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Abstract: To enhance the interests of all stakeholders in the multi-microgrid integrated energy system and to 

promote photovoltaic consumption, this paper proposes a master-slave game operation optimization strategy 

for a multi-microgrid system considering photovoltaic consumption and integrated demand response. Initially, 

a energy interaction model was established to delineate the relationships between each microgrid and the 

distribution network, as well as the interactions among the microgrids. Additionally, an integrated demand 

response model for end-users was developed. The above framework leads to the formulation of a one-leader 

multi-follower interaction equilibrium model, wherein the multi-microgrid system acts as the leader and the 

users of the multi-microgrid serve as followers. It is proven that a unique equilibrium solution for the 

Stackelberg game exists. The upper level iteratively optimizes variables such as energy selling prices, 

equipment output, and energy interactions among microgrids, subsequently announcing the energy selling 

prices to the lower level. The lower level is responsible for optimizing energy load and returning the actual 

load demand to the upper level. Finally, through example analysis, it is validated that the proposed model can 

formulate reasonable energy selling prices, account for the interests of both players in the Stackelberg game, 

and effectively promote photovoltaic consumption. 

Keywords: photovoltaic consumption; multi-microgrid system; integrated demand response; Stackelberg 

game; electrical inter-action; pricing strategy 

 

1. Introduction 

Building a clean, low-carbon, safe, and efficient modern energy system is of great significance 

for promoting the transformation of energy structures and the energy revolution [1,2].To facilitate 

this transformation, the traditional energy system, which is primarily dominated by fossil fuels, must 

evolve into an integrated energy system centered around renewable energy sources. This new system 

will incorporate various forms of energy, including electricity, heat, cold, and gas [3–6]. The 

autonomous adjustment behavior of integrated energy users in response to energy demand is 

referred to as integrated demand response. Integrated demand response leverages the coupling and 

complementary characteristics of different energy sources to optimize the collaboration of load, 

energy storage devices, and energy coupling conversion equipment on the demand side, thereby 

enhancing the flexibility of the system's operational modes [7]. In comparison to the demand response 

of a single energy source, integrated demand response further reduces demand-side energy costs and 

improves energy utilization efficiency [8]. 

At present, there are many studies on integrated demand response. In [9], a dynamic pricing 

mechanism for industrial parks considering demand response was proposed. Based on the price 

elasticity and floating coefficients, [10] developed an optimal scheduling model for integrated energy 

systems that considers price-based demand response. [11] comprehensively examined response 
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characteristics and cost composition across three different time scales: day-before, day-of, and real-

time, proposing an optimization strategy for integrated energy microgrid operations under multiple 

time scales. However, these studies on integrated demand response mechanisms primarily aimed to 

maximize profit or minimize operating costs for integrated energy microgrids, without addressing 

the impact of demand response behavior on the interests of microgrid users, making them less 

applicable in scenarios involving multiple stakeholders. The game theory approach effectively 

determines the optimal strategies for multiple stakeholders in a rational market, facilitating optimal 

resource allocation. Various game models, including cooperative games [12], non-cooperative games 

[13], master-slave games [14] and evolutionary games [15], have been increasingly applied to the 

optimal operation of energy systems. Among these, the master-slave game, as a type of non-

cooperative game, is widely utilized to address energy pricing issues between buyers and sellers. In 

[16], a master-slave game method for energy-sharing management of microgrids with photovoltaic 

producers and marketers was proposed. Additionally, [17] established a distributed and coordinated 

optimization model for an integrated energy system featuring one master and multiple slaves, 

presenting a reasonable pricing strategy for electricity and heat for integrated energy operators. [18] 

developed a day-master-slave game optimization scheduling model that incorporates stepped carbon 

trading and carbon tax. This model effectively guides the output of diverse energy supply equipment, 

aiming to reduce the total carbon emissions of the system while maintaining economic efficiency. 

All the studies mentioned focused on a single integrated energy microgrid, without considering 

that multiple microgrids within the same regional distribution network can interact to form a multi-

microgrid system with electrical energy exchange [19,20]. In [21], aiming at multiple microgrids 

belonging to different stakeholders in the same region, an energy interaction framework for multi-

microgrid systems was designed using multi-agent technology, and an economic optimal scheduling 

method for multi-microgrid systems based on a master-slave game was proposed. In [22] a 

cooperative optimal scheduling strategy considering a integrated demand response and master-slave 

game for multi-microgrid integrated energy systems with electrical energy interactions was 

proposed. In [23], an optimal scheduling strategy for multi-agent integrated energy systems based 

on integrated demand response and electrical energy interaction was proposed. [24] proposed a 

microgrid group-master-slave game optimization method considering the pricing mechanism, which 

promoted energy interaction within the microgrids group, effectively improved the net load curve of 

the regional distribution network, and enhanced the utilization efficiency of distributed energy.  

