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Abstract: In order to promote energy mutual aid among microgrids, expand the types of energy
interaction, and improve the utilization of renewable energy, a two-layer sharing strategy for multi-
microgrids (MMGs) based on the Nash game is proposed. Firstly, the low-carbon transformation
of the micro-grid model is carried out, and the source side is transformed into a comprehensive
and flexible operation mode for carbon capture thermal power plants. Then, the multi-microgrid
subject electro-thermal double-layer sharing model based on the Nash game is constructed, which is
decomposed into a revenue maximization sub-problem and a revenue redistribution sub-problem.
In the sub-problem of revenue maximization, considering the lowest operation cost of carbon al-
lowances and stepped carbon trading as the goal, the alternating direction multiplier method is used
for a distributed solution. In the revenue redistribution sub-problem, the reasonable redistribution
of income is realized by constructing the asymmetric energy mapping contribution function for
different periods and energy types. Finally, the simulation results have verified the effectiveness of
the proposed method. The results showed that the strategy of this paper can achieve the optimiza-
tion of the economic objectives of the multi-microgrid (MMG) alliance and has the advantages of
reasonable redistribution of benefits, promotion of wind and solar consumption, and reduction of
carbon emissions.

Keywords: Nash game; multi-microgrids; electric-thermal bilevel sharing; P2G low-carbon transfor-
mation of thermal power plants; alternate direction multiplier method; CHP

1. Introduction

The “China Research Report on Carbon Neutrality to 2060” pointed out: “Low-carbon
and zero-carbon technologies are the key to achieving the goal of carbon neutrality, par-
ticularly in these aspects, such as the Capture, Utilization and Storage, CCUS), negative
emissions and carbon sinks”. To promote the efficient utilization of renewable energy and
realize the low-carbon and clean energy supply of the power system [1], these will be one
of the key research directions in the future.

A microgrid is an important way of aggregating producers and sellers. Internally, it
contains various distributed power sources and multiple types of loads, which can promote
the self-production and self-consumption of energy [2]. Meanwhile, externally, it can also
interact with electrical grids to realize the energy supply and sales [3]. Peer-to-peer (P2P)
energy trading among microgrids can effectively reduce the electricity cost of microgrids,
improve the utilization rate of new energy and reduce carbon emissions [4].

The model of P2P energy trading among distributed multi-microgrid subjects can
be divided into multiple directions, such as multi-agent [5], blockchain [6] and game
theory [7–9]. This paper belongs to the game theory methods. In this category, the liter-
ature [10] was based on the Nash negotiation model to study the electricity transaction
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negotiation in the three main bodies of wind, photovoltaic and hydrogen. The main bodies
of wind and solar energy act as two unidirectional supply sides, and the main body of
electric hydrogen production is used as a one-way to the receiving demand side. The model
of electric energy sharing transaction volume adopts the augmented Lagrange multiplier
method, utilizing the benefit redistribution with the method of three-way equal sharing,
which maximizes the benefits of the micro-grid alliance. Reference [11] studied the Nash
negotiation problem of multi-microgrid power transaction in the power grid environment,
which means the Nash bargaining method of the multi-microgrid power transaction is
proposed and a cooperative game model is constructed. In references [12,13], they have
tried to expand the interior of the multi-microgrid main body into an electrically coupled
integrated energy system, build a multi-agent architecture of the integrated energy system
and use game theory to optimize its scheduling, to achieve multi-agent collaborative opti-
mal operation. In reference [14], considering the operation mechanism of carbon trading,
the low-carbon transformation of cogeneration units in microgrid is carried out, and a
multi-microgrid power sharing strategy based on asymmetric Nash negotiation is proposed.
The simulation results showed that this strategy can effectively reduce carbon emissions in
microgrids. While we can say that they have proposed the model of a more comprehensive
multi-energy flow coupling relationship for the unsolvable issues, in References [15,16],
the carbon capture power plant was reformed, and the absorption, storage, time shift and
release of CO2 were realized by introducing flue gas diversion and controlling solution con-
centration. The power consumption of carbon capture and utilization was transferred to the
nighttime to promote the consumption of abandoned wind, so as to realize the dual-benefits
of the economic and low-carbon way, and at the same time, the lower limit of the net output
of thermal power units can be broadened to improve the spinning reserve. The operation
mode is expanded, and the three-stage economic model of source-load is constructed to
improve the problems of load loss and wind curtailment. In references [17–19], they have
used game theory methods to model multi-microgrid entities from various perspectives,
all of which have achieved significant results. Reference [20] evaluated different methods
of galvanically isolated monitoring of the main voltage waveforms to determine the degree
of distortion of the output signal relative to the input signal and the suitability of each
method for calculating active power values. Reference [21] projected an event-triggered
distributed hybrid control scheme for safe and economical operations. Reference [22]
puts forward a multi-period and multi-energy operation model, where the power, heating
and natural gas networks are coupled and managed through distributed energy hubs for
multi-carrier energy systems. Reference [23] presented a two-stage mixed-integer linear
programming method for regional-level multi-energy-system (MES) planning, considering
distributed renewable energy integration based on the Energy-Hub (EH) model. Refer-
ence [24] introduced a distributed algorithm for the triggered event—with some desirable
properties, namely distributed execution, asynchronous communication and independent
computation.

