply device, the GB generates high-temperature hot

water or steam by burning natural gas and other fuels, providing heat energy for users
in microgrids. It also facilitates energy complementarity with other power generation
equipment in the microgrids. In the case of insufficient or excessive power supply, GB can
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adjust the energy structure by adjusting the heat supply to ensure the stable operation of
microgrids. The GB unit model is expressed [27]

HGB,t = VGB,tηGBQCH4 (2)

where HGB,t denotes the heat generation power of the gas boiler at time t, VGB,t is the
gas consumption of the gas unit at time t, and ηGB is the heat generation efficiency of the
gas boiler. Due to the combined heat and power of the gas unit is subject to the “heat
determines electricity” constraint, its electric and thermal outputs are interdependent and
coupled. The electric and thermal characteristic equation is shown in Equation (3).

max{PCHP,min − h1HCHP,t, hm(HCHP,t − HCHP0)} ≤ PCHP,t ≤ PCHP,max − h2HCHP,t (3)

where PCHP,min and PCHP,max denote the lower and upper limits of the CHP unit power
generation, HCHP0 is the heating power corresponding to the minimum power generation of
the CHP unit, PCHP,t is the power generation of the CHP unit at time t, HCHP,t is the heating
power of the CHP unit at time t, h1 and h2 are the electric-to-heat conversion coefficients
of the CHP unit corresponding to the minimum and maximum output powers, and hm

is the linear supply slope of the CHP power generation and heating power. The power
generation constraint of the CHP unit can be given by

PCHP,min ≤ PCHP,t ≤ PCHP, max (4)

where PCHP,min and PCHP, max denote the lower and upper limits of the CHP unit power
generation capacity, respectively. The heating power constraint of the CHP unit can be
given by

HCHP,min ≤ HCHP,t ≤ HCHP, max (5)

where HCHP,min and HCHP, max denote the lower and upper limits of the heating power of
the CHP unit, respectively.

2.1.2. CCS-P2G-CHP Coupling Model

The CHP system enhances energy utilization efficiency by simultaneously supplying
both electricity and heat. Moreover, it also provides electricity to support the operation
of CCS and P2G equipment. The carbon capture system captures the carbon dioxide
generated by the CHP unit through a carbon dioxide absorption tower, thereby reducing
the overall carbon footprint. The captured carbon dioxide is released from the regeneration
tower to supply the P2G equipment. Using electricity from the CHP system, the P2G unit
electrolyzes water in an electrolyzer to produce hydrogen and oxygen, and subsequently
uses the captured carbon dioxide to synthesize methane. This integrated system not only
balances the power grid load and efficiently utilizes electricity from intermittent renewable
energy sources but also transforms the produced gas into a storage medium or clean
energy to supply the CHP system, thus forming a circular economy operation model.
The combination of these three technologies improves the power regulation capacity of
the CHP system while reducing the electric-thermal coupling characteristics of the CHP
unit. In the CCS-P2G-CHP coupling model, the electricity generated by CHP is divided
into three parts, represented as [28]

PCHP,t = PE,t + PP2G,t + PCCS,t (6)

where PE,t denotes the electric power supplied to the microgrid by the CHP unit at time
t, PP2G,t is the electric power consumed by P2G at time t, and PCCS,t is the electric power
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consumed by CCS at time t. The relationship between the natural gas power generated by
P2G and the electric power consumed by CHP supply is shown as [28]

VP2G,t = αP2GPP2G,t (7)

where VP2G,t denotes the P2G production power at time t, αP2G is the conversion efficiency
of P2G electrical energy to gas energy. The relationship between the carbon dioxide required
by P2G as a raw material to produce natural gas is expressed as

MCO2,t = βCO2 PP2G,t (8)

where MCO2,t denotes the amount of carbon dioxide required corresponding to the elec-
tricity consumed by P2G at time t, βCO2 is the coefficient of converting carbon dioxide
emissions into electricity consumption. The relationship between the electric power con-
sumption and the carbon dioxide captured by CCS for P2G conversion is expressed as [29]

PCCS,t = βCCSMCO2,t (9)

where βCCS denotes the conversion factor of CCS electricity consumption for capturing
carbon dioxide. The corresponding upper and lower limits of the electric power of CCS
and P2G are expressed as [29]PCCS,min ≤ PCCS,t ≤ PCCS,max

PP2G,min ≤ PP2G,t ≤ PP2G,max
(10)

where PCCS,min and PCCS,max denote the lower and upper limits of the electric power
consumption of CCS, PP2G,min and PP2G,min are the lower and upper limits of the electric
power consumption of P2G.

By substituting Equation (6) into Equation (3), the thermoelectric coupling charac-
teristic equation for the combined heat and power system, which includes P2G and CCS
equipment can be derived as follows

max{PCHP,min − h1HCHP,t − PP2G,t − PCCS,t, hm(HCHP,t − HCHP0)

−PP2G,t − PCCS,t} ≤ PE,t ≤ PCHP,max − h2HCHP,t − PP2G,t − PCCS,t
(11)

The power range consumed jointly by P2G and CCS is shown as

PP2G,min + PCCS,min ≤ PP2G,t + PCCS,t ≤ PP2G,max + PCCS,max (12)

By substituting Equation (11) into Equation (12), the new thermal-electric coupling
characteristics of the CHP system, P2G and CCS can be derived as [30]

max{PE,min − h1HCHP,t, hm(HCHP,t − HCHP0)− PP2G,max − PCCS,max

−PP2G,t − PCCS,t} ≤ PE,t ≤ PE,max − h2HCHP,t − PP2G,min − PCCS,min
(13)

According to Equations (3), (11) and (12), it can be deduced that the feasible range
of electric and thermal power of the CHP unit before and after adding CCS and P2G is
represented by ABCD and EFGCD in Figure 2, respectively.