It should be noted that while most studies employing the master-slave game method to 

investigate the optimization of integrated energy systems in microgrids connect excess new energy 

to the grid to ensure complete absorption, challenges arise due to factors such as power quality and 

grid connection policies. These issues make it difficult for microgrids to reverse the power supply to 

the distribution network. The promotion of local consumption of new energy sources, such as 

photovoltaic energy, while balancing the interests of various stakeholders, presents a significant 

research challenge. Therefore, this study proposes a master-slave game operation optimization 

strategy for a multi-microgrid system, taking into account photovoltaic energy consumption and 

integrated demand response. In this framework, the multi-microgrid system acts as the leader, while 

each microgrid user serves as a follower, resulting in the establishment of a One-Master Multi-Slave 

game equilibrium model that considers the interests of both parties. It is demonstrated that the 

Stackelberg game yields a unique Nash equilibrium solution. Through example analysis, the optimal 

scheduling outcomes for each microgrid under this model are presented. Furthermore, the impact of 

electrical energy interaction behaviors among microgrids, electrical heating energy storage devices, 

the master-slave game mechanism, and integrated demand response on the economic performance 

and photovoltaic energy consumption of the multi-microgrid system and its users is examined, 

thereby validating the rationality and effectiveness of the proposed model. 
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2. The Structure of the Multi-Microgrid System 

This study focuses on a multi-microgrid system and a distribution network comprised of 

multiple integrated energy microgrids. The structural configuration of the multi-microgrid and the 

energy flow relationships within the microgrid are illustrated in Figure 1. The multi-microgrid share 

a common interest and are coordinated uniformly by the dispatching center. The energy sources 

within the multi-microgrid system include photovoltaic power (PV), distribution networks, and 

natural gas networks. The energy coupling and conversion equipment in the microgrid consists of a 

micro-gas turbine (MT), gas boiler (GB), waste heat boiler (WHB), and heat pump (HP). Energy 

storage devices encompass both energy storage (ES) and heat storage (HS) systems. There exists a 

bidirectional electrical energy interaction among the microgrids. To encourage local consumption of 

the distributed PV, reverse power transmission from the microgrid to the distribution network is 

excluded from consideration. N represents the number of microgrids under study, with a day divided 

into T time periods. 

 

Figure 1. Multi-microgrid system structure and energy flow. 

2.1. Micro-Gas Turbine 

As a controllable micro power supply, the MT can supply the power gap in time by burning 

natural gas when the photovoltaic power in the microgrid does not meet the load demand. The 

mathematical model is as follows: 

,MT MT,e
,MT

MT,h

t
it

i

P
H




=  (1) 

where ,MT
t

iP  is the generation power of the MT of the thi microgrid at period t ; ,MT
t
iH is the thermal 

power of the MT of the thi  microgrid at period t  . MT,e   is the power generation efficiency 

coefficient of the MT and MT,e  is the thermal efficiency coefficient of the MT. The MT must satisfy 

the upper and lower limits of the power constraints: 
min max
,MT ,MT ,MT

t
i i iP P P   (2) 

where max
,MTiP   and min

,MTiP   are the maximum and minimum output power of the MT of the thi

microgrid, respectively. 

The relationship between the MT output power and fuel cost is expressed as a quadratic function 

[17]:  
2

,MT MT ,MT MT ,MT MT[ ( ) ]t t t
i i iF a P b P c t= + +   (3) 

where ,MT
t

iF   represents the fuel cost of the MT of the thi  microgrid at period t  ; MTa  , MTb   and 

MTc  are the cost coefficients of the MT. t  indicates the interval. 
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2.2. Waste Heat Boiler 

The WHB collects the high-temperature flue gas discharged during the MT operation and 

supplies the heat load. The mathematical model is as follows: 

,WHB WHB ,MT
t t
i iH H=  (4) 

min max
,WHB ,WHB ,WHB

t
i i iH H H   (5) 

where ,WHB
t
iH  is the output thermal power of the WHB of the thi microgrid at period t ; WHB  is 

the heat recovery efficiency of the WHB; max
,WHBiH  and min

,WHBiH  are the upper and lower limits of the 

WHB output thermal power of the thi microgrid, respectively. 