The above studies have promoted the progress of multi-microgrid main energy sharing
strategies, but they are all limited to a single type of electric energy sharing strategy and
have not fully explored the sharing potential of multiple energy sources, such as the electric
heat in multi-microgrids, which include cogeneration. The main research work of this paper
differs from the existing work as follows: the flue gas shunt carbon capture and power-to-
gas devices suitable for cogeneration are introduced to further carry out the electric-heat-
gas-hydrogen-carbon coupling low-carbon transformation of the microgrid; furthermore,
the type of energy interaction is expanded, especially for the power-only electric energy
interaction among the multi-microgrid subject is extended to include electrothermal double-
layer interaction, and the Nash game is used to solve the energy interaction quantity in a
distributed manner. By constructing an asymmetric energy mapping contribution function
of the supply and demand sides, time periods and energy types, the interests of the multi-
microgrid alliance can be further reasonably redistributed. Finally, we have verified the
effectiveness of the strategy by an example through studying multiple methods.
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2. The Electric Heating Sharing Architecture in MMGs

In this paper, a multi-microgrid P2P electric heating energy sharing architecture based
on the Internet of Things technology is constructed. As shown in Figure 1, each microgrid’s
main body has an independent electric heating energy exchange (microgrid energy trading,
MET), and the microgrids use wireless networks for communication contact, such as 5G
communication; their data are connected to external communication through MET and
terminal collection and control facilities to realize P2P transactions. The software that
completes the transaction function is called the Energy Trading System (ETS).
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3. The Independent Operation Model in Microgrids

Here, considering the cogeneration of electricity, heat and gas, the multi-energy flow
synergy in micro-grids is studied. Due to the fact that the operation of the thermal-electric
units in microgrids will generate a large amount of carbon dioxide, which does not meet
the requirements of low-carbon, this paper will carry out a low-carbon transformation.
As shown in Figure 2, flue gas diversion, liquid-storage carbon capture and storage, and
methanation devices are introduced to complete the three-stage transformation of P2G.
Considering the interaction with external power grids, gas grids and energy sharing among
micro-grids, a low-carbon micro-grid architecture that introduces P2G and energy sharing
is formed.
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3.1. The Lowest Operating Cost Model in the Independent Operation Mode of Micro-Grids

The objective function of the minimum operating cost of the micro-grid after the
low-carbon transformation is as follows:{

W0
sum = ∑N

i=1 W0
i

W0
i = WYCL

i + WWH
i + WCO2

i
. (1)

In the formula, W0
sum is the sum of the operation costs of all micro-grids under the

independent operation mode; W0
i is the total operation cost of the micro-grid i; WYCL

i is the
raw material cost; WWH

i is the maintenance cost; WCO2
i is the carbon transaction cost; N is

the number of multi-microgrid main bodies. Its sub-cost composition is as follows:
(1). Raw material cost

WYCL
i = WM

i + WCH4
i + WE

i
WM

i = ∑T
t=1 a0 · [a1(ECHP

i,t )
2
+ a2ECHP

i,t + a3] · 4t

WCH4
i = ∑T

t=1 [pri_gbuyGbuy
i,t − pri_gsellGsell

i,t ] · 4t

WE
i = ∑T

t=1 [pri_ebuyEbuy
i,t − pri_esellEsell

i,t ] · 4t

. (2)

In the formula, WM
i is the cost of natural gas; WCH4

i is the cost of buying and selling
natural gas; WE

i is the cost of buying and selling electricity; a0 is the cost per kilogram
of coal; ECHP

i,t is the cogeneration output; a1, a2 and a3 are the fitting coefficients of the
quadratic linear relationship between coal consumption rate and thermo-electric power;
pri_gbuy and pri_gsell are the gas prices; Gbuy

i,t and Gsell
i,t are the gas powers; pri_gbuy and

pri_gsell are the time-of-use electricity prices; Ebuy
i,t and Esell

i,t are the main network powers;
4t is the time scale value.
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(2). Maintenance cost
WWH

i = WDG
i + WBA

i + WDR
i

WDG
i = ∑T

t=1 (d1EPV
i,t + d2EWind

i,t )

WBA
i = ∑T

t=1 (e1EBA,C
i,t + e2EBA,Disc

i,t )

WDR
i = ∑T

t=1 ( f1Ecut
i,t + f2Etran

i,t + f3Htran
i,t )

. (3)

In the formula, WWH
i is the maintenance cost; WDG

i is the cost of distributed power gen-
eration; WBA

i is the battery depreciation cost; WDR
i is the demand response cost; d1 and d2

are the unit electricity costs in the life cycle of the photovoltaic fan; EWind
i,t and EPV

i,t are
the wind turbine and photovoltaic, respectively; e1e2 is the battery charge and discharge
depreciation coefficient; EBA,C

i,t and EBA,Disc
i,t are the charge and discharge powers of the

battery; f1, f2 and f3 are the response compensation unit prices that can reduce the transfer-
able electrical load and transferable thermal load; Ecut

i,t , Etran
i,t and Htran

i,t are the reduction of
electrical load, transfer of electrical load and transfer of thermal load.

(3). Ladder carbon transaction cost

TCO2
i = Cpai f ang

i − CP2G
i − Cpeie

i
Cpai f ang

i = ∑T
t=1 (g1ECHP

i,t + g2HCHP
i,t + g3HGL

i,t )

Cpeie
i = ∑T

t=1 (l1E f a
i + l2H f a

i )

P f a
i = ∑T

t=1 (EPV
i,t + EWind

i,t + ECHP
i,t )

H f a
i = ∑T

t=1 (HCHP
i,t + HGL

i,t )

. (4)

