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Aiming at the problems of promoting new energy consumption, reducing

carbon emissions, load fluctuations, and multi-agent conflict of interests in

the networked microgrid system, this article proposes a microgrid optimization

operation strategy based on demand response and reward-penalty ladder-type

carbon tradingmechanism. First, in order to determine the electricity sales price

of the system, an optimal scheduling model for microgrid operators is

established, including gas cost, electricity profit for users, and surplus power

supply network profit. Second, a demand response strategy on electricity price

and low-carbon compensation incentives is proposed on the user side. The

transaction model is embedded between microgrid operators and users into

the master–slave game framework, and a multi-slave game collaborative

optimization model is established with microgrid operators as leaders and

users as followers. The existence and uniqueness of Stackelberg game are

proved, and the differential evolution algorithm and CPLEX solver are used to

solve the proposed model. Finally, an example of a microgrid system including

three community users is provided to show the effectiveness of the proposed

model and strategy.
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Introduction

With the increasing energy demand of countries around the world today, the

contradiction between energy supply and demand and energy problems is also

becoming more and more serious. For example, in China, the Chinese government

has proposed the “30.60 carbon peak—carbon neutral” strategy (Zhao et al., 2022). Under

the influence of this strategy, China’s energy technology development is being fully

decarbonized, and efficient, environmentally friendly, and safe new energy utilization

technologies are also the mainstream direction of energy development in the world. In the
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Implementation of the Key Work Division of the “Government

Work Report” (Opinions of the State Council on Implementing

the KeyWork Division of the "GovernmentWork Report", 2021),

in response to the requirements of achieving the two major goals

of carbon peaking and carbon neutrality, China is fully

promoting the microgrid (MG) system construction work.

The emergence of MG combines the advantages and flexibility

of traditional grid systems with the flexibility of small-scale

distributed renewable energy. With the advancement of

science and technology, the rapid development of intelligent

digital communication technology has provided technical

support for the development of grid-connected microgrid

(GCMG), and peer-to-peer energy trading provides a

guarantee for the safe operation of the energy trading

distribution system (Feng et al., 2022) and has achieved more

significant low-carbon and economic benefits.

In addition to vigorously exploiting new technologies such as

photovoltaic power generation and wind power generation on

the energy supply side, the GCMG system also provides an

efficient platform for the consumption of power users. In

traditional power grid scheduling, power users are generally

regarded as passive consumers, while the microgrid operator

(MGO) (Parhizi et al., 2016) formulates the system operation

strategy according to the demand response of the user side, and

the operation goal is to maximize the economic benefits of the

GCMG system (Riou et al., 2021). In recent years, there have been

more and more studies on the operation of MG systems,

including MG system operation stability analysis

(Farrokhabadi et al., 2019), optimization framework (Harmon

et al., 2017), control model (Nasser and Fazeli, 2020), and energy

management strategy (Shotorbani et al., 2021). The optimization

of the MG system must improve operating efficiency and reduce

carbon emissions. Generally, energy consumption indicators,

operating costs, and carbon emissions are used for evaluation.

With the development of the times, research studies on MG

systems such as new energy vehicles (Zhang and Chen, 2014),

combined heat and power (CHP) (Sun et al., 2017), and campus

microgrid (Muqeet and Ahmad, 2020) are also being carried out

gradually. Due to the fact that carbon trading is an effective

measure to achieve carbon neutrality, the carbon trading market

(Tan and Lin, 2022) has been also gradually emerging in recent

years. There are more and more research studies on the

introduction of the carbon trading mechanism into the energy

system (Wang et al., 2022a) to reduce carbon emissions in the

power system, including introducing carbon capture technology

into the optimal scheduling of the integrated energy system (Cui

et al., 2021a), establishing a low-carbon operation and scheduling

model of the energy system based on the carbon comprehensive

price (Cheng et al., 2019), and proposing a reward–penalty

stepped carbon transaction cost model (Xiaohui et al., 2019;

Zhang et al., 2020). The introduction of the reward and

punishment ladder carbon trading mechanism into the energy

system (Wang et al., 2022b) reduces investment costs, operating

costs, and carbon trading costs while improving the low-carbon

and economical properties of the system (Cui et al., 2021b).

However, these studies did not consider reducing carbon

emissions by changing electricity prices to guide users to

adjust their electricity loads.