2.3. Gas Boiler 

When the heating of the microgrid system is insufficient, the GB can consume natural gas to 

supply the heat load, similar to the MT, whose fuel cost is expressed as 
2

,GB GB ,GB GB ,GB GB[ ( ) ]t t t
i i iF a H b H c t= + +   (6) 

where ,GB
t

iF  is the fuel cost of the GB of the thi microgrid at period t ; ,GB
t
iH  is the output thermal 

power of the GB of the thi microgrid at period t ; GBa , GBb , and GBc  are cost coefficients for the 

GB. The power constraint for the GB is 
min max
,GB ,GB ,GB

t
i i iH H H   (7) 

where max
,GBiH  and min

,GBiH  are the upper and lower limits of the GB output thermal power of the thi

microgrid, respectively. 

2.4. Heat Pump 

The HP can convert electrical energy into heat, and its mathematical model is as follows: 

,HP HP ,HP
t t
i iH P=  (8) 

min max
,HP ,HP ,HP

t
i i iH H H   (9) 

where ,HP
t
iH  is the output thermal power of the HP of the thi microgrid at period t ; ,HP

t
iP  is the 

input electrical power of the HP of the thi microgrid at period t ; HP  is the heating efficiency of HP; 
max
,HPiH  , min

,HPiH   are the upper and lower limits of the heating power of HP of the thi  microgrid, 

respectively. 

2.5. Energy Storage 

In this study, a storage battery was used for power storage and a heat storage tank was used for 

heat storage. The expression of electrical energy storage is 

,dis1
,e ,e e e,chr ,chr

e,dis

(1 ) ( )

t
it t t

i i i

P
S S P t 



−=  − + −   (10) 

where ,e
t
iS  represents the remaining capacity of the electrical energy storage of the thi microgrid at 

period t ; ,chr
t

iP  and ,dis
t

iP  represent the charge and discharge power of the electrical energy storage 

of the thi microgrid at period t , respectively; and e  is the self-consumption rate of the electrical 

energy storage. e,chr  , and e,dis   are the charge and discharge efficiencies of the electrical energy 

storage, respectively. 

The following constraints must be satisfied when electrical storage is running: 
min max
,e ,e ,e

t
i i iS S S   (11) 

min max
,e,chr ,chr ,chr ,e,chr ,chr
t t t
i i i i iU P P U P   (12) 

min max
,e,dis ,dis ,dis ,e,dis ,dis
t t t
i i i i iU P P U P   (13) 

,e,chr ,e,dis 1t t
i iU U+   (14) 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 November 2024 doi:10.20944/preprints202411.0753.v1

https://doi.org/10.20944/preprints202411.0753.v1


 5 

 

,e,chr ,e,dis

1

( )
T

t t
i i

t

U U T
=

+   (15) 

where max
,eiS  and min

,eiS  are the upper and lower limits of the capacity of the electrical energy storage 

of the thi  microgrid, respectively; max
,chriP  , min

,chriP  , max
,disiP  , min

,disiP   are the upper and lower limits of the 

charge and discharge power of the electrical energy storage of the thi microgrid, respectively. ,e,chr
t
iU  

and ,e,dis
t
iU  are the charge and discharge marks, respectively, with a value of 0 indicating outage and 

1 indicating operation. 

The mathematical model of thermal energy storage is similar to that of electrical energy storage, 

and the expressions and constraints are as follows: 

,dis1
,h ,h h h,chr ,chr

h,dis

(1 ) ( )

t
it t t

i i i

H
S S H t 



−=  − + −   (16) 

min max
,h ,h ,h

t
i i iS S S   (17) 

min max
,h,chr ,chr ,chr ,h,chr ,chr
t t t
i i i i iU H H U H   (18) 

min max
,h,dis ,dis ,dis ,h,dis ,dis
t t t
i i i i iU H H U H   (19) 

,h,chr ,h,dis 1t t
i iU U+   (20) 

,h,chr ,h,dis

1

( )
T

t t
i i

t

U U T
=

+   (21) 

where ,h
t
iS   represents the remaining capacity of thermal energy storage of the thi  microgrid at 

period t ; ,chr
t
iH  and ,dis

t
iH  represent the charge and discharge power of thermal energy storage of 

the thi  microgrid at period t  , respectively; h   is the self-consumption rate of thermal energy 

storage. h,chr   and h,dis   are the charging and discharging efficiency of thermal energy storage, 

respectively. max
,hiS  and min

,hiS  are the upper and lower limits of thermal energy storage capacity of 

the thi microgrid, respectively. max
,chriH , min

,chriH  and max
,disiH , min

,disiH  are the upper and lower limits of the 

charge and discharge power of the electrical energy storage of the thi microgrid, respectively ,h,chr
t
iU  

and, ,h,dis
t
iU  are respectively charge and discharge marks, with a value of 0 indicating outage and a 

value of 1 indicating operation. 