In the formula, TCO2
i is the carbon trading volume of the micro-grid; Cpai f ang

i is the

carbon emission volume; CP2G
i is the carbon absorption volume; Cpeie

i is the amount of
carbon allowances; Carbon emission is related to power generation and heating power;
g1, g2 and g3 are the carbon emission coefficients; ECHP

i,t , HCHP
i,t and HGL

i,t are the power
generation and heat generation of CHP and heat boiler, respectively; the carbon emission
quota is proportional to the power generation E f a

i and the heat production H f a
i . The

proportional coefficients are the carbon quota coefficients l1 and l2. After obtaining the
carbon emission trading volume, the carbon emission cost can be solved by solving the
function according to the stepped positive and negative carbon trading volume:

WCO2
i =



−λl − λ(1 + α)l + λ(1 + α)2(TCO2
i + 2l)

−λl + λ(1 + α)(TCO2
i + l)

λTCO2
i

λTCO2
i

λl + λ(1 + α)(TCO2
i − l)

λl + λ(1 + α)l + λ(1 + α)2(TCO2
i − 2l)

TCO2
i ≤ −2l

−2l ≤ TCO2
i ≤ −l

−l ≤ TCO2
i ≤ 0

0 ≤ TCO2
i ≤ l

l ≤ TCO2
i ≤ 2l

TCO2
i ≥ 2l

(5)

In the formula, WCO2
i is the stepped carbon transaction cost; λ is the base price of

carbon trading; l is the length of the carbon emission interval; 1 + α is the price growth rate.
The solution of the minimum cost objective function needs to be solved on the basis of

the following system electric and heat balance constraints and modeling constraints of key
equipment. The electrical power balance constraints are as follows:

ECHPe1
i,t − ECCS

i,t − EP2G
i,t + Ebuy

i,t + EPV
i,t + EWind

i,t + EBADisc
i,t = Esell

i,t + Eload
i,t + EBAC

i,t (6)

In the formula, ECHPe1
i,t is the net output of the cogeneration unit; ECCS

i,t is the carbon
capture power consumption; EP2G

i,t is the electricity-to-gas power consumption; Eload
i,t is the

electrical load after demand response; the thermal power balance constraints are as follows:

HCHP
i,t + HGL

i,t = Hload
i,t . (7)
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In the formula, Hload
i,t is the heat load after the demand response.

3.2. P2G Three-Stage Refined Model with CHP

The following introduces the P2G three-step refinement model of cogeneration flue
gas diversion carbon capture.

Based on the framework of Figure 2, a three-stage refined model of P2G for com-
prehensively excavating wind and light abandonment to produce hydrogen and flue gas
split-flow carbon capture is proposed, as follows:

(1). Stage 1©: Flue gas split-flow carbon capture.
The thermoelectric coupling output constraints of traditional cogeneration are as fol-

lows: 
ECHP

t ≥ max
{

ECHP
min − kminHCHP

t , kl(HCHP
t − HCHP

0 )
}

ECHP
t ≤ ECHP

max − kmaxHCHP
t

HCHP
t ≥ 0

HGB
i,t = VGB

i,t ηGBQCH4

(8)

In the formula, ECHP
t is the total power output of CHP; ECHP

min is the total minimum
power output of CHP; HCHP

0 is the heat production power when the power generation is
the smallest; ECHP

max is the total maximum power output of CHP; HCHP
t is the heat generation

power at time t; kmin and kmax are the limit of lower and upper slope of the electric-thermal
coupling constraints, and the electric-thermal ratio at the maximum coal utilization rate;
HGB

i,t is the heat production power of the gas boiler; VGB
i,t is the natural gas consumption

of the gas boiler; ηGB is the heat production efficiency of flue gas boiler; QCH4 is the
combustion heat value of natural gas.

A large amount of carbon is emitted during the operation of cogeneration, which can
be sequestered by carbon capture after the flue gas diversion. As a cheap carbon source in
the first stage of power-to-gas conversion, its operation model is as follows:

CCCS
i,t = χ · (CHD

i,t + CMT
i,t ) · ε (9)

In the formula, CCCS
i,t is the carbon capture power of micro-grid i at time t; χ is the flue

gas split ratio; ε is the carbon capture efficiency; CHD
i,t and CMT

i,t are the carbon emissions of
thermal power plants and micro-combustion turbines.

(2). Stage 2©: Electro-hydrogen production.
In order to avoid the generation of additional CO2 in the hydrogen production stage

of P2G, the electricity source of electric hydrogen production in this paper can be only clean
energy, such as wind and photovoltaic power. In this paper, the waste electricity of clean
energy sources such as wind and photovoltaics is preferentially used to produce hydrogen,
so as to avoid the energy consumption of electricity for hydrogen production to generate
additional CO2. Additionally, the operating model constraints are as follows:

HEL
i,t = UEL · f (

EEL
i,t

EEL
rated

) · HEL
rated

OEL
i,t = υ · HEL

i,t

f (
EEL

i,t
EEL

rated
) = aEL(

EEL
i,t

EEL
rated

)
2
+ bEL(

EEL
i,t

EEL
rated

) + cEL

EEL
i,t ≤ EWind

i,t + EPV
i,t

UEL · EEL
min ≤ EEL

i,t ≤ UEL · EEL
max

. (10)

In the formula, HEL
i,t , HEL

rated and OEL
i,t are the real-time power, rated power and real-time

power of the electrolyzer to produce hydrogen, respectively; υ is the power ratio of produc-
ing oxygen and hydrogen; UEL is the identification bit of electrolytic cell switch status; EEL

i,t ,
EEL

rated, EEL
min and EEL

max are the real-time, rated, minimum and maximum power consumption
of electrolytic cell electrolyzer, respectively; aEL, bEL and cEL are the coefficients of the
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electrolyzer efficiency function, respectively, where cEL = 1− aEL − bEL; EWind
i,t and EPV

i,t
are the fan and photovoltaic power, respectively.