When it comes to smart grid energy management, demand

response (DR) (Lin et al., 2022) has been proposed in the field of

smart grid as a solution to tap the potential of demand side

response on the energy consumption side and effectively improve

grid efficiency. By adjusting the price and establishing an

incentive response mechanism in the operation of the power

grid system, the user side is guided to adjust the energy demand,

and the users are transformed from a passive consumer to an

active energy manager according to the user’s energy use changes

with different electricity prices and incentives, reducing their

own operating costs by controlling their own adjustable load and

energy storage (Zeng et al., 2016). Adjusting the power load

through power demand response DR can also achieve the goals of

promoting wind power photovoltaic consumption and reducing

grid operating costs (Lu et al., 2017). At the same time, DR can

also improve MG’s control of the direct load of the system and

promote user economic benefits (Akter et al., 2021). In recent

years, some scholars have found that the application of the

Stackelberg game (Li et al., 2022) in the demand response

model of the power grid can greatly improve the efficiency of

the power grid (Maharjan et al., 2013; Alshehri et al., 2015). On

this basis, gaming occurs between different stakeholders in the

power system, such as sellers and buyers (Belgana et al., 2014; Yu

and Hong, 2015; Liu et al., 2017). In general, the seller is the game

leader, and the buyer is the follower (Wei, Liu andMei, 2014;Wei

et al., 2017). Sellers use the dynamic electricity price as their own

game strategy. Buyers respond according to the electricity price

and adjust their own electricity load. In this game framework,

each party solves their own optimal strategy, and the final fixed

solution of electricity price and load is close to Stackelberg

equilibrium. At the same time, in an energy system involving

renewable energy, the use of the Stackelberg game strategy can

improve the energy efficiency of the system (Li et al., 2021).

However, in these studies, the process of grid dispatching only

considers the user’s response to the different power prices to

adjust the electricity load and does not consider reducing carbon

emissions while adjusting the load to promote economic benefits

by using the carbon trading mechanism.

Therefore, on the basis of the aforementioned research, this

study studies the optimal scheduling strategy of the GCMG

system under the framework of the Stackelberg game for the

GCMG system and considers the demand response and carbon

trading mechanisms at the same time. The contributions are

listed as follows:

1) The energy management framework and reward–penalty

ladder-type carbon trading model of the GCMG system

are introduced.
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2) On this basis, an optimal scheduling model is established for

multiple subjects of GCMG and constrained.

3) The GCMG Stackelberg game model is introduced, and the

existence and uniqueness of the Stackelberg game equilibrium

are verified. Then, the differential evolution algorithm (DE)

and CPLEX solver are combined to solve the equilibrium

solution of the Stackelberg game.

4) In order to verify the advantages of the proposed operation

strategy in improving system economic benefits and low-

carbon benefits, an optimal scheduling model of GCMG is

formulated including multiple constraints, Stackelberg games,

and reward–penalty ladder-type carbon trading.

GCMG system and carbon trading
mechanism

GCMG energy management framework

The scheduling framework of the GCMG system is

shown in Figure 1. Based on the conventional GCMG

system, this article considers the demand response of

multiple users simultaneously in the MGO scheduling

process. Energy supply equipment of the MG system

consists of a micro-gas-turbine (MT), photovoltaic

(PV), and wind turbine (WT), and the energy storage

device is a battery (BT). MT is driven by natural gas,

which is more low-carbon and environmentally friendly

than traditional thermal power plants. MT supplies users’

electricity needs together with PV and WT. The excess

electricity is stored in BT or sold to the utility grid (UG).

When the user’s demand cannot be met, the energy stored

in the BT is used to supply the user’s demand. If the power

generation of MG still cannot meet the demand or the

surplus exceeds the range of energy storage, GCMG will

balance the excess or insufficient power by trading with

UG. The GCMG system is controlled by MGO, which has

the right to decide the operation mode and the transaction

price between users.

On the user side of the smart grid, a community energy

management system is deployed for each user to collect the user’s

electricity demand and load data and receive electricity price

information at each time period from the MGO, according to the

time-varying electricity price to change the load demand at each time

FIGURE 1
Scheduling framework for the networked microgrid system.
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period to control and optimize the user’s energy consumption and

reduce carbon emissions.