The scheduling cost of energy storage is expressed as 

,s e,chr ,chr e,dis ,dis h,chr ,chr h,dis ,dis
t t t t t

i i i i iF v P v P v H v H= + + +  (22) 

where e,chrv , e,disv , h,chrv  and h,disv  are the charge and discharge cost coefficients of electrical and 

thermal energy storage, respectively. 

2.6. Electricity Interaction Between Microgrids and Distribution Network 

In this paper, the microgrid can purchase electricity from the distribution network at the time-

of-use price when the power is insufficient, without considering the microgrid to sell electricity to the 

distribution network. The power purchase cost and constraint conditions of microgrid is expressed 

as 

,grid ,grid fs
t t t

i iF P c=  (23) 

min max
,grid ,grid ,grid

t
i i iP P P   (24) 

where ,grid
t

iF  and, ,grid
t

iP  are the power purchase cost and power purchased from the distribution 

network of the thi microgrid at period t , respectively; fs
tc  is the time-of-use price; max

,gridiP  and min
,gridiP  

represent the upper and lower limits of the electricity purchased from distribution of the thi

microgrid at period t , respectively. 

2.7. Electricity Interaction Between Microgrids 
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Bidirectional electrical energy interaction can be carried out between microgrids. Suppose the 

interaction power between the thi microgrid and the thj microgrid at period t  is ,
t

i jP , and the value 

of ,
t

i jP  is positive, indicating that the power flows from the thi microgrid to the thj microgrid, and 

the value is negative, indicating that the power flows from the thj microgrid to the thi microgrid. The 

power interaction constraint between microgrids is 
max max
, , ,

t
i j i j i jP P P−    (25) 

where max
,i jP  is the upper limit of power interaction between the thi microgrid and the thj microgrid. 

2.8. Load Model of Consumers 

The electrical load and thermal load of microgrid users can be expressed as 

,L ,B
t t t

i i iP P P= +   (26) 

,L ,B
t t t
i i iH H H= +   (27) 

Where ,B
t

iP  and, ,B
t
iH  are the fixed electrical load and fixed thermal load of the thi microgrid 

at period t , respectively; t
iP  is transferable electrical load; t

iH  can reduce the heat load. Among 

these, fixed electrical load and fixed heat load refer to the minimum demand for electricity and heat 

required by microgrid users. In contrast, transferable electrical load and reducible heat load can be 

independently adjusted by users based on price information. The constraints are as follows: 

e ,B0 t t
i iP P    (28) 

e

1

T
t

i

t

P t W
=

  =  (29) 

h ,B0 t t
i iH H    (30) 

where e  and h  are the maximum adjustable proportions of transferable electrical load and heat 

load that can be reduced in any period, respectively; eW  is the total transferable electrical load in T 

periods, and the total transferable electrical load must remain unchanged before and after the 

demand response. 

2.9. Constraint of Power Balance 

Suppose the PV power of the thi microgrid at period t  is ,PV
t

iP  and the unconsumed electrical 

power is ,n
t

iP . Then the electrical power balance constraint is 

,PV ,grid ,MT ,dis ,

,L ,n ,chr ,HP

t t t t t
i i i i i j

j i

t t t t
i i i i

P P P P P

P P P P



+ + + +

= + + +


 (31) 

The thermal power balance constraint is 

,WHB ,GB ,HP ,chr ,L ,dis
t t t t t t
i i i i i iH H H H H H+ + + = +  (32) 

3. Master-slave Game Optimization Scheduling Considering Integrated Demand Response 

3.1. Pricing Model 

The pricing strategy of the multi-microgrid system is based on the consideration of the users’ 

load demand. The heat sale price and electricity sale price formulated by the multi-microgrid system 

are e
tc   and h

tc  , respectively. The on-grid price and the time-share price are sw
tc   and fs

tc  , 

respectively. The upper and lower limits of the heat sale price are max
hc  and min

hc , respectively. The 

average price ceiling of the power sale and heat sale price is max
ec  and max

hc , respectively. The energy 

sale price must meet the following constraints: 

sw e fs
t t tc c c   (33) 
min max
h h h

tc c c   (34) 
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max
e e

1

T
t

t

c T c
=

   (35) 

max
h h

1

T
t

t

c T c
=

   (36) 

3.2. Multi-Microgrid System Income Model 

The objective function of the multi-microgrid system is expressed as 

MMG

,sell ,MT ,GB ,s ,grid ,n

1 1

max  

( )
N T

t t t t t t
i i i i i i

i t

F

F F F F F F
= =

=

− − − − −
 (37) 

where, ,MT
t

iF , ,GB
t

iF  ,s
t

iF  and, ,grid
t

iF are calculated by the formula (3), (6), (22) and (23), respectively; 

,sell
t

iF  is the sales income of the thi microgrid at period t , and the expression is 

,sell e ,L h ,L
t t t t t

i i iF c P c H= +  (38) 

,n
t

iF  is the photovoltaic curtailment cost of the thi microgrid at period t , and the expression is 

,n ,n ,PV= max{ , }t t t
i n i iF P P  (39) 

where n  is the unit cost of photovoltaic curtailment. 