(3). Stage 3©: Synthesis of methane from hydrogen and carbon dioxide.
The cheap hydrogen produced by abandoning the wind and light and the CO2 cap-

tured by the carbon capture after the flue gas shunting can synthesize natural gas with high
stability, which can be directly supplied to the thermal boiler to generate heat* or to the
gas load in the area, or imported into the natural gas pipeline for remote operation. For
distance transmission, the electrical coupling constraints are as follows:

CP2G
i,t = κ1 · GG

i,t
HP2G

i,t = κ2 · GG
i,t

EP2G
i,t = κ3 · GG

i,t
GG

min ≤ GG
i,t ≤ GG

max

(11)

In the formula, CP2G
i,t is the carbon consumption power of the electric-to-gas device

of micro-grid i at time t; GG
i,t is the power of methane generated by the electric-to-gas

device of micro-grid i at time t; κ1, κ2 and κ3 are the ratios of methane to carbon dioxide,
hydrogen, oxygen and power consumption during the operation of the methanation unit,
respectively; GG

max and GG
min are the upper and lower limits of the power to generate

methane, respectively.

4. Electric Heating Double-Layer Sharing Model Based on Nash Game

The Nash game is a kind of cooperative game, which is often used to deal with market
competition. The Nash game model needs to satisfy a set of axioms, and the solution and
the product maximization is the equilibrium solution of the Nash game problem [16].

The following Formula (13) is the standard model for the Nash game to deal with the
sharing of electricity and heat among the subjects of multiple micro-grids: max∏

N
i = 1

(W0
i −WEHP2P

i )

s.t.W0
i ≥WEHP2P

i , formula (2
)
− (11)

. (12)

In the formula, W0
i is the maximum individual benefit when the micro-grid i operates

in isolation, that is, the operating cost at the breakdown point of negotiation; WEHP2P
i is

the operating cost of the micro-grid alliance after supporting the sharing of electric heating
energy; Formulas (2)–(12) is the constraint condition.

The established Nash game model (14) is a non-convex non-linear optimization prob-
lem, which is very difficult to solve directly. It is decomposed into the sub-problem P
of maximizing the benefits of each micro-grid main body’s electric-thermal interaction
alliance and the sub-problem Q of the reasonable redistribution of alliance interests, and
the optimal solution of model (14) can be obtained by solving them in turn.

4.1. Solving the Sub-Problem P of Alliance Revenue Maximization

The purpose of the sub-problem P of maximizing the revenue of the multi-microgrid
subject alliance is to obtain the electric and thermal interaction between the micro-grid’s
main body when the alliance’s profit is maximized. Due to the fact that the Alternating
Direction Method of Multipliers (ADMM) algorithm has the advantages of good conver-
gence characteristics, a simple form and strong robustness, it is often used to solve such
optimization problems with separable variables.

Considering the long distance between micro-grids, whether it is the transmission
of electric energy through the large power grid or the transmission of thermal energy
through the self-built network, investment costs or network costs are required. Therefore,
the electricity and heat interaction costs between micro-grids are considered in this paper.
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WP2P
i→j , the electricity and heat interactive transmission cost of the micro-grid i, can be

calculated as follows:

Wep2p
i = ∑N

j=1 ∑T
t=1

(
mP2P

i→j

∣∣∣EP2P
i−j,t

∣∣∣), j 6= i , (13)

Whp2p
i = ∑N

j=1 ∑T
t=1

(
MP2P

i→j

∣∣∣HP2P
i−j,t

∣∣∣), j 6= i . (14)

In the formula, Wep2p
i and Whp2p

i are the total cost of electricity and thermal energy
transmission that microgrid i needs to pay for the interaction with other micro-grids; mP2P

i→j

and MP2P
i→j are the transmission costs of the unit electric energy and the unit heat energy

from micro-grid i to micro-grid j at time t; EP2P
i−j is the electric power transmitted from micro-

grid i to micro-grid j at time t; HP2P
i−j is the transmission cost of micro-grid i to micro-grid

thermal power of micro-grid j.

4.1.1. Solution of the Sub-Problem P1 of Electricity Sharing in the Lower Layer of
the Alliance

After introducing the variable of electricity sharing transactions between micro-grids,
its output value will dynamically change with the electricity balance equation affected
by the energy interaction, although the output constraint interval of each device does not
change. The new electrical balance equation of each micro-grid in the system is changed
from Formula (6) to the following:

ECHPe1
i,t − ECCS

i,t − EP2G
i,t + Ebuy

i,t + EDG
i,t + EBADisc

i,t = Esell
i,t + Eload

i,t + EBAC
i,t + ∑N

j=1,j 6=i EP2P
i→j,t (15)

In the formula, ECHPe1
i,t is the net output of the cogeneration unit; ECCS

i,t is the carbon

capture power consumption; EP2G
i,t is the electricity-to-gas power consumption; Ebuy

i,t and

Esell
i,t are the buying and selling electric power of the main network; EBA,C

i,t and EBA,Disc
i,t are

the charging and discharging power of the battery, respectively; Eload
i,t is the electric load

after the demand response; EP2P
i→j,t is the electric power shared by micro-grid i to micro-grid

j. EDG
i,t is the sum of the electrical output of all distributed power sources in the micro-grid i

at time t.
Then, after considering electricity sharing, the total operating cost of the alliance will

also change from Equation (1) to:{
WEP2P

sum = ∑N
i=1 WEP2P

i
WEP2P

i = WYCL
i + WWH

i + WCO2
i + Wep2p

i
. (16)