Reward–penalty ladder-type carbon
trading model

With the increasing scale of the carbon trading market in

recent years, research on carbon emission trade (CET)

mechanisms at home and abroad is also being carried out

gradually. The essence of the carbon trading mechanism is to

regard carbon emissions as a commodity traded in the market

under the carbon emission rules formulated by the

governments of various countries. According to the price

of carbon emission rights in the market, MGO allocates

corresponding emission quotas to stimulate energy

conservation and emission reduction of each user to

reduce the total carbon emission and reduce the operating

cost of the CCMG system.

The free carbon emission allowances for each subject in the

GCMG system are determined by the baseline method, and the

subjects include the purchase of electricity from the UG and MT.

Eω � EMT + Ed , (1)
Ed � δd + Pt

buy , (2)
EMT � δMTP

t
MT . (3)

Here, Eω is carbon emission allowances for the GCMG system;

Ed and EMT are free carbon emission allowances for electricity

purchased from the UG and MT; δd and δMT are the carbon

emission allocations per unit of electricity purchased by the

distribution network and generated by MT, respectively; Pt
buy

is electricity purchased by MGO from the UG; and Pt
MT is MT

power generation.

On the basis of conventional carbon trading, this article

constructs the reward–penalty ladder-type carbon trading

cost Fct. In order to reduce the CO2 emissions of the

GCMG system, the reward–penalty ladder-type carbon

trading mechanism divides the traditional carbon trading

mechanism into several sub-intervals, and the compensation

factor and penalty factor are introduced, so as to further

reduce carbon emissions. The reward–penalty ladder-type

carbon transaction cost calculation model is shown in the

following equation (Zhang et al., 2020). When the actual

carbon emissions of MT and MGO are less than the allocated

carbon emission allocation Eg, Fct < 0, MGO can sell surplus

carbon emissions to obtain economic subsidies and give

certain incentives. When Fct > 0, it means that the actual

carbon emission of GCMG exceeds the allocated carbon

emission quota, and the excess carbon emission quota

needs to be purchased as a punishment, so as to promote

the motivation of users for low-carbon environmental

protection.

Fct �

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

−εc(1 + 2μ)(Eg − h − Eω) , Eω <Eg − h,

−εc(1 + 2μ)h − εc(1 + μ)(Eg − Eω) , Eg − h≤Eω ≤Eg ,

εc(Eω − Eg) , Eg <Eω ≤Eg + h,

εch + εc(1 + λ)(Eω − Eg − h) , Eg + h<Eω ≤Eg + 2h,

εc(2 + λ)h + εc(1 + 2λ)(Eω − Eg − 2h) , Eg + 2h<Eω ≤Eg + 3h,

εc(23 + 3λ)h + εc(1 + 3λ)(Eω − Eg − 3h), Eω >Eg + 3h.

(4)

Here, εc is carbon trading price and μ and λ are the reward and

punishment coefficients of the reward–penalty ladder-type

carbon trading, respectively. h is the length of the interval for

carbon emissions.

Demand response based on price and
carbon trading mechanisms

In the DR of the smart grid, users change their own electricity

load according to changes in electricity prices and government

economic subsidies, which is an effective solution to improve the

efficiency of the grid. The electricity price elasticity matrix

method is the most widely used price-based DR modeling

method. The electricity load and electricity price change rate

are expressed by the electricity price elasticity index (Wang et al.,

2020):

m � ΔQ
Q

(Δεuser
εuser

)−1
, (5)

where m is the elasticity index of electricity price and Q and εuser
are electricity consumption and electricity price before DR,

respectively. ΔQ and Δεuser are relative increment of electricity

consumption and electricity price, respectively.

According to the ratio of the time-of-use electricity price to

the fixed electricity price, the elasticity matrix θe of electricity

consumption and electricity price (Zhang et al., 2021) is

constructed:

θe �
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
θ11 θ12
θ21 θ22

/
θ1m
θ2m

..

.
1 ..

.

θn1 θn2 / θnm

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦, (6)

θii � ΔQi

Qi
(Δεuseri
εuseri

)−1
, (7)

θij � ΔQi

Qi
(Δεuserj
εuserj

)−1
. (8)

Here, θii, θij are the self-elasticity coefficient and cross-

elasticity coefficient and Qi, ΔQi are the response

electricity consumption and its relative increment in the i

period, respectively. εuseri, Δεuseri and εuserj, Δεuserj are

electricity price and its relative increment in the i, j

period, respectively.