3.3. User Revenue Model 

The user objective function of each microgrid is benefit maximization, expressed as 

,L ,u ,sell

1

max  ( )
T

t t
i i i

t

F F F
=

= −  (40) 

In the formula, ,u
t

iF   is the energy utility function of the thi  microgrid at period t  , and the 

expression is 
2

,u ,e ,L ,e ,L

2
,h ,L ,h ,L

( )

( )

t t t
i i i i i

t t
i i i i

F P P

H H

 

 

= −

+ −
 (41) 

where ,ei , ,ei , ,hi , ,hi  are the energy use preference coefficients of electrical energy and heat 

energy of the thi microgrid, respectively. 

3.4. Master-Slave Game Operation Strategy 

In this paper, a master-slave game model is established that feature a multi-microgrid system as 

the leader and individual microgrid users as followers. The game interaction mechanism is illustrated 

in Figure 2. As the leader of the multi-microgrid system, its objective is to maximize total daily profit. 

The strategies employed by the leader include determining the selling price of energy, managing the 

output of energy coupling conversion equipment, and controlling energy storage devices within each 

microgrid, as well as the power interaction value. In contrast, each microgrid user, as a follower, aims 

to maximize their daily benefits, employing strategies that involve reducing and transferring various 

loads as part of a integrated demand response. Within this master-slave game framework, the leader 

enjoys a positional advantage, allowing it to seize the first opportunity in the game, while the 

followers must respond to the leader's actions. The multi-microgrid system is optimized to enhance 

profit, and the resulting optimized price signal is communicated to each microgrid user. Upon 

receiving this price signal, each microgrid user optimizes their response with the goal of maximizing 

their benefits and subsequently returns their load demand to the multi-microgrid system. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 November 2024 doi:10.20944/preprints202411.0753.v1

https://doi.org/10.20944/preprints202411.0753.v1


 8 

 

 

Figure 2. Multi-microgrid system structure and energy flow. 

The model solving process can be divided into two interrelated stages. 

• Stage 1: The multi-microgrid system is optimized with the objective of maximizing profit, 

resulting in an energy price that is formulated based on the optimization outcomes and 

subsequently communicated to each load aggregator. 

• Stage 2: Each load aggregator conducts a integrated demand response in accordance with the 

energy price published by the integrated energy system operator. They aim to minimize energy 

usage costs, ascertain the actual load demand, and report this information back to the integrated 

energy system operator. 

3.5. Master-Slave Game Equilibrium 

When the Stackelberg game reaches Nash equilibrium, neither player can increase their benefits 

by unilaterally changing their strategy. Before addressing the problem, it is essential to demonstrate 

that the Stackelberg game possesses a unique Nash equilibrium solution. The necessary and sufficient 

conditions for the existence of a unique Nash equilibrium solution in the Stackelberg game are 

outlined as follows. [22]:  

1. The objective function of the players in the game is a non-empty, continuous function defined 

over their strategy set. 

2. The objective function of the follower is a continuous concave or convex function of its policy 

set. 

The Stackelberg unique Nash equilibrium solution of the master-slave game model proposed in 

this paper is proved as follows: 

3. Multi-microgrid system is the leader. The policy set is { i,MT
tP , ,HP

t
iP , ,chr

t
iP , ,dis

t
iP , ,grid

t
iP , ,n

t
iP , 

,GB
t
iH , ,HP

t
iH , ,chr

t
iH , ,dis

t
iH , e

tc , h
tc }, each microgrid user is the follower, and the policy set is 

{ t
iP  , t

iH  }. The constraints on the above variables are linear equality constraints or linear 

inequality constraints, so the policy set of each participant is non-empty and continuous. 

4. Let the multi-microgrid user objective function ,LiF  find the second-order partial derivative of 

t
iP  and t

iH , and we can get: 
2

,L
,e2

= 2
i

it
i

F

P



−

（ ）
 (42) 

2
,L

,h2
= 2

i
it

i

F

H



−

（ ）
 (43) 

Since ,ei  and ,hi  in the formula are always positive, therefore: 
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2
,L

2
0

i

t
i

F

P




（ ）
 (44) 

2
,L

2
0

i

t
i

F

H




（ ）
 (45) 

Take the cross partial of the function ,LiF , and the result is 0. Therefore, the Hessian matrix of 

the follower is negative definite, and its objective function is a continuous convex function of its policy 

set. The master-slave game model proposed in this paper has a unique Nash equilibrium solution. 