In the formula, WEP2P
sum is the sum of the multi-microgrid operating costs after the end

of the first stage of electricity sharing, and WEP2P
i represents the operating cost of the i-

micro-grid after electricity sharing.
According to the principle of the alternating direction multiplier method, the sub-

problem of maximizing the benefit of the alliance can be transformed into the problem of
minimizing the total operating cost after the alliance [10]:{

min∑N
i=1 WEP2P

i (EP2P
i→1, EP2P

i→2, · · · , EP2P
i→j , · · · , EP2P

i→N), j 6= i, j ∈ [1, N]

s.t.EP2P
i→j + EP2P

j→i = 0, j 6= i, i ∈ [1, N], j ∈ [1, N]
. (17)

Then, the specific steps of distributed solution based on the ADMM algorithm are
as follows:
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(1). Construct the augmented LaGrangian multiplier structure of the objective function
of the minimum operating cost of the alliance, as follows:{

LP1
n = ∑N

i=1 WEP2P
i + ∑

N·(N−1)
k=1

[
λn

k (EP2P
i→j + EP2P

j→i ) +
ρ
2 · ‖EP2P

i→j + EP2P
j→i ‖

2

2

]
n ≤ nmax

. (18)

In the formula, LP1
n is the sum of the augmented costs of the first-stage electronic

sharing sub-problem of multiple micro-grids in the nth generation; λn
k is the LaGrange

multiplier, and k is the unique number corresponding to the combination of e micro-grid
i and micro-grid j; set the penalty constant of the augmentation term ρ = 10−4; n is the
current number of iterations, and the maximum value is nmax; the initialization iteration
number is 1, and the transaction volume of power sharing between multi-micro-grids is
initialized to 0 and the Lagrange multiplier is initialized to 0.

(2). The Formula (18) decomposed into a distributed iterative solution model (19) of
each micro-grid. There are 2(N − 1) interaction quantities Ep2p

i−j in each micro-grid, and N-1
augmentation LaGrange multiplier λn

k .{
LP1

n,i = WMG
i + ∑N

j=1

[
λn

k (EP2P
i→j + EP2P

j→i ) +
ρ
2 · ‖EP2P

i→j + EP2P
j→i ‖

2

2

]
st (2)− (5), (7)− (11), (15)

(19)

In the formula, LP1
n,i is the sum of the augmented cost of the electronic sharing subprob-

lem in the nth generation of the micro-grid i in the first stage.
(3). The electric energy sharing transaction variables are iteratively updated according

to Formula (19) and (20) until all 2N (N − 1) electric energy interaction variables are
updated.

EP2P,n+1
i→j = argminEP2P

i→j
LP1

n,i (20)

(4). According to the electricity sharing transaction volume between the new gen-
eration of micro-grids, it is brought into Formula (21) to iteratively update all N (N − 1)
LaGrangian multipliers λn+1

k .

λn+1
k = λn

k + ρ(EP2P,n+1
i→j + EP2P,n+1

j→i ) . (21)

(5). Update the number of iterations n.

nn + 1. (22)

(6). Determine whether the current objective function has converged.
∑T

t=1 ∑N
i=1 ∑N

j=1 ‖E
P2P,n+1
t,i→j + EP2P,n+1

t,j→i ‖2

2
≤ ςConsensuality

∑T
t=1 ∑N

i=1 ∑N
j=1 ‖E

P2P,n+1
t,i→j − EP2P,n

t,i→j ‖
2

2
≤ ςConvergence

orn ≥ nmax

. (23)

In the formula, ςConsensuality is the consensus convergence factor, and ςConvergence is
the complementary convergence factor.

The iteration will terminate if the above equation is satisfied. Otherwise, return to
(20)–(22) to enter the next iteration until the convergence condition is satisfied or the set
maximum number of iterations nmax is reached.

So far, the electric energy interaction EP2P,end
i−j of the sub-problem P1 with the lowest

operating cost of the alliance and the new operating cost WP2P,end
i of each micro-grid subject

after the alliance are solved. By substituting WP2P,end
i into Formula (16) to obtain the lowest

total running cost WP2P,end
sum after the alliance.



Electronics 2023, 12, 214 10 of 19

4.1.2. Solution of Sub-Problem P2 in the Upper-Layer Heat Sharing in Multi-Microgrid

After the solution of the lower-layer electricity sharing sub-problem P1 is completed,
the constant value of the electricity sharing transaction volume EP2P,end

i−j can be obtained,

which is brought into the individual operation cost objective function W0
i of Formula (6) to

update W0
i . Then, a new shared thermal energy transaction constant PriceP2P,H between 0

and the lowest heat production cost is added. Then, with reference to sub-problem P1, the
EP2P

i−j in each step is replaced by HP2P
i−j , and the iterative solution is obtained. The constant

value of the thermal energy sharing transaction volume HP2P,end
i−j and the running cost

WP2P,end
sum after the double-layer sharing of electric and heating can be further reduced.

So far, the optimal transaction volume of electricity and heat sharing among multi-
micro-grid subjects has been fully solved. In order to further improve the sharing satisfac-
tion, it is often necessary to redistribute benefits [16].