As illustrated in Figure 2, the addition of CCS and P2G equipment shifts the min-
imum power generation of the CHP unit from point A to point D, thereby expanding
the output range of CHP power generation. When the heating power of the CCS and
P2G integrated system remains constant, the power generation adjustment range of the
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CHP unit extends from the KL segment to the KO segment. This expansion enhances the
CHP unit’s power generation flexibility and mitigates its strong electric–thermal coupling
characteristics. By substituting Equation (7) into Equation (10), the upper and lower limits
of P2G production power can be given by [30]

VP2G,min =
PP2G,min

αP2G
≤ VP2G,t ≤

PP2G, max

αP2G
= VP2G,max (14)

A
B

D

C

E
F
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Thermal power

PCHP,max

PCHP,min

HCHP,min HCHP,maxHCHP,t

G

K

L

O

PE,min

PP2G,max+

PCCS,max

CHP

CCS-P2G-CHP 

coupling

Figure 2. Analysis of electric-thermal coupling characteristics of CHP.

By substituting Equations (7)–(9) into Equation (12), we can derive the relationship
between the power supply, gas production, and heating power in the CCS-P2G-CHP joint
operation model is expressed as follows

max{ αP2G

1 + βCCSβCO2

[(PCHP,min − h1HCHP,t − PE,t), hm(HCHP,t − HCHP0)− PE,t}]

≤ VP2G,t ≤
αP2G

1 + βCCSβCO2

(PCHP,max − h2HCHP,t − PE,t)
(15)

2.2. Integrated Demand Response Mechanism

Integrated demand response has emerged as an alternative to the conventional energy-
system paradigm, in which user-side loads were conventional regarded as rigid. Prior to the
concept of load response, energy supply is adjusted primarily by changing the output from
the energy generation side to meet the user demand. However, this operational mode can
disrupt the energy balance of the network and compromise the safe, stable operation of the
system. Data indicates that during typical peak load periods for urban residents in China,
demand-side available load resources account for approximately 15% to 20% of the total
load. This highlights the necessity of altering resident energy consumption patterns and
encouraging their active participation in energy system dispatch. By leveraging the flexible
load resources on the demand side, it becomes possible to implement a well-coordinated
supply-demand strategy that ensures safe, efficient, and stable operation of the system.

This paper fully considers the characteristics of the electric-thermal multi-energy sys-
tem, modeling and analyzing the demand response of both electric and thermal loads.
These responses are integrated into the optimization dispatch model. The demand re-
sponse model, based on load classification, includes primarily shiftable and reducible
loads, enabling horizontal time-shifting and vertical mutual substitution across multiple
loads. A comprehensive demand response model is then established based on the load
response periods.
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2.2.1. Load Classification and Modeling Basis

To accurately quantify the potential and cost of demand response, this study classifies
electrical and thermal loads into two categories based on their physical characteristics
and impact on user comfort. The first category, shiftable loads, refers to loads whose
consumption periods (either electrical or thermal) can be flexibly adjusted, while ensuring
that the total demand is met. These loads typically correspond to user devices with energy
storage characteristics or those that can be interrupted. The core of demand response for
shiftable loads lies in shifting their consumption over time, without reducing total energy
consumption. Therefore, the compensation cost is primarily related to the total amount of
energy shifted, whether electrical or thermal [31].

The second category, curtailable load, refers to loads that can temporarily reduce their
power consumption or be completely interrupted when needed by the system, resulting
in a reduction in the user’s total energy consumption. These loads typically correspond
to devices that have a minor, acceptable impact on user comfort or production efficiency.
The core of demand response for curtailable loads lies in reducing their consumption,
with the compensation cost directly linked to the amount of energy curtailed, whether
electrical or thermal [32].

2.2.2. Shiftable Load Model

The shiftable load refers to a load that can be adjusted according to a predetermined
plan, with the condition that the overall load shifting is maintained. It is not confined to
a specific dispatch period, with the unit dispatch period set to one hour. Based on the
shiftable load R

′k
tran, the power distribution vector before the dispatch can be expressed as:

R
′k
tran = (0, · · · , Sk,ts

tran, Sk,ts+1
tran , · · · , Sk,td

tran, · · · , 0) (16)

where k denotes the electrical or thermal load, when k is e, it is expressed as electrical load.
When k is h, it is expressed as thermal load. Sk

tran is the shiftable electrical load or thermal
load. ts is the start time, and td is the duration.

Assuming that the shiftable time interval is [tsh−, tsh+]. To account for the overall load
shift constraint, the start time and duration of Rk

tran need to be considered. The 0–1 variable
δtran is used to represent the shift state of Rk

tran in a certain period τ. When δtran = 1, it
means that Rk

tran starts from the τ period, when δtran = 0, it means that Rk
tran load does not

shift, then the set of starting time periods is [tsh−, tsh+ − td + 1]. If τ = ts, it means that
the load has not changed, if τ ∈ [tsh−, tsh+ − td + 1] and τ = ts, it means that the power
distribution vector of R

′k
tran shifted from the starting time ts to Rk

tran with the starting time τ

is expressed as follows

Rk
tran = (0, · · · , Sk,τ

tran, Sk,τ+1
tran , · · · , Sk,τ+td−ts

tran , · · · , 0) (17)

The compensation cost incurred by the user following the migration can be expressed as

Ck
tran = λk

tranSk
sum,tran (18)

where Ck
tran denotes the cost of compensation for movable loads, λk

tran denotes the unit
price of compensation for movable loads, and Sk

sum,tran denotes the sum of movable loads.

2.2.3. Load Reduction Model

Unlike shiftable loads, which do not change the user’s load characteristics, reducible
loads reduce the user’s load. The 0–1 variable δcut is used to represent the reduction status
of the reducible load Rk

cut in a certain period τ. When δcut = 0, it means that Rk
cut has not
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been reduced, when δcut = 1, it means that Rk
cut has been reduced from the period τ. Then

the power of the period τ after participating in the dispatch can be expressed as

Sk,τ
cut = (1 − φτδτ

cut)S
′k,τ
cut (19)

where φτ denotes the load reduction coefficient in the τ period, φτ ∈ [0, 1]; S
′k
cut,τ is the

power in the τ period before the load can be reduced and participate in the dispatch. The
compensation to users after the reduction can be shown

Ck
cut =

T

∑
t=1

λk
cut(S

k
cut,t − S

′k
cut,t) (20)

where Ck
cut denotes the cost of compensation for reducible load, λk

cut denotes the unit price
of compensation for reducible load.