4. Case Analysis 

4.1. Base Data 

This study considers a multi-microgrid system comprising three distinct microgrids, which will 

be simulated and analyzed based on the proposed model. The analysis divides a day into 24 periods. 

The user can translate the electrical load, accounting for 20% of the total electrical load, while the 

maximum allowable translation of the electrical load in each period is capped at 30% of the current 

electrical load. Additionally, the heat load can be reduced by up to 20% of the total heat load. Each 

microgrid starts with an initial capacity of 500 kWh for the electrical energy storage device and 1000 

kWh for the thermal energy storage device. The time-of-use electricity price and the feed-in price of 

the distribution network are referenced from [17] and illustrated in Figure 3. The heat price is 

bounded by an upper limit of 0.50 yuan/kWh and a lower limit of 0.15 yuan/kWh. Furthermore, the 

upper limit for the average selling price of power is set at 0.8 yuan/kWh, while the upper limit for the 

average selling price of heat is 0.45 yuan/kWh. The maximum power exchange between microgrids 

is restricted to 500 kW/h, and the maximum power purchase from microgrids to the distribution 

network is limited to 1000 kW/h. The user’s energy consumption preference coefficients are 1.8, 1.4, 

0.0006, and 0.0005, respectively. The cost associated with unit photovoltaic curtailment is 0.5 

yuan/kWh. For the purposes of this analysis, energy transmission losses are disregarded. The 

electrical heating load curve and photovoltaic output for each microgrid are presented in Figure 3–5, 

while the parameters for the MT, WHB, GB, and other devices in each microgrid are detailed in Table 

1. 

 

Figure 3. Predicted electric load. 
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Figure 4. Predicted heat load. 

 

Figure 5. Predicted value of photovoltaic output. 

Table 1. Parameters of equipment in each microgrid. 

Parameter Value Parameter Value 

 0.3  0.95 

 0.8  900kW·h 

 0  100kW·h 

 1000kW  500kW 

 0.0009  0 

 0.13  500kW 

 0  0 

 0  0.0075 

 600kW  0.0075 

 0.85  0.03 

 0  0.9 

 1500kW  0.9 

 0.0003  1800kW·h 

 0.09  200kW·h 

 0  1000kW 

MT,e e,dis

MT,h max

,eiS

min

,MTiP min

,eiS

max

,MTiP max

chrP

MTa min

chrP

MTb max

disP

MTc min

disP

min

,WHBiH e,chrv

max

,WHBiH e,disv

WHB h

min

,GBiH h,chr

max

,GBiH h,dis

GBa max

,hiS

GBb min

,hiS

GBc max

,chriH
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 0  0 

 1000kW  1000kW 

 3  0 

 0.02  0.0065 

 0.95  0.0065 

4.2. Iterative Calculation Result 

After iterative calculations, the optimization process converges by the 15th iteration. The 

optimization results for key nodes during the iterative process are presented in Table 2. The direction 

and rate of iterative convergence are influenced by the selection of initial values. As the number of 

iterations increases, the profits of the multi-microgrid system gradually rise, while the benefits for 

the microgrid users gradually decline. This phenomenon illustrates the interactive dynamics between 

the two entities, highlighting the multi-microgrid system's dominant position as the game leader. 

Ultimately, the master-slave game reaches a Nash equilibrium point, beyond which no player can 

alter their strategy to achieve greater benefits. At this equilibrium, the profit of the multi-microgrid 

system stabilizes at 27,010 yuan, while the user benefits from the three microgrids stabilize at 10,670 

yuan, 20,690 yuan, and 22,423 yuan, respectively. 

Figures 6 and 7 depict the final prices of electricity and heat sold to users by the multi-microgrid 

system. The multi-microgrid system develops a pricing strategy within a specified range to offer more 

favorable electricity prices and reasonable heat prices to the energy users compared to the traditional 

power grid. 

Table 2. Iterative solution procedure. 

Iterations 

The multi-

microgrid 

system 

profit/yuan 

Benefits 

of 

microgrid 

1/yuan 

Benefits 

of 

microgrid 

2/yuan 

Benefits 

of 

microgrid 

3/yuan 

Total 

benefits/yuan 

7 23799 12038 23357 24789 60184 

13 26500 10926 21032 22671 54629 

15 27010 10670 20690 22423 53392 

20 27010 10670 20690 22423 53392 

 

Figure 6. Optimization result of electricity price. 

min

,HPiH min

,chriH

max

,HPiH max

,disiH

HP min

,disiH

e h,chrv

e,chr h,disv
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Figure 7. Optimization result of heat price. 