The user can adjust the electricity load within a specified time

according to the electricity demand. The user-side electric load
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includes fixed electric load and transferable electric load, which

can be expressed as:

Lt
e � Lt

e,f + Lt
e,c � Qi + Qiθe

Δεuseri
εuseri

, (9)

Here, Lte is the user’s electrical energy load at time t, composed of

fixed load Lte,f and adjustable load Lte,c.

By using DR, a user’s role in the smart grid becomes more

proactive, with the goal of maximizing the grid’s comprehensive

income, and flexibly controls user’s own electricity loads and

battery energy storage. On this basis, the electricity consumption

adjusted by users according to price incentives is converted into

low-carbon compensation subsidy users according to the carbon

trading mechanism, so as to stimulate users’ low-carbon

enthusiasm for electricity load and increase the income of

MGO. The strategy is as follows:

1) When the electricity demand on the user side is at a peak period,

MGO guides users to reduce the electricity load under the

condition of satisfying their own satisfaction index by

increasing the electricity price and converts the reduced

electricity load into carbon emission allowances according to

the carbon trading mechanism as a low carbon offset to

subsidize users and encourage users to adjust their load demands.

2) When the electricity demand on the user side is at a low point,

MGO guides users to increase their own electricity demand by

reducing electricity prices while meeting their own satisfaction

indicators and uses MG’s own clean energy in the increased

electricity load. The electricity is converted into carbon emission

quotas according to the carbon trading mechanism as a low-

carbon compensation subsidy to users, which motivates users to

adjust their own load demands.

GCMG optimal scheduling model

microgrid operator

MGO formulates the electricity sales price strategy based on

the time-of-use electricity price of the UG and the electricity

demand of users and at the same time optimizes the output value

of MT and BT according to the output value of PV and WT. The

optimization goal is to maximize the MGO profit while meeting

the user’s energy demand, and the objective function is

max FMGO � ∑T

t�1(Ct
sell + Ct

grid + Ct
green − Ft

ct,MGO − ηCt
co2

− Ct
cost), (10)

Here, the superscript t indicates the t period, T is the total number of

time periods and takes 24 h of a day in the research,Ct
sell is revenue of

MGO selling electricity to users at time t, Ct
grid is interaction cost

betweenMGO andUG at time t,Ct
green is subsidies for the use of new

energy power generation, Ft
ct,MGO is carbon transaction cost of

electricity interaction between MGO and UG at time t, η is low

carbon compensationweight factor paid byMGO to users,Ct
co2 is low

carbon compensation function of users at time t, and Ct
cost is MG

power generation cost at time t. The aforementioned items can be

expressed as

Ct
sell � (εtuserPt

e)Δt, (11)
Ct

grid � ( − εtug ,sellP
t
ug ,sell + εtug ,buyP

t
ug ,buy)Δt, (12)

Ct
co2 � εc(δeLt

e,c)Δt, (13)
Ct

green � κ(Pt
PV + Pt

WT), (14)
Ct

cost � Ct
MT + βBT

∣∣∣∣Pt
BT

∣∣∣∣, (15)
Ct

MT � a + bPt
MT + c(Pt

MT)2 + βMTP
t
MT + Ct

QT + Ct
gas, (16)

Ct
QT � βQ + βQTI

t
MT,QT , (17)

Ct
gas � εtgas

Pt
MT

ηMTLHVNG
. (18)

Here, εtuser, ε
t
ug,sell, ε

t
ug,buy, and ε

t
gas are the price of electricity sold by

MGO to users at time t, the price of electricity purchased by MGO

from UG, the price of electricity sold by MGO to UG, and the unit

price of natural gas. Pt
e, P

t
ug,sell, and Pt

ug,buy are the power purchased

by the user from the MGO at time t, the power purchased by the

MGO from the UG, and the power sold by theMGO to the UG.Pt
PV,

Pt
WT, P

t
BT, and Pt

MT are PV power generation power, WT power

generation power, BT charging and discharging power, and MT

power. Pt
PV and Pt

WT can be predicted based on historical data

and both belong to clean and pollution-free renewable energy, and

their power generation is more affected by environmental factors.