2.3. Cost Model

The economic dispatch objective of the IEM is to minimize total system operating costs
by formulating an optimal output plan for each device, while ensuring the stable operation
of CHP units, distributed power sources, and other equipment. To achieve this goal and
fully utilize controllable resources, the dispatch objective function for the i-th microgrid is
expressed as follows

min Fi(Pi) = min(Ci(Pi) + hi(Pi,exc)) (21)

Ci(Pi) = Ci,CHP + Ci,es + Ci,ext + Ci,CO2 + Ci,DR + Ci,green (22)

hi(Pi,exc) = λP2
i,exc (23)

where Ci(Pi) denotes the controllable power generation cost of the i-th microgrid system,
the operating cost of the energy storage device, the external interaction cost, the carbon
trading and green certificate trading costs, and the demand response cost. hi(Pi,exc) rep-
resents the network transmission cost incurred by the interaction power between the i-th
microgrid and other microgrids. λ is the network transmission parameter, and Pi,exc is the
interaction power between the i-th microgrid and other microgrids, where positive values
represent output power and negative values represent input power.

The multiple interconnected microgrids studied in this paper form a MM-IES, where
adjacent microgrids exchange both information and power. The system develops an optimal
power dispatch plan to minimize operating costs and enhance energy utilization efficiency.
The objective function for the optimal dispatch of the MM-IES, consisting of N microgrids,
is expressed as follows

min
N

∑
i=1

(Ci(Pi) + hi(Pi,exc)) (24)

(1) Operating costs of CHP units

The operating cost Ci,CHP of a CHP unit containing CCS and P2G equipment is
given by

Ci,CHP =
T

∑
t=1

[
a1Pi,CHP,t + b1(Pi,CHP,t)

2 + a2Pi,CCS,t + a3Pi,P2G,t + c1

]
(25)

where a1, b1 and c1 denote the operating cost coefficients and constants of the CHP unit, a2

and a3 are the operating cost coefficients of the CCS and P2G equipment, and T denotes the
total dispatch period.
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(2) Operation and maintenance costs of energy storage devices

Ci,es =
T

∑
i=1

φes(Pbatc,t + Pbatd,t) (26)

where Ci,es denotes the operation and maintenance cost of the i-th microgrid energy storage
device, Pbatc,t and Pbatd,t are the charge and discharge power of the i-th microgrid energy
storage device, and φes is the operation and maintenance cost coefficient of the energy
storage device.

(3) External Interaction Costs

The external interaction cost of IEM Ci,ext includes the costs associated with purchasing
and selling electricity from the power grid, as well as the cost of purchasing natural gas can
be expressed as

Ci,ext =
T

∑
i=1

[
(λbuy,tPi,buy,t − λsell,tPi,sell,t) + (λCH4 Vi,buy,t)

]
(27)

where λbuy,t and λsell,t denote the electricity purchase and sale prices in the t period
respectively, λCH4 is the natural gas purchase price, Pi,buy,t and Pi,sell,t are the electricity
purchase and sale powers, and Vi,buy,t is the gas purchase volume of the i-th microgrid CHP
system in the t period.

(4) Carbon Trading Costs

The carbon emission quota of IEM Ei,L can be expressed as

Ei,L =
T

∑
t=1

(δ1(Pi,CHP,t + Pi,RES,t) + δ2Pi,buy,t) (28)

where Pi,RES,t denotes the renewable energy power generation of the i-th microgrid in the
t period, δ1 and δ2 are the carbon emission quotas per unit of electricity produced and
purchased by the microgrid, respectively.

The actual carbon emissions of the IEM Ei,C is given by

Ei,C =
T

∑
t=1

(aCO2(Pi,CHP,t + h1Hi,CHP.t) + bCO2 Hi,GB,t + cCO2 + abuy
CO2

Pi,buy,t − Ecc,t) (29)

where aCO2 and cCO2 denote the carbon emission coefficients of the CHP unit, bCO2 is the

carbon emission coefficient of the gas boiler, abuy
CO2

is the carbon dioxide emission coefficient
of purchased electricity, and Ecc,t is the amount of carbon dioxide reduced in the system
after the introduction of CCS and P2G equipment. The carbon trading calculation costs,
reflecting the advantages of tiered carbon trading, can be expressed as follows

Ci,CO2 =



−c(1 + 2µ)(Ei,L − d − Ei,C) EC < EL − d

−c(1 + 2µ)d − c(1 + µ)(EL − EC) Ei,L − d < Ei,C < Ei,L

c(Ei,C − Ei,L) Ei,L < Ei,C < Ei,L + d

cd + c(1 + α)(Ei,C − Ei,L − d) Ei,L + d < Ei,C < Ei,L + 2d

cd(2 + α) + c(1 + 2α)(Ei,C − Ei,L − 2d) EL + 2d < EC < EL + 3d

(30)

where c denote the carbon trading price in the market; d is the length of the carbon emission
interval, µ and α are the penalty coefficient and reward coefficient, respectively.
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(5) Demand response cost

Ci,DR = Ce
tran + Ce

cut + Ch
cut (31)

where Ce
tran and Ce

cut denote the compensation costs for the shiftable and reducible electrical
loads, and Ch

cut is the compensation cost for the reducible thermal load.