4.2. Solving Sub-Problem Q of Redistribution of Alliance Income

The benefit redistribution is mainly to redistribute the benefit after the coalition
revenue maximization sub-problems P1 and P2 are solved, and the reduction of the total
operating cost of the alliance compared with the total operating cost of the isolated multi-
microgrid. The reduction formula is:

WD = ∑N
i=1 W0

i −∑N
i=1 WEHP2P,end

i . (24)

In the formula, WD is the reduction amount.
Benefit redistribution is based on the respective contributions of all individuals and

considers the two types of energy distributions: time-of-use electricity price, electric energy
and thermal energy. The contribution function is constructed as follows:

θi = θE
i + θH

i
θE

i = ∑T
t=1 (pri_ebuy

t EP2P,s
i,t − pri_esell

t EP2P,b
i,t )

θH
i = ∑T

t=1 (pri_hbuy
t HP2P,s

i,t − pri_hsell
t HP2P,b

i,t )

(25)

In the formula: θi is the initial contribution of micro-grid i; θE
i and θH

i are the contribu-
tion of electricity and heat transaction of micro-grid i, respectively; pri_gbuy and pri_gsell

are the gas prices for buying and selling, respectively; pri_et
buy and pri_et

sell are the time-of-
use electricity prices; pri_ht

buy and pri_ht
sell are the heat prices for gas buying and selling,

respectively; EP2P,S
i,t is the sum of electricity sold from micro-grid i to all other micro-grids

at time t; EP2P,b
i,t is the electricity purchased from micro-grid i to all other microgrids at time

t. The HP2P,S
i,t is the sum of the heat that microgrid i sells to all other micro-grids at time t;

HP2P,b
i,t is the sum of the heat that micro-grid i buys to all other micro-grids at time t.

In order to further stimulate the energy interaction, the linearly increasing contribution
can be mapped to an exponential increase. In order to avoid the excessive power series,
normalization can be further performed. The final contribution of each micro-network
subject is:

τi = e
θi

∑N
i=1θi − 1 . (26)

In the formula: τ is the final contribution degree of micro-grid i.
So far, only according to the proportion of the contribution of each micro-grid to the

total contribution of the multi-micro-grid, the increased benefits of the multi-microgrid
alliance in the sub-problem P are allocated proportionally:

wEHP2P
i =

τi

∑N
i=1τi

WD . (27)
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In the formula, wEHP2P
i is the redistribution benefit value obtained by micro-grid i in

sub-problem Q.
W0EHP2P

i = W0
i −WEHP2P

i . (28)

The final actual total operation cost W0EHPEP
i of microgrid i after participating in P2P

electric heating energy sharing can be obtained by taking the difference between the negoti-
ation breakpoint cost and the redistribution value of cooperative alliance income, finally.

5. Example Analysis

The example in this paper uses the CPLEX plug-in of MATLAB software for simulation
analysis.

5.1. Calculation Parameters

The case study in this paper considers the P2P electric heating energy sharing trans-
action problem among the three micro-grids. Figure 3a–c are the main base source-load
curves of micro-grids 1©, 2© and 3©, respectively; Figure 3d is the fluctuation curve of the
purchase and sale price of electricity in one day. Micro-grids 1© and 3© are the wind-solar-
electric field micro-grids in a certain place, and micro-grid 2© is a low-carbon micro-grid
improved by introducing P2G. The photovoltaic wind power and electric heating load data
are typical daily data in a certain area. The setting of micro-grid parameters can reflect the
contradiction between supply and demand of different sources and loads in each micro-
grid. In order to enhance the orderliness of energy interaction among multiple agents, the
different unit interaction costs are set among micro-grid individuals. The parameters of
the calculation example are shown in Appendix A, and the basic source-load curve of each
micro-grid main body is shown in Figure 3.

5.2. Analysis of Operating Results of Individual Low-Carbon Transformations of Micro-Grids

As an example, this paper presents a comparative analysis of the results before and
after the introduction of P2G into the micro-grid for low-carbon transformation. Figure 4a,b
below are the electric power diagram and the carbon power diagram for the low-carbon
operation of micro-grid 2©with the introduction of P2G.

As can be seen from Figure 4, the green line identifies the electrical power, and
the black line identifies the carbon power; in micro-grid 2©, due to the relatively large
capacity of the electric load relative to the wind turbine, the wind power always runs
in the maximum power of the tracking state, and the shortfall is supplemented by the
cogeneration power generation. Cogeneration power generation has less power generation
in the valley electricity price period, and the priority is to consume the wind power
preferentially. During the peak electricity price period, the combined heat and power
generation generates 6000 kW at full power and realizes the profit of selling power to the
large power grids. The carbon capture equipment operates at its maximum limit power of
1000 kW during the flat valley electricity price period to achieve maximum carbon capture.
The daily carbon capture CO2 is converted into natural gas during the valley period, and
the power consumption is 646.28 kW, which is less than the power conversion limit of
1000 kW. With a limit of 1000 kW, it can be found that, due to the existence of CO2 solution
storage, the carbon capture power can be decoupled from the methanation power, which
can further increase the system’s flexibility and economy.
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Appendix A is a comparative analysis table before and after the introduction of P2G
for micro-grid 2 for low-carbon transformation. Before the transformation, the actual
carbon emission was 95,223 kg, the carbon transaction cost was 6176 CNY and the total
operating cost was 64,717 CNY. After the transformation, the introduced P2G can carry
out the carbon capture and methanation of CO2, consume 43,885 kg, and the actual carbon
emission is reduced to 68,457 kg, which is optimized by 28.1% compared with that before
the transformation. The carbon transaction cost is 4248 CNY, a decrease of 31.2 percent;
the total operating cost of the system is 63,055 CNY, which is reduced by 2.6%. It can be
seen that carbon emissions, carbon transaction costs and total operating costs have been
reduced to varying degrees after the transformation of individual micro-grids.
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5.3. Analysis of the Sub-Problem P of the Benefit Maximization of MMGs Based on the Nash Game

In this paper, the Nash game is used to solve the lower-layer electric energy interaction
quantum problem P1 and the upper-layer thermal energy interaction quantum problem P2
of energy sharing in the multi-micro-grid alliance. It is necessary to analyze the convergence
and optimality of the operation cost of the electric and thermal double-layer distributed
iterative solution, the complementarity of the energy interaction between the main bodies
of the microgrid, and the consumption of abandoned wind and light, as well as the daily
dispatching output and electric-thermal balance results of each equipment in the system
analyzed.