However, in order to encourage new energy power generation and

low-carbon and environmental protection, and avoid abandoning

wind and light energy, this article assumes that all PV andWT power

generation can be used. κ is the subsidy factor for the use of new

energy power generation. δe is user-side carbon emission allocation

per unit of electricity. Lte,c is the electrical load user that can adjust at

time t. Ct
MT, C

t
QT are MT running cost and MT start-stop cost,

respectively.Ct
gas isMT gas purchase cost. βBT is the cost factor of BT.

βMT is the the conversion factor of MT pollutant emission cost and

operation and maintenance cost. βQ, βQT are the start-up basic cost

factor and start–stop cost factor of MT. a, b, and c are the parameters

of theMT consumption characteristic function, respectively. ItMT,QT is

the MT start and stop status flag bit and is an integer variable of 0-1.

ηMT is MT power generation efficiency. LHVNG is the natural gas low

calorific value.

User side

Users, based on the MGO electricity price and low-carbon

subsidies, also consider their own satisfaction to maximize their

own benefits. The optimization objective function is:

max Fuser � ∑3

i�1∑T

t�1(Stuser,i + Ct
co2 − Ct

useri), (19)
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where i is the user number, Stuser is user’s satisfaction index

function at time t, Ct
co2 is low carbon compensation function

for users, and Ct
user is user’s electricity purchase payment

function. The aforementioned items can be expressed as:

Stuser � (νeLt
e −

ue

2
(Lt

e)2)Δt, (20)
Ct

user � (εtuserLt
e)Δt. (21)

Here, ]e, ue are the preference coefficients of the user’s power

consumption. Users have high requirements on the reliability of

fixed loads, and users’ adjustable loads are adjusted according to

the MGO electricity sales price. The degree of adjustment is

related to user’s satisfaction.

Constraints

In the optimization and scheduling process of the GCMG

system, in order to ensure the interests of the subject, prevent the

problem from degenerating, and avoid direct transactions

between UG and users, it should be ensured that the buying

(selling) price of UG is slightly higher than the MGO electricity

price. The MGO electricity price needs to meet the following

constraints:

{ εtuser < εtug ,sell ,
εtug ,buy < εtug ,sell,

(22)

⎧⎪⎨⎪⎩
εtuser,min < εtuser < εtuser,max,

εtug ,sell,min < εtug ,sell < εtug ,sell,max,

εtug ,buy,min < εtug ,buy < εtug ,buy,max,

(23)

where εtuser,min / εtuser,max is the minimum/maximum price of

electricity sold by MGO to users. εtug,sell,min / εtug,sell,max is the

minimum/maximum price for selling electricity from UG to

MGO. εtug,buy,min / εtug,buy,max is MGO’s minimum/maximum

price for reverse electricity sales to UG.

In addition, the electricity sales price must meet:

∑T

t�1ε
t
user ≤T · εtuser,max,∑T

t�1ε
t
ug ,sell ≤T · εtug ,sell,max,∑T

t�1ε
t
ug ,buy ≤T · εtug ,buy,max .

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩ (24)

During the operation of MGO and UG, MGO also needs to

meet the interactive power constraints with UG on the basis of

electricity price constraints:

{ 0≤Pt
ug ,sell ≤ Itug ,sellP

max
ug ,sell ,

0≤Pt
ug ,buy ≤ I

t
ug ,buyP

max
ug ,buy ,

, (25)

Itug ,sell + Itug ,buy ≤ 1. (26)

Here, Pt
ug,sell / P

t
ug,buy is power purchase/sale by MGO to UG at

time t. Itug,sell / I
t
ug,buy is a 0-1 variable for the electricity purchase/

sale flag of MGO to UG. Pmax
ug,sell / P

max
ug,buy is the MGO purchase/

sell electricity power upper limit.

When optimizing the scheduling of the system, for the stable

operation of the GCMG, the energy storage state of MG energy

supply equipment PV, WT, MT, energy storage equipment BT,

and the electricity load on the user side must meet the following

requirements at time t:

1) Power balance constraints:

Pt
e � Itug ,sellP

t
ug ,sell − Itug ,buyP

t
ug ,buy + Pt

PV + Pt
WT + Pt

MT + Pt
BT,dis

− Pt
BT,chr ,

(27)
where Pt

BT,chr / P
t
BT,dis is charge/discharge power of BT.

2) MT operating constraints:

0≤Pt
MT ≤PT

MT , (28)
RMT,dΔt ≤Pt+1

MT − Pt
MT ≤R

T
MT,uΔt, (29)

where Pt
MT is rated power of MT. RMT,d / RT

MT,u is the lower/

upper limit of MT grade power.