(6) Green certificate trading costs

Ci,green =


−cgrePi,totals − cf(ξ − s − η)Pi,total η < ξ − s

−cgre(ξPi,total − Pi,RES) ξ − s ≤ η < ξ

cgre(Pi,RES − ξPi,total) η ≥ ξ

(32)

η =
Pi,RES

Pi,total
(33)

Pi,total = Pi,E + Pi,P2G + Pi,CCS + Pi,RES (34)

where Ci,green denotes the green certificate trading cost of the i-th microgrid, cgre is the green
certificate trading price; cf is the penalty price, ξ is the renewable energy power generation
quota ratio, s is the penalty coefficient, η is the proportion of actual renewable energy
in the grid-connected electricity, Ptotal is the total grid-connected electricity of the power
generation enterprise. The green certificate trading mechanism is designed to stimulate the
generation and consumption of renewable energy. Its formulation is based on the national
renewable energy quota policy, where ξ denotes the renewable generation quota ratio,
and s represents the penalty coefficient, which regulates the economic penalty intensity
imposed on entities that fail to meet the renewable energy quota requirements.

2.4. Synergistic Relationship Between Green Certificate Trading and Carbon Trading Mechanisms

In this study, we integrate green certificate trading and carbon emissions trading as
two core policy instruments for driving the low-carbon transition of the energy system.
Although they differ in regulated entities, operating logic, and policy objectives, the two
mechanisms are complementary rather than a simple additive overlay.

The central objective of the carbon emissions trading mechanism is to control the
absolute level of carbon emissions. It directly imposes allowance-based control and pric-
ing on emitters (e.g., CHP units and gas-fired boilers), assigning a cost to carbon under
the “polluter pays” principle and thereby incentivizing all abatement options, including
efficiency improvements, fuel switching, and carbon capture technologies. Its price signal
reflects the environmental (marginal) cost of reducing one unit of carbon emissions.

By contrast, the central objective of the green certificate trading mechanism is to
increase the share of renewable electricity. It indirectly applies quota obligations and pricing
to the green attributes of clean generation (e.g., wind and photovoltaic power), recognizing
their environmental value and creating an additional revenue stream that directly stimulates
investment and capacity expansion. Its price signal reflects the environmental value of
producing one unit of green electricity.

Taking the European Union Emissions Trading System (EU ETS)—the world’s most
mature carbon market—as an example, it is a canonical cap-and-trade system that pursues
climate targets by setting an EU-wide emissions cap and lowering it annually. However,
while the EU ETS primarily internalizes the cost of fossil-energy consumption on the
demand side, its incentives for renewable energy deployment are indirect. In contrast,
green certificate trading directly addresses the supply-side competitiveness and bankability
of renewable energy.
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2.5. Constraints
2.5.1. Electric Power Balance Constraint

This constraint ensures the real-time balance between electric power generation, ex-
change, and load demand within each microgrid.Pi,E,t + Pi,RES,t + Pi,CCS,t + Pi,P2G,t + Pi,buy,t + Pi,exc,t = Pi,load,t + Pi,sell,t + Pbatc,t + Pbatd,t

Pi,load,t = Pi,base,t + Se
i,tran,t + Se

i,cut,t

(35)

2.5.2. Thermal Power Balance Constraint

This constraint maintains the equilibrium between thermal energy supply from CHP
and GB units and the total thermal load demand.Hi,CHP,t + Hi,GB,t = Hi,load,t

Hi,load,t = Hi,base,t + Sh
i,cut,t

(36)

2.5.3. Gas Power Balance Constraints

This constraint guarantees that gas consumption and production within each micro-
grid remain balanced during operation.

Vi,buy,t = Vi,CHP,t + Vi,GB,t − Vi,P2G,t (37)

2.5.4. CCS-P2G-CHP Power Upper and Lower Limit Constraints

These constraints define the feasible operating ranges of the CCS, P2G, and CHP units
to ensure safe and stable operation.

PCHP,min ≤ PCHP,t ≤ PCHP,max

PCCS,min ≤ PCCS,t ≤ PCCS,max

PP2G,min ≤ PP2G,t ≤ PP2G,max

(38)

2.5.5. Renewable Energy Power Constraints

This constraint limits renewable energy output within its predicted range to account
for generation uncertainty.

0 ≤ Pi,RES,t ≤ Pi,pre,t (39)

where Pi,pre,t denotes the predicted power of renewable energy of the i-th microgrid in the
t period.

2.5.6. Energy Storage Device Constraints

The charging and discharging behavior of the energy storage devices is not predefined
by fixed time rules but rather serves as a decision variable within the optimization model. Its
operating strategy is entirely driven by the system’s economic objective, aiming to minimize
total operational costs by exploiting the spatiotemporal variations in electricity prices.

0 ≤ Pbatc,t ≤ ∂tPbatc,max

0 ≤ Pbatd,t ≤ (1 − ∂t)Pbatd,max

SOCes,min ≤ SOCes(t) ≤ SOCes,max

(40)
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2.5.7. Green Certificate Quota Constraints

These constraints ensure that the total amount of green certificates corresponds to the
renewable energy generation within the system, thereby promoting low-carbon operation.

T

∑
t=1

khPD,t =
T

∑
t=1

[h(Pw,t + Pv,t) + Gb,t − Gs,t] (41)

2.5.8. Demand Response Constraints

These constraints define the upper limits of load transfer and curtailment to guarantee
user comfort while achieving flexible demand-side management.

∣∣∣∑T
t=1 Sk

i,tran,t∆t
∣∣∣ ≤ ktranSk

i,base,t

0 ≤ Sk
i,cut,t ≤ Sk

i,cut,max

(42)

2.5.9. Power Interaction Constraints Between Microgrid and Main Grid

These constraints regulate the bidirectional power exchange between each microgrid
and the main grid, ensuring stable operation and preventing excessive power flow.0 ≤ Pi,buy,t ≤ ωPi,buy,max

−(1 − ω)Pi,sell,max ≤ Pi,sell,t ≤ 0
(43)

2.6. Applicability Analysis of the Model Construction

To ensure a balance between model complexity and accuracy, while highlighting
the core contributions of this study, the model is constructed based on the following
reasonable considerations.