5.3.1. Convergence Analysis Based on Nash Game

On the basis of the operation cost of the negotiation breaking point of the independent
operation of each micro-grid in the previous section, this section verifies the correctness
and superiority of the distributed solution of the electric and thermal double-layer sharing
between the main bodies of the micro-grid by introducing the Nash game.

Figure 5a–c are the iterative results of the operating costs of the micro-grids 1©, 2©
and 3© for the electricity sharing P1 sub-problem, respectively. Figure 6a–c are the iterative
results of the running costs of the micro-grids 1©, 2© and 3© for the heat sharing P2 sub-
problem, respectively. Figures 5d and 6d are the iterative results of the alliance running cost,
relying on a personal computer to solve mixed integer linearization. After only 26 iterations
and 15 iterations, respectively, the flatness is achieved, and the time spent is less than five
minutes, which proves the efficient convergence of the distributed solution.
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At the same time, the lower-level electronic sharing sub-problem P1 optimizes the
total operating cost of the alliance from 193,320 CNY at the negotiation breaking point
to 155,641 CNY; the upper-level heat-sharing sub-problem P2 can continue to iteratively
optimize the total alliance operating cost to 122,395 CNY. The effectiveness of the distributed
optimization algorithm based on the Nash game is proposed effectively in this paper.

5.3.2. The Analysis of the Results of Complementarity and Abandoned Wind and Solar
Energy Consumption

Due to the fact that the iterative solution of the Nash game is an approximate solution
with small errors, it is necessary to verify the complementarity of the energy interaction
between micro-grids in Formula (1), as shown in Figure 7:

It can be seen from the interaction results of electricity sharing in the lower layer of
Figure 7a that at any time, the electric and thermal interactive power of micro-grids 1©,
2© and 3© is balanced; between the times of 1–9 and 20–24, the curtailed wind power of

micro-grid 1© is transmitted to micro-grids 2© and 3© for use, and the abandoned light of
micro-grid 3© is transmitted to micro-grids 1© and 2© for use at 8–15 moments. It shows that
the power sharing between micro-grids improves the consumption of wind and light and
reduces the power purchase of the main network of the alliance, which is more economical.

As shown in Figure 7b, in this example, there are cogeneration units in micro-grid
2©, which is used as a heat source to share heat energy, with micro-grids 1© and 3© as heat

loads; the heat energy is shared from micro-grid 2© to micro-grid 1© and micro-grid 3©.
At any time, the thermal energy interaction power balance of micro-grids 1©, 2© and 3©
reduces the heating cost.
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5.3.3. The Analysis of Daily Dispatch Output and Electric-Heat Balance Results

Figure 8a,b are the electric power balance and thermal power balance in micro-grid
2© after the electric heating double-layer sharing solution, respectively. The positive and

negative half-axes are all electrothermal outputs, and the negative half-axes are all electrical
and thermal loads. The positive and negative half-axes are symmetrical to verify the
electrical and thermal balance.
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From the output of each device in Figure 8, it can be seen that the interaction between
micro-grids can smooth the time-space contradiction between the source and load. After
heat sharing is introduced on the basis of power sharing, the cogeneration of heat and power
in micro-grid 2© can run at a better heat-to-electricity ratio, achieving higher economies. At
the same time, it avoids economic losses caused by low-power operation or even shutdown
of cogeneration and increases the flexibility of the system.

5.4. Analysis of the Sub-Problem Q of the Reasonable Redistribution of the Benefits of the
Multi-Micro-Grid Alliance Based on the Asymmetric Energy Mapping Function

The electric-thermal interaction quantity obtained in the above-mentioned alliance
benefit maximization sub-problem is brought into the self-constructed asymmetric energy
mapping contribution function that comprehensively considers the time period, energy
type and supply and demand sides to obtain their respective contribution degrees, and
then the further rational redistribution of the increased benefits of the multi-microgrid
alliance. The results are shown in Appendix A.
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It can be seen from Appendix A that after the electric heating double-layer sharing
operation is completed, the operating cost of micro-grid 1© is reduced from 28,835 CNY to
721 CNY, the operating cost of micro-grid 2© is reduced from 63,055 CNY to 33,474 CNY
and the operating cost of microgrid 3© has been reduced from 101,430 CNY to 88,199 CNY.
Although all micro-grids are profitable, there is still the problem of uneven distribution.
Therefore, the revenue of the three multi-microgrid subject coalitions is redistributed.
Firstly, the electro-thermal interaction information of the electric heating double-layer
sharing result is brought into the asymmetric energy mapping contribution function to
obtain the contribution ratio of micro-grids 1©, 2© and 3©. Then, it is distributed to each
microgrid subject according to the proportion of the contribution of each subject to realize
the redistribution of benefits. In the end, the operating cost of micro-grid 1© is reduced
from 28,835 CNY to 1,079 CNY, the operating cost of micro-grid 2© is reduced from 63,055
CNY to 30,770 CNY and the operating cost of micro-grid 3© is reduced from 101,430 CNY
to 77,133 CNY. It shows that each micro-grid is paid according to work, and it proves that
the necessity of time-sharing asymmetric benefit redistribution is more optimal.