3) BT operating constraints:

Et
BT � Et−1

BT (1 − τBT) + (ηBT,chrPt
BT,chr −

Pt
BT,dis

ηBT,dis
)Δt, (30)

Emin
BT ≤ Et

BT ≤ Emax
BT , (31)

ItBT,chr + ItBT,dis ≤ 1, (32)
E0
BT � E24

BT , (33)

where Et
BT, E

min
BT , and Emax

BT are the energy storage state of BT and

the minimum and maximum value of BT energy storage,

respectively. ItBT,chr / ItBT,dis is a 0-1 variable for the charge/

discharge flag of BT. τBT is the energy self-loss rate of BT. ηBT,chr,

ηBT,dis are BT charge and discharge efficiency.

4) User load constraints:

0≤ Lt
e,c ≤ Lt

e,c,max , (34)

where Lte,c,max is maximum user-adjustable load at time t.

Stackelberg game model

Concept

According to the aforementioned description of the GCMG

system and its scheduling strategy, the optimization of the MG

and the user side is based on the electricity price set by the MGO,

and the optimization result reacts to the electricity price of the

MGO. This transaction process conforms to the dynamic game
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situation of the hierarchical structure. Therefore, this articles

establishes the Stackelberg game model with one master and

multiple slaves and uses MGO as the leader of the game and three

power users as the followers of the game. The game model is:

G � {MGO; FMGO; ε
t
user; {User1,User2,User3}; Fuser; L

t
e,c}. (35)

The game model includes three elements: participants, strategies,

and benefits. The schematic diagram of the GCMG master–slave

game is shown in Figure 2.

Stackelberg game equilibrium

Stackelberg game refers to the decision-making process in

which MGO and multiple users pursue their own optimal goals.

When all follower users respond optimally according to the

leader’s MGO strategy and the leader accepts this response,

the game reaches Stackelberg equilibrium.

As mentioned previously, the goals of MGO and users are to

maximize their own profits, and the profits are the various

objective functions in the previous chapter, which are

calculated according to Eqs 10, 18. To this end, MGO will

formulate the optimal electricity sales price from MG to the

user side, and at the same time, users will also decide the optimal

electricity load based on electricity price, carbon trading

mechanism, and DR, and the game equilibrium will be

reached at this time.

Assuming (εt,puser, Lt,pe,c) is a strategy set of the Stackelberg

game, if (εt,puser, Lt,pe,c) is the equilibrium solution of the GCMG

master–slave game in this article, then the following conditions

must be met:

⎧⎨⎩ FMGO(εt,puser , Lt,p
e,c)≥ FMGO(εt,puser , Lt

e,c),
Fi
user(εt,puser , Lt,i,p

e,c )≥ Fi
user(εtuser , Lt,i,p

e,c ), i ∈ {1, 2, 3}. (36)

In the Stackelberg equilibrium solution, the MGO and the user

changing their strategies alone will not improve their own profits.

Before solving the Stackelberg equilibrium solution, it is

necessary to prove its existence and uniqueness. According to

Wei et al. (2017), when the Stackelberg game G satisfies the

following conditions, there is a unique Stackelberg equilibrium

solution:

1) Both MGO and user strategy sets are non-empty compact

convex sets with respect to their Euclidean space.

2) Fuser is a quasi-concave function with respect to Lte,c.

FIGURE 2
Schematic diagram of the GCMG Stackelberg game model.
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3) FMGO is a continuous function of εtuser, L
t
e,c.

4) Fuser is a continuous function of εtuser, L
t
e,c.

From Eqs 10–21, the strategy set (εt,puser, Lt,pe,c) satisfies the
condition (1), and FMGO, Fuser are continuous with respect to

each variable. According to Eqs 17–20, it can be seen that

Fuser is a strictly concave function, and the other terms in the

formula are all linear functions or constant functions about

Lte,c, then Fuser is a concave function about Lte,c, and because

the concave function must be a quasi-concave function,

condition (2) is satisfied.

In summary, the master–slave game model G proposed in

this article has a unique Stackelberg equilibrium solution.