First, regarding the natural gas network, the study focuses on day-ahead scheduling
with a one-hour temporal resolution. Since the dynamic behavior and pressure fluctuations
of natural gas networks primarily occur over seconds to minutes, it is reasonable to neglect
transmission delays and treat the network as a steady-state system. This assumption
is commonly used in similar multi-microgrid scheduling studies, significantly reducing
model nonlinearity and computational complexity, with minimal impact on day-ahead
scheduling plans. Second, at the day-ahead scheduling timescale, the energy efficiency
parameters of the CCS-P2G integrated system are mainly determined by equipment design
and stable operating conditions. The primary goal of this study is to analyze the structural
impact of CCS-P2G cooperative operation on the system’s low-carbon economy, rather
than internal dynamic processes of equipment. Therefore, the constant efficiency values
at this timescale effectively reflects the system’s scheduling characteristics and economic
performance under stable conditions.

Taken together, these assumptions define the applicability of the model, which is
suitable for day-ahead steady-state optimization scheduling at the multi-microgrid level.

3. Solution of Distributed Dispatch of Integrated Energy Multi-Microgrid
Based on Alternating Direction Method of Multipliers (ADMM)

The ADMM is employed in this study to solve the multi-microgrid scheduling problem.
ADMM is particularly suitable for convex optimization problems with separable struc-
tures, enabling efficient handling of distributed constraints in interconnected microgrids.
Compared with other distributed optimization algorithms, it offers faster convergence and
greater numerical stability. In addition, ADMM requires only the exchange of boundary in-
formation among microgrids without involving internal operational data, thereby ensuring
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data privacy and maintaining the autonomy of each microgrid during the optimization pro-
cess. The solution process for the optimal scheduling of multiple microgrids is illustrated
in Figure 3. The standard form of ADMM can be expressed as followsmin f (x) + g(z)

s.t.Ax + Bz = c
(44)

where x ∈ Rm, z ∈ Rn, A ∈ Rp×m, B ∈ Rp×n, and c ∈ Rp. The objective function is
decomposed into two parts: f (x) and g(z), both of which are convex functions with respect
to x and z. Specifically, function f is defined as f is Rm → R ∪ {+∞}, and function g is
defined as g is Rn → R ∪ {+∞}. The algorithm is guaranteed to converge and yield the
optimal solution when these functions are convex.

In the ADMM framework, the functions f and g are designed not only to represent
the optimization objectives but also to enforce constraints by assigning a value of +∞
when the constraints are violated. This mechanism can be analogized to the energy man-
agement objective in this study, which aims to minimize total cost. When the constraints
are satisfied (e.g., the power exchange Pi,exc of the microgrid does not exceed the line
capacity), the corresponding function value is 0, indicating no penalty and an acceptable
cost solution. When the constraints are violated (e.g., the power exchange Pi,exc exceeds
the safety limits), the function value becomes +∞, imposing an infinitely large penalty
in the objective function. From an optimization perspective, this effectively eliminates
any unsafe scheduling solutions, ensuring that the final solution always operates within
safe boundaries. Therefore, this “0 or +∞” function design guarantees that the algorithm
finds the most cost-effective scheduling solution while strictly adhering to all physical and
safety constraints.
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Figure 3. Multi-microgrid optimal dispatch solution process flow.
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The iterative process of the ADMM algorithm alternates between solving the sub-
problems sequentially. At each iteration, the solution from the previous sub-problem is
substituted into the next one for optimization, and the Lagrange multiplier is updated
after all sub-problems have been iterated. Based on the Equation (24) and the fundamental
principles of ADMM, the iterative process for distributed optimization is described by the
Equations (45) and (46).

xk+1
i = arg min

x
( fi(xi) +

ψ

2
∥
[

Pi,exc

Pi,ext

]
+

[
(Bzk)i

(Bzk)i+N

]
+

[
λk

i
λk

i+N

]
∥2

2) (45)

zk+1
i = arg min

z
(gi(zi) +

N

∑
i=1

ψ

2

∥∥∥∥∥
[

Pk+1
i,exc

Pk+1
i,ext

]
+

[
(Yνk)i

(Yνk)i+N

]
+

[
λk

i
λk

i+N

]∥∥∥∥∥
2

2

) (46)

λk+1 = λk +
[

Pk+1
1,exc · · · Pk+1

N,excPk+1
1,ext · · · Pk+1

N,ext

]T
+ Bzk+1 (47)

where ψ denotes the penalty coefficient, λk is the kth Lagrange multiplier, k denotes the
number of iterations, and Pi,ext is the interaction power between the ith microgrid and
the grid.

The interaction power between each power generation unit, energy storage device,
microgrid, and the grid is given by Equation (45). Based on these results, the MGEMS
updates the transmission power between adjacent microgrids and the grid according
to Equation (46), and iteratively adjusts the expected interaction power. The expected
interaction power is updated iteratively using the Lagrange multiplier, as defined in
Equation (47), to ensure optimal coordination between the system components. This
solution process does not require global information exchange, and no information needs
to be reported between microgrids, which significantly reduces communication costs and
ensures the privacy of each microgrid operations. According to the ADMM algorithm,
the convergence is based on the original residual rk and the dual residual sk, with the
convergence criteria expressed as follows∥∥∥rk

∥∥∥
2
=

∥∥∥∥[[Pk+1
1,exc · · · Pk+1

N,excPk+1
1,ext · · · Pk+1

N,ext

]T
+ Bzk+1

]∥∥∥∥
2
≤ εp (48)

∥∥∥sk
∥∥∥

2
=

∥∥∥[ψB(zk − zk+1)
]∥∥∥

2
≤ εd (49)

where εp and εd denote the convergence errors that are expected for the parameters at the
termination of the iteration.

The specific process of the multi-microgrid distributed dispatch algorithm based on
ADMM, as proposed in this paper, is outlined as follows

(1) Input the operating parameters of equipment, including CHP units, CCS sys-
tems, power-to-gas units, and energy storage devices, along with the output data
from the distributed power sources of each microgrid and the corresponding load
data. Additionally, include the original data, such as Lagrange multipliers and
penalty coefficients.