4.3. Optimal Scheduling Result 

The optimization results of the electrical power balance for each microgrid within the multi-

microgrid system are presented in Figure 8–10 while the optimization results for the thermal power 

balance are presented in Figure 11–13. 

 

Figure 8. Electrical power balance optimization result of microgrid 1. 

 

Figure 9. Electrical power balance optimization result of microgrid 2. 
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Figure 10. Electrical power balance optimization result of microgrid 3. 

 

Figure 11. Heat power balance optimization result of microgrid 1. 

 

Figure 12. Heat power balance optimization result of microgrid 2. 
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Figure 13. Heat power balance optimization result of microgrid 3. 

As shown in Figure 8, microgrid 1 operates as a residual microgrid characterized by a high 

photovoltaic output and a low load level. Between 8:00 and 18:00, the photovoltaic power output in 

microgrid 1 exceeds the electrical load, leading to the surplus photovoltaic power being utilized to 

supply other microgrids and charge electrical energy storage. However, due to the constraints on 

power transmission and the capacity of electrical energy storage between microgrids, some 

photovoltaic power remains unutilized, resulting in curtailment. During nighttime, when 

photovoltaic output is absent, microgrid 1 primarily satisfies electrical load demands through the 

discharge of electrical energy storage and the output from a micro gas turbine. The output power and 

fuel cost of the micro gas turbine are represented as a quadratic function; thus, at lower output power 

levels, the unit generation cost is minimized. Consequently, the power generation cost of the micro 

gas turbine in microgrid 1 is lower than that of the external distribution network, which explains why 

microgrid 1 does not supply electricity to the distribution network. It can be seen from Figure 11 

indicates that thermal energy storage peaks between 13:00 and 14:00, with energy being discharged 

during the remaining periods to meet thermal load demands. This observation, in conjunction with 

Figure 8, illustrates that the photovoltaic output during this timeframe significantly surpasses 

electrical load, allowing for excess electrical energy to be utilized for heat pumps and stored in 

thermal energy storage. This reflects the coupling and complementary characteristics of electricity 

and heat. 

As shown in Figures 9 and 10, the electrical load of microgrid 2 and microgrid 3 consistently 

exceeds the photovoltaic output, indicating that photovoltaic power can be fully utilized and 

highlighting their status as power-deficient microgrids. Notably, the power deficit in microgrid 2 is 

more pronounced than that in microgrid 3. Consequently, microgrid 2 acquires a substantial amount 

of electrical power and does not supply electricity to other microgrids, whereas the electrical energy 

exchange between microgrid 3 and other microgrids remains minimal. During the periods of 1:00-

9:00, 18:00-20:00, and 23:00, microgrid 2 purchases electricity from the distribution network. An 

analysis of the time-of-use electricity price curve, as depicted in Figure 6, reveals that the electricity 

prices during these intervals are low, coinciding with either negligible or very low photovoltaic 

power output. Thus, centralized power purchases during these times effectively reduce overall power 

acquisition costs and mitigate excessive output from micro-gas turbines, leading to fuel cost savings. 

Furthermore, as shown in Figure 12  , heat pumps constitute a significant portion of heat supply in 

microgrid 2, whereas gas boilers and waste heat boilers contribute a substantially smaller share. This 

disparity can be attributed to the superior energy conversion efficiency of heat pumps. When the unit 

power generation cost for the microgrid is relatively low, it becomes more economically viable to 

convert electrical energy into thermal energy using heat pumps. Additionally, Figures 10 and Figure 

13 reveal that microgrid 3 adopts a similar strategy, opting for centralized power purchases during 

periods characterized by low time-of-use prices, minimal photovoltaic output, and high load, while 
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also transferring power to heat in significant quantities via heat pumps to enhance economic 

efficiency. 

4.4. Option Comparison 

To verify the rationality of the optimization strategy presented in this paper, the following four 

schemes are established:  

• Scheme 1: This scheme adopts the optimization strategy outlined in this paper, taking into 

account the electrical energy interactions within the multi-microgrid system, the electrical and 

heat energy storage devices, as well as the users' integrated demand response. 

• Scheme 2: An independent optimization calculation is conducted for each microgrid, without 

considering the electrical energy interaction among them. 

• Scheme 3: This scheme excludes the consideration of electrical and heat energy storage devices 

in each microgrid, resulting in no energy storage scheduling costs for the multi-microgrid 

system. 