Stackelberg game model solution method

Due to the uncertainty of the upper-layer MGO operating

strategy, the formula of the GCMG model is uncertain in

different periods. Using a two-layer planning model based on

Karush–Kuhn–Tucker (KKT) conditions is relatively difficult

to solve, and it cannot protect users’ privacy such as user load

data simultaneously. Therefore, this article adopts the DE

algorithm combined with the CPLEX solver to solve the

established master–slave game model. The algorithm

solution flow is shown in Figure 3.

The steps of the upper-level DE algorithm are as follows:

1) Enter initial data and set parameters.

2) Initialize the population size, generate 10 populations, set the

number of iterations K = 0, randomly generate the electricity

sales price εtuser that meets the constraints, and send it to the user.

3) The lower-layer user side uses the CPLEX solver to

calculate its own income according to εtuser and the

carbon transaction cost according to Eq. 17 and feeds

back the optimal electricity load usage Lte,c in this case to

the upper-layer MGO.

4) MGO calculates the upper-layer objective function FMGO

according to the user’s feedback of the electric load usage Lte
and Eq. 10.

5) Crossover and mutation are performed on the independent

variable εtuser to generate offspring �εtuser.

6) Calculate the corresponding upper-level objective function
�FMGO according to the sub-generation �εtuser.

7) Carry out the selection operation. If �FMGO >FMGO is

satisfied, �εtuser is used as the electricity selling price

of the next iteration; otherwise, εtuser is

used as the electricity selling price of the next iteration,

let K+1.

8) Carry out the judgment operation; if the required number of

iterations is not reached, go to step (3); otherwise, output the

result.

The lower-level user side combines the CPLEX solver to

calculate the optimal load power when the user’s profit is the

largest according to Eqs 5–9, 19–21, 34, and returns the

optimized result to the upper-level leader.

Case study

Basic data

In this article, a community GCMG with three main users is

taken as the research object, and the simulation analysis of the

GCMG optimal scheduling strategy proposed in this article is

carried out. The GCMG system is located in the Xinjiang region

of China, and its new energy power generation forecast data and

basic electricity load of the GCMG system are shown in Figure 4.

The peak electricity load appears at 9:00–12:00 and 18:00–22:00,

and the internal initial energy price is shown in Figure 5. It is

assumed that the user’s adjustable load accounts for 20% of the

total initial load, and the user’s preference coefficients ]e and ue
for power consumption are 1.6 and 0.001, and the cost

FIGURE 3
Flowchart of DE algorithm.
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coefficients a, b, c, and βMT of the gas turbine are 0, 0.16, 0.0013,

and 0.0764; start–stop cost coefficients βQ and βQT are 100 and

66.2; operating efficiency ηMT is 30%; BT cost coefficient βBT is

0.5/(kwh); natural gas low calorific value LHVNG is 9.7 kwh/m3;

and the new energy power generation subsidy coefficient κ is

0.002. For the basic details of the reward–penalty ladder-type

carbon trading mechanism, refer to Wang et al. (2022b).

Comparative analysis of simulation results

In order to illustrate the economic benefits and low-carbon

benefits of the GCMG optimal scheduling strategy based on the

Stackelberg game and the reward–penalty ladder-type carbon

trading mechanism, the following three models are designed for

comparative analysis:

Case 1: the GCMG schedulingmodel without considering the

carbon trading mechanism.

Case 2: the GCMG scheduling model that considers the

conventional carbon trading mechanism.

Case 3: the GCMG scheduling model that considers the

reward–penalty ladder-type carbon trading mechanism.

Advantages of adopting the Stackelberg game
Table 1 shows the comparison between the economic

benefits and low-carbon benefits of each GCMG subject

when using the Stackelberg game and the non-using game

in Case 1. Compared with the scheduling strategy that does

not use the game, the total cost of GCMG in Case 1 is

significantly lower, which shows that the Stackelberg game

can effectively improve the economic benefits of game

participants. In terms of reducing system carbon

emissions, the Stackelberg game strategy does not show its

advantages in promoting low-carbon benefits. Figures 6A, B,

respectively, show the output power of each MG subject at

each moment in Case 1 without using the Stackelberg game

and using the two-layer Stackelberg game optimization

strategy. It can be seen from Figure 6 that compared with

the strategies that do not consider the game, the electricity

load of the Stackelberg game optimization scheduling

strategy is significantly reduced, but because the carbon

trading mechanism is not considered, the power purchase

of UG is gradually increasing, which has little effect on

reducing the carbon emissions of the GCMG system. The

promotion effect has obvious effectiveness in improving the

economic benefits of the system.