(2) The microgrid MGEMS system analyzes the previous data of each microgrid and
formulates an initial dispatch plan for the microgrid.

(3) Each microgrid communicates its available power and load demand information
through the MGEMS. The MGEMS then derives the optimal dispatch strategy and
expected interactive power for each microgrid through distributed solution itera-
tion. Since the microgrids only exchange information related to power purchase and
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sales plans, without sharing power generation outputs, the internal privacy of each
microgrid is preserved.

(4) The MGEMS of each microgrid collectively forms an integrated energy management
system for the multi-microgrid network, designed to meet the load demand of each
microgrid while minimizing the operating cost and ensuring the efficient utilization
of energy across the system.

4. Case Analysis
4.1. Case Parameters

This paper addresses the low-carbon dispatch problem for a network of three IEM.
Microgrid 1 and Microgrid 3 consist of conventional CHP units, while Microgrid 2 incor-
porates a CHP unit model with CCS and P2G technologies. The system parameters for
the IEM are provided in Table 1, while the electricity purchase and sale prices between
the microgrid and the power grid, as well as the natural gas purchase price, are shown in
Table 2. The predicted renewable energy power generation for the microgrid is illustrated
in Figure 4, with the electricity and heat load data presented in Figures 5 and 6.

Table 1. Parameters Of The IEM System [33,34].

Parameter Value Parameter Value Parameter Value

ηCHP 0.35 PCCS,max/kW 600 cCO2 (kg/kW) 18.20

ηGB 0.90 αP2G 0.5 ρ 0.01

h1 0.15 βCO2 0.5 a1 0.01329

h2 0.20 βCCS 1.02 a2 0.031

hm 0.85 φc 0.95 a3 0.031

QCH4 (MJ/m3) 35 φd 0.95 b1 4.0 × 10−6

HCHP0/kW 300 Pbatc,max/kW 500 c1 0.3

PCHP,min/kW 1200 Pbatd,max/kW 600 ξ 0.15

PCHP,max/kW 3000 SOCes,min 0.2 φes 0.01

PE,min/kW 300 SOCes,max 0.8 δ1 0.424

PE,max/kW 2100 Ees,max (kW·h) 2000 δ2 0.798

PP2G,min/kW 0 ktran 0.15 abuy
CO2

1.08

PP2G,max/kW 300 aCO2 (kg/kW) 0.55 c (yuan/kg) 0.25

PCCS,min/kW 0 bCO2 (kg/kW) 0.65 cgre (yuan/kW·h) 100

Table 2. Electricity Purchase And Sales Prices And Natural Gas Prices.

Main Body Time Price (Yuan/(kW·h))

Electricity Prices Off-Peak Period 0.40

Electricity Prices Mid-Peak Period 0.75

Electricity Prices Peak Period 1.20

Natural gas Full Day 3.50 (yuan/m3)

To verify the generalizability of the proposed strategy under different technical con-
ditions, this study constructs a test system consisting of three heterogeneous microgrids,
aiming to simulate typical scenarios arising from variations in resources and technological
pathways in the real world. Microgrid 1 is configured with a conventional CHP unit and
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wind generation, representing a fossil-reliant yet renewable-embracing baseline microgrid.
Microgrid 2 serves as the core locus of technological innovation, building upon Microgrid 1
by integrating a CCS–P2G coupled system and thus exemplifying an advanced microgrid
incorporating state-of-the-art low-carbon technologies. Microgrid 3 combines a conven-
tional CHP unit with photovoltaic generation, yielding a renewable penetration and mix
complementary to those in Microgrids 1 and 2. This heterogeneous architecture emulates
the diversity arising from differing resource endowments and technological pathways in
real microgrid clusters, enabling a robust assessment of the generalizability of cooperative
scheduling strategies.
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Figure 4. Renewable energy generation capacity.
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Figure 5. Electric load data of each microgrid.
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Figure 6. Heat load data of each microgrid.
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4.2. Scenario Configuration

To systematically evaluate the contribution of each key module in the proposed
strategy, we designed four comparative scenarios.

Scenario 1 simulates microgrids operating completely independently, without any
coordination mechanisms, serving as the benchmark for performance evaluation. Sce-
nario 2 builds upon Scenario 1 by introducing carbon trading and green certificate trading
market mechanisms, yet inter-microgrid energy sharing remains disabled. Scenario 3
further extends Scenario 2 by allowing inter-microgrid energy sharing, while not incor-
porating an integrated demand response mechanism. Scenario 4, the proposed strategy,
integrates energy sharing, comprehensive demand response, and market mechanisms into
a complete framework.

This stepwise comparison clearly isolates the incremental contribution of each
key measure market incentives, energy sharing, and demand response to overall
system performance.

4.3. Convergence Analysis

This paper uses the ADMM algorithm to solve the distributed integrated energy
multi-microgrid, and the multi-microgrid cost iteration convergence is shown in Figure 7.
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Figure 7. Cost optimization iteration for MM-IES.

Figure 7 illustrates the convergence results of the cost optimization for the MM-IES.
The proposed algorithm achieves convergence after 69 iterations, with a total computational
time of 390 s. During the iterative process, the IEM system aims to minimize operational
costs by continuously updating the multiplier parameters, gradually increasing the penalty
terms to explore new optimal solutions. The iterative process, combined with coordinated
calculations, ensures convergence. These results demonstrate that the alternating multiplier
method-based distributed optimization algorithm presented in this study offers both excel-
lent convergence performance and computational efficiency, while effectively maintaining
data privacy and meeting the requirements for day-ahead optimization dispatch.