• Scheme 4: The integrated demand response behavior of microgrid users is disregarded. In this 

case, there is no master-slave game relationship, no iterative solution is required, and the energy 

prices, along with the fixed electrical and heat loads established in Scheme 1, are utilized for a 

single optimization calculation. 

The optimization results for the four schemes are presented, including the multi-microgrid 

system's profit, sales income, energy supply cost, and total user benefits, as shown in Table 3. 

Additionally, Figure 14 illustrates the amount of photovoltaic discarded by the multi-microgrid 

system during each period across the four schemes, with a comparison made against Scheme 1. 

Table 3. Results of optimization calculation. 

Scheme 

Energy sale 

income of 

the multi-

microgrid 

system/yuan 

Energy 

supply cost 

of the multi-

microgrid 

system/yuan 

Profit of the 

multi-

microgrid 

system/yuan 

Total 

benefits/yuan 

1 46965 19956 27010 53392 

2 46892 26496 20396 52783 

3 46406 24084 22322 52234 

4 47254 21976 25278 49627 

 

Figure 14. The amount of PV curtailed under different schemes. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 November 2024 doi:10.20944/preprints202411.0753.v1

https://doi.org/10.20944/preprints202411.0753.v1


 16 

 

In comparison to Scheme 2, Scheme 1 enhances the electrical energy interaction among multiple 

microgrids. As illustrated in Figure 14, the increased power interaction significantly reduces the 

amount of photovoltaic wasted by the multi-microgrid system. This is primarily because Microgrid 

1 in Scheme 1 can transmit excess power externally during the photovoltaic excess period from 08:00 

to 18:00, thereby promoting photovoltaic absorption. In contrast, Scheme 2 relies solely on the energy 

storage system, resulting in only a modest absorption effect. As shown in Table 3, following the 

enhancement of power interaction, the energy sales income of the multi-microgrid system increased 

by 73 yuan, while the energy supply cost decreased by 6,540 yuan, thus substantially boosting 

profitability. This improvement occurs because, under conditions where the load volume remains 

relatively stable, the power exchange between microgrids reduces the costs associated with optical 

curtailment, the MT generation capacity, and electricity purchased from the distribution network, 

thereby lowering the energy supply cost. Concurrently, the overall user benefit also increased by 610 

yuan, achieving a multi-win scenario for both the multi-microgrid system and its individual users. 

When compared to Scheme 3, Scheme 1 incorporates electric energy storage devices and heat 

energy storage devices within each microgrid. These energy storage devices contribute to an increase 

in the profit of the multi-microgrid system by 4,688 yuan through heightened sales income and 

reduced energy supply costs, while user benefits rise by 1,158 yuan. As evidenced by Figure 8 and 

Figure 14, the implementation of Scheme 1 from 13:00 to 15:00 significantly diminishes the amount 

of discarded photovoltaic, primarily because Microgrid 1 charges the energy storage during this 

timeframe to absorb excess photovoltaic output. 

In comparison to Scheme 1 and Scheme 4, and taking into account users' integrated demand 

response and the master-slave game mechanism, the sales income of the multi-microgrid system 

decreases by 289 yuan. However, the energy supply cost is reduced by 2020 yuan, resulting in an 

overall profit increase of 1732 yuan. Additionally, total user benefits rise by 3765 yuan, indicating a 

significant enhancement. This improvement is attributed to users optimizing their self-load in 

response to price signals, thereby pursuing greater energy efficiency. As illustrated in Figure 14, the 

integrated demand response mechanism also leads to a slight reduction in the amount of photovoltaic 

discarded. 

In summary, the interactions between microgrids, the utilization of energy storage devices, the 

implementation of the master-slave game, and the integrated demand response mechanism 

collectively enhance the profits and total user benefits of the multi-microgrid system, while also 

promoting the consumption of photovoltaic energy. 

5. Conclusions 

This paper establishes an operational model for multi-microgrid systems and proposes a master-

slave game optimization strategy that takes into account photovoltaic  consumption and integrated 

demand response. A master-slave game interactive equilibrium model is formulated, wherein the 

multi-microgrid system acts as the leader and each microgrid user functions as a follower. The 

existence of a unique Nash equilibrium solution within the Stackelberg game framework is 

demonstrated. Finally, through example analysis, a reasonable selling price and scheduling strategy 

are developed, which show that the proposed strategy effectively balances the interests of both the 

multi-microgrid system and individual microgrid users, while promoting PV consumption. Future 

work should address energy transmission losses and the variability in new energy output. 

Additionally, the energy pricing strategy and benefit distribution methods warrant further 

investigation, particularly as the interaction modes among stakeholders become more complex. 
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