Advantages of using the reward–penalty ladder-
type carbon trading mechanism

It can be seen from Table 1 that the carbon emission of

GCMG has not been significantly reduced compared with

that without using the Stackelberg game optimization

FIGURE 4
Load and new energy forecast curve.
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scheduling strategy. Table 2 shows the total carbon emissions

and costs of the system considering different carbon trading

mechanisms in the three models. It can be seen from Table 2

that the carbon trading mechanism can further improve the

low-carbon benefits of GCMG, while the reward and

punishment carbon trading mechanism further reduce the

system’s carbon emissions. Compared with the scheduling

results without considering the carbon trading mechanism,

the total carbon emissions of the system using the

reward–penalty ladder-type carbon trading mechanism

decreased by 25%, but the economic benefits of the system

were not improved significantly. It can be seen that the

reward–penalty ladder carbon-type trading mechanism can

promote the low-carbon benefit of the GCMG system.

Figure 7 shows the optimization iterative process of MGO

profit and user profit using the Stackelberg game strategy

based on the DR and reward–penalty ladder carbon trading

mechanism for the GCMG system. It can be seen from Figure 7

that before the iteration reaches the equilibrium solution of the

Stackelberg game, the MGO profit gradually increases with the

number of iterations, and the user revenue gradually decreases.

When the iteration reaches about 32 times, both sides of the game

converge at the same time, proving the existence and uniqueness of

the equilibrium solution of the Stackelberg game. At this time, the

MGOprofit is stable at 13119.88 yuan, and the user profit is stable at

17970.23 yuan. At this time, the total cost of the GCMG system is

10547.26 yuan, and the carbon emission is 13387.07 kg.

TABLE 1 Case 1: comparison of cost using the Stackelberg game.

Case 1 Unuse game Use game

Cost/yuan 11438.18 10721.13

Maintenance cost/yuan 1975.82 1975.82

Natural gas fuel cost/yuan 3767.45 3767.45

Electricity sales to UG/yuan 400 674.09

Electricity purchase fee from UG/yuan 6094.91 5651.95

Total carbon emissions/kg 17841.36 17811.38

FIGURE 5
Energy trading price curve.

TABLE 2 Case 1: comparison of cost using the Stackelberg game.

Case Case 1 Case 2 Case 3

Cost/yuan 11438.18 11361.54 11233.47

Total carbon emissions/kg 17841.36 15267.36 13345.58

MGO profit/yuan 7776.88 7853.52 7981.59
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FIGURE 6
Case 1: the power of each subject under different strategies. (A) Scheduling strategy not using Stackelberg game. (B) Scheduling strategy
considering Stackelberg game.
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After optimization, the output of each main subject of

GCMG is shown in Figure 8. Since photovoltaic generation

and wind power generation have their environmental

protection significance, the system will give priority to using

new energy power generation, MT power generation, and BT

energy storage as supplements and finally consider purchasing

power from UG to make up for the lack of new energy sources.

When comparing the optimized user load with the initial load,

when the demand response is at the valley value, in order to

obtain higher benefits, the user increases the use of part of the

load according to the change in electricity price, and at the same

time, the MT output is more. At peak times, users reduce the use

of part of their own electricity loads, and most of the missing

electricity needs to be purchased from UG. As shown in the

optimized load and electricity price diagram in Figure 9, with the

change of electricity price, the users adjust the electricity load

according to their own demand response and maximize their

own profit.

FIGURE 7
Case 3: convergence process of the Stackelberg equilibrium.

FIGURE 8
Case 3: power of each subject after optimization.
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Compared with the GCMG system scheduling result

without considering the reward–penalty ladder-type

carbon trading mechanism and DR’s Stackelberg game

strategy, the total system cost after optimization has

decreased by 7.8%, the MGO profit has increased from

7981.59 yuan to 13119.88 yuan, and the total system

carbon emission has decreased from 17841.36 kg to

13387.07 kg. It shows that the scheduling strategy

proposed in this article reduces the cost of the GCMG

system, improves the economic benefits, and also reduces

the carbon emissions of the system and improves the low-

carbon benefits under the premise of meeting the energy

demand of users.
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FIGURE 9
Optimizing after-load and electricity prices.
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