The centralized optimization methods require the construction of a global model of
the entire system, and their computational complexity grows exponentially or as a high-
order polynomial with the number of microgrids N making it difficult to meet the real-time
requirements of day-ahead scheduling. In contrast, the ADMM-based distributed algorithm
adopted in this study decomposes the computational tasks across individual microgrids
for parallel execution, resulting in a complexity that scales approximately linearly with
N as illustrated in Figure 7. Even in the three-microgrid system considered in this work,
the algorithm demonstrates rapid convergence (390 s), and its computational efficiency
advantage is expected to be even more significant in larger-scale systems.
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4.4. Analysis of Optimization Dispatch Results of Each Energy Microgrid

The optimization dispatch results for the output, electrical power, and thermal power
balance of each IEM are presented in Figures 8 and 9. As shown in Figure 8, throughout
the entire day-ahead dispatch period, the CHP units of all three microgrids operate contin-
uously. In Figure 8a, the wind power output in microgrid 1 is notably high, and the system
compensates for the power demand by exchanging electricity with the other microgrids.
Specifically, during the 01:00–08:00 and 21:00–24:00 periods, microgrid 1 operates in a
multi-source mode, transmitting power to the other two microgrids to generate profit.
Conversely, from 10:00 to 15:00, the power generation from microgrid 1’s resources falls
short of its demand, requiring power exchanges with the other microgrids to fulfill the load
during this period.
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Figure 8. Electric load balance and equipment output curve of each microgrid.
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Figure 9. Thermal load balancing and equipment output curves for each microgrid.

As shown in Figure 8b, the photovoltaic generation of microgrid 2 is concentrated
between 07:00 and 17:00, though the power output is relatively low. Due to the integration
of CCS and P2G systems, the CHP unit produces more electricity during 01:00–09:00
and 18:00–24:00. During these periods, microgrid 2 faces a power shortage, prompting
electricity transfers from microgrid 1 and purchases from the external grid. In the high
electricity price period of 20:00–22:00, the energy storage system discharges, reducing
the external electricity purchase and lowering the operating cost. During other dispatch
periods, microgrid 2 exchanges a small amount of electricity with microgrid 1. The power
load in microgrid 2 is balanced and coordinated through the interaction of photovoltaic
power generation, CHP units, CCS and P2G consumption, energy storage charging and
discharging, and electricity purchases from the external grid. As shown in Figure 8c,
microgrid 3 has the same photovoltaic generation period as microgrid 2 but generates
a larger amount of power. The system maintains a balanced power load and there is
no phenomenon of abandonment of light. Microgrid 2, using conventional CHP units,
has a lower power demand than microgrid 3, which results in microgrid 3 purchasing a
small amount of electricity from the external grid, while microgrid 1 also supplies a small
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amount of power to microgrid 3. During the 19:00–21:00 period, the energy storage system
discharges. Additionally, during periods of excess photovoltaic generation, renewable
energy is absorbed, and electricity is exchanged with microgrid 1.

The optimization dispatch results for the thermal load balance and equipment output
of each IEM are illustrated in Figure 9. As shown in Figure 9a, in microgrid 1, the gas boiler
and gas turbine jointly supply the thermal demand. The thermal load varies significantly
throughout the day, peaking during 08:00–18:00. The CHP unit operates continuously,
and its heat output, together with that of the gas boiler, effectively tracks the optimized
thermal load curve, ensuring stable internal thermal balance.

As shown in Figure 9b, the thermal load of microgrid 2 exhibits moderate fluctuations,
with higher demand observed between 07:00 and 20:00. The CHP unit serves as the main
heat source, while the gas boiler supplements during peak-load periods. The coordinated
operation between the CHP and boiler ensures the optimized thermal load closely matches
the actual demand, achieving efficient thermal utilization and system stability. As shown
in Figure 9c, microgrid 3 demonstrates similar thermal behavior to microgrid 2 but with
slightly lower load magnitude. The CHP and gas boiler outputs are dynamically adjusted
to follow the optimized thermal load profile, maintaining thermal balance within the
system. Throughout the dispatch period, the optimization effectively eliminates excess
heat production and minimizes operating costs by coordinating the output of thermal
generation equipment.

In the IEM system, the heat load is supplied by both the CHP unit and the gas boiler.
When the CHP unit’s heat output is insufficient to meet the system’s heat demand, the gas
boiler supplements the heat generation. However, the heating capacity of the gas boiler is
constrained by the output of the gas turbine and the variations in the system’s heat load.

4.5. Analysis of the Results of Power Interaction Between Multiple Microgrids

The results of power interaction between microgrids in the day-ahead optimization
stage are shown in Figure 10.
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Figure 10. Inter-microgrid power exchange.

As shown in Figure 10, the load demand of microgrid 1 is low during the periods
of 01:00–08:00 and 18:00–24:00, while wind power generation is surplus. Consequently,
the system transfers the excess power to microgrid 2 and microgrid 3. From 09:00 to 17:00,
the load demand of microgrid 1 increases, leading to a power shortage. Since the overall
load demand of microgrid 2 and microgrid 3 remains low, they supply the surplus power
to microgrid 1 to meet its demand. This demonstrates that the proposed distributed energy
management strategy enhances system adaptability and responsiveness to fluctuations in
energy demand by promoting energy complementarity and sharing among microgrids. It
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also significantly improves the overall operational efficiency and economic performance of
the microgrid system.

4.6. Analysis of Multi-Microgrid Dispatch Results Under Different Schemes

This paper presents four different schemes and evaluates the rationality of the pro-
posed model by analyzing the discrepancies in the microgrid dispatch results across these
schemes. The dispatch strategy proposed in this paper. The operational results of the IEM
for each of these four schemes are summarized in Table 3.

As shown in Table 3, taking microgrid 1 as an example, Scheme 1 results in a 54.2%
reduction in operating costs, a 40.9% decrease in carbon emissions, and a 45% reduction in
the share of renewable energy generation compared to Scheme 4. The IEM further enhances
the energy dispatch outcomes through comprehensive demand response and energy-
sharing strategies. These measures reduce the electricity purchased from the external
grid, increase the consumption of renewable energy, and lower carbon dioxide emissions,
thereby yielding carbon benefits for the system, cutting operating costs, and improving
both the economic and environmental performance of the microgrid system. The details of
Scheme 4 are shown in Table 4.

Table 3. Operation Results Of Integrated Energy Multi-microgrid Under Different Schemes [35].

Scenario Main Body Operating
Cost/Yuan

Carbon
Emissions

/kg

Carbon
Trading

Amount/Yuan

Renewable
Energy

Generation
Share/%

Scheme 1

Microgrid 1 59,866.59 77,887.87 702.58 26.2

Microgrid 2 55,749.48 41,841.09 −14.28 30.5

Microgrid 3 38,197.34 43,383.92 2912.78 45.6

Scheme 2

Microgrid 1 32,950.24 49,838.68 −2296.27 70.0

Microgrid 2 40,533.86 32,398.91 −48.35 35.9

Microgrid 3 27,020.15 32,331.15 1611.97 51.6

Scheme 3

Microgrid 1 47,262.72 63,419.44 −330.34 64.7

Microgrid 2 50,091.11 33,266.62 −577.32 30.0

Microgrid 3 33,156.39 35,968.20 2592.21 44.6

Scheme 4

Microgrid 1 27,439.50 46,049.51 −3058.86 71.2

Microgrid 2 32,021.36 23,351.22 −1322.18 39.2

Microgrid 3 22,942.00 27,100.94 1153.21 53.1

Table 4. Operational Results Of Integrated Energy Multi-microgrid Under Scheme 4 [35].

Main Body Operating Cost of the
Scheduling Stage/Yuan

Carbon Emissions of the
Scheduling Stage/kg

Microgrid 1 27,439.50 46,049.51

Microgrid 2 32,021.36 23,351.22

Microgrid 3 22,942.00 27,100.94

Comparing Scheme 2 with Scheme 4, it is evident that operating costs are reduced
by 16.7%, carbon emissions decrease by 7.6%, and the proportion of renewable energy
generation is reduced by 1.2%. After the microgrid system joins energy sharing, the IEM
realize energy efficient utilization and energy regulation through energy sharing, increase
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the output of renewable energy, reduce energy procurement costs and carbon emissions,
and further increase carbon income from the carbon market.

Comparing Scheme 3 with Scheme 4, operating costs are reduced by 42%, carbon
emissions decrease by 27.4%, and the share of renewable energy generation is reduced
by 6.5%. With the introduction of a comprehensive demand response mechanism for
microgrid loads, the demand side can adjust its load in real-time based on system needs,
optimizing the system’s operational potential. This effectively promotes energy supply-
demand balance, avoids energy waste, and significantly alleviates the operational and
dispatch burden on the system. Consequently, the stability and reliability of the entire
energy system are enhanced, ensuring the continuity and efficiency of energy supply.

Finally, the calculation and solution show that the carbon dioxide emissions of micro-
grid 2, before and after the addition of CCS and P2G devices, are 37,718.2 kg and 32,398.9 kg,
respectively, prior to participating in energy sharing. After participating in energy sharing,
these values decrease to 24,027.7 kg and 23,351.2 kg, respectively. This demonstrates that
CCS and P2G technologies significantly reduce carbon emissions, promote the system’s
low-carbon operation, and assist the power industry in achieving dual carbon goals.

In summary, the effectiveness of the dispatching strategy proposed in this paper
is proved.Each microgrid in the integrated multi-microgrid energy system significantly
reduces carbon dioxide emissions and enhances renewable energy consumption. This leads
to reduced operating costs and improves both the economic efficiency and environmental
sustainability of the system.

5. Conclusions
To achieve the carbon peak and carbon neutrality goals, renewable energy develop-

ment is emphasized, and an IEM based on new energy is proposed. The core innovation of
the proposed coordinated dispatch strategy lies in systematically enhancing the intrinsic
robustness of multi-microgrid systems through multi-mechanism integration and a dis-
tributed architecture. This paper first introduces CCS and P2G technologies, along with
their equipment architecture and technical principles, and then analyzes the joint operation
mechanism of CCS-P2G-CHP. The coupling application principle of these three technolo-
gies is also examined, followed by the establishment of a framework for an integrated
energy multi-microgrid that incorporates CCS-P2G. The core innovation of the proposed
coordinated dispatch strategy lies in systematically enhancing the intrinsic robustness
of multi-microgrid systems through multi-mechanism integration and a distributed ar-
chitecture. The system utilizes information and communication technology through an
energy management system to enable power sharing and information interaction, thereby
improving the energy utilization rate across the multi-microgrid network. A low-carbon
economic dispatch optimization model is then developed, incorporating both electrical and
thermal load demand response mechanisms with incentives such as carbon trading, green
certificate trading, and minimized total operating costs. Finally, a distributed dispatch
model for the integrated energy multi-microgrid based on the ADMM is proposed, and the
model is solved through iterative optimization. The following conclusions can be drawn:

(1) This paper proposes a low-carbon dispatch model for IEM containing CCS-P2G, which
enhances conventional CHP units by integrating CCS and P2G technologies. The cou-
pled operation of CCS-P2G-CHP significantly reduces carbon dioxide emissions
during microgrid operation, enhances the energy dispatch management capability,
and effectively promotes low-carbon system operation.

(2) A multi-microgrid distributed energy management strategy is proposed, leveraging
the energy sharing framework of the MM-IES. By enabling energy exchange among
microgrids, this strategy significantly reduces the operating costs and carbon dioxide
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emissions of each microgrid compared to independent operation, while enhancing
the renewable energy absorption rate and improving the economy of the system.

(3) A distributed model for the MM-IES based on the ADMM is proposed. The system’s
operating cost is optimized iteratively using the alternating multiplier method, re-
quiring only a few iterations to achieve convergence. This approach enables rapid
convergence, facilitates distributed dispatch, and ensures the protection of transaction
information for each participating microgrid.

In future research, we will investigate the impact of renewable generation uncertainty,
such as wind and solar output, on system performance by incorporating stochastic and
robust optimization techniques.
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