5.5. Analysis of Carbon Emission Reduction Benefits of Electric Heating Double-Layer Sharing in
Multi-Micro-Grid Alliance

Table A4 in Appendix A is the carbon emission reduction benefit analysis table of the
electric and heat double-layer sharing of the multi-microgrid alliance, which shows the
carbon emissions of the multi-micro-grid electricity and heat sharing before and after the
alliance. The carbon emission of micro-grid 1© is reduced from 86,159 kg to 85,628 kg, the
carbon emission of micro-grid 2© is reduced from 68,457 kg to 61,932 kg and the carbon
emission of micro grid 3© is reduced from 91,240 kg to 90,335 kg. The electric heating double-
layer sharing of the alliance is better than the electricity-only sharing, which can reduce the
total carbon emission of the alliance from 237,895 kg to 211,803 kg. Although the carbon
emission of micro-grid 2© has a negative growth after energy sharing, the total carbon
emission of the alliance is reduced from 245,856 kg to 211,803 kg, a decrease of 13.85%.
Therefore, the multi-microgrid alliance of electric and heat double-layer sharing strategy
based on the Nash game has the environmental benefit of reducing carbon emissions.

6. Conclusions

This paper proposes a multi-micro-grid electro-thermal double-layer sharing strategy
based on the Nash game. The main conclusions are as follows:

(1) The electricity-thermal-gas-hydrogen-carbon coupling low-carbon transformation
of the micro-grid structure is further carried out, and flue gas split carbon capture and
P2G technology suitable for cogeneration are introduced, which reduce carbon emissions,
carbon trading costs and operating costs when the micro-grid operates independently.

(2) The electric-thermal double-layer sharing strategy of multi-micro-grid based on
the Nash game is constructed and solved by the ADMM algorithm, which improves the
wind power consumption capacity of multi-micro-grids and reduces the total operating
cost of the alliance.

(3) In order to further rationally redistribute the benefits of the multi-micro-grid
alliance, an asymmetric energy mapping contribution function, by time period and energy
type, is constructed to ensure that all individuals participating in the multi-micro-grid
sharing of electricity and heat after the alliance benefit from double-layer sharing of the
electricity and heat according to work.

Although the strategy in this paper has certain advantages, some aspects are still
worthy of further improvement. For example, although the double-layer scheduling can
further promote the consumption of abandoned wind and further promote the low-carbon
economy, it can also avoid the problem that the ADMM algorithm is difficult to converge.
However, the result of the lower-layer power sharing will limit the optimal heat-to-power
ratio of the cogeneration unit when the upper-layer heat is shared and the CHP-to-electricity
ratio is moved and optimized on the CHP power output contour line, which means the
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maximum electrothermal interaction potential of the system is still not fully exploited,
requiring further research.
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Appendix A

Table A1. Example parameters.

Reduced electric power proportional limit 0.05 The ideal unit heat production and gas
consumption of the thermal boiler 9.7

Transferable electric power proportional limit −0.1~0.1 The ratio of actual and ideal efficiency of
thermal boiler 0.9

Transferable heat power proportional limit −0.1~0.1 Carbon emissions per unit of heat produced by
thermal boilers 0.65 kg

The initial charge of the battery 1000 kWh Fan kWh carbon quota 0.424 kg/kWh

Battery charging efficiency 0.95 Thermal boiler carbon quota per unit of heat
production 0.424 kg/kWh

Battery discharge efficiency 0.96 Carbon Capture Equipment Power Limits 1000 kW
Lower limit of battery charge 500 kWh Power Limits for Electric-to-Gas Equipment 1000 kW
Upper limit of battery charge 2500 kWh Cogeneration power supply upper limit 7000 kW
Battery charging power limit 0~300 kW Cogeneration power supply lower limit 0 kW
Battery discharge power limit 0~300 kW Thermoelectric Coupling Coefficient Kmin 0.15

Thermal power limit of thermal boiler 0~6500 kW Thermoelectric Coupling Coefficient Kmax 0.2
Selling power limit 2000 kW Thermoelectric Coupling Coefficient Kl 0.85

Buying Power Limit 10,000 kW Cogeneration Ramp Constraint 1000 kW
Electric ratio of electric to gas operation 1.81 Heat transfer compensation unit price 0.016 CYN/kWh

Carbon Capture Operation Electric to Carbon Ratio 0.55 The maximum number of iterations 100

Electric to gas operation electric to carbon ratio 0.98 Alternating Direction Multiplier Method
Convergence Accuracy 0.001

Unit cost of electrical interaction between
micro-grids 1© and 2© 0.05 CNY/kWh Carbon storage efficiency 0.97

Unit cost of electrical interaction between
micro-grids 2© and 3© 0.15 CNY/kWh Initial carbon charge 2000 kg

Unit cost of electrical interaction between
micro-grids 1© and 3© 0.1 CNY/kWh Carbon emission factor of cogeneration power

generation 0.785 kg/kWh

Lagrange Multipliers 1×10-4 Cogeneration heat carbon emission factor 0.15 kg/kWh
Unit cost of thermal interaction between

micro-grids 1© and 2© 0.03 CNY/kWh Unit price of natural gas 3.5 CNY/m3

Unit cost of electrical interaction between
micro-grids 2© and 3© 0.09 CNY/kWh Unit price of electro-transfer compensation 0.3 CNY/kWh

Unit cost of electrical interaction between
micro-grids 1© and 3© 0.06 CNY/kWh Unit price of electricity reduction compensation 0.3 CNY/kWh

Table A2. Comparative analysis before and after the introduction of P2G in Micro-grid 2 for low-
carbon transformation.

P2G Consumption of
CO2 (kg)

Actual Carbon
Emissions (kg)

Carbon Trading Cost
(CNY)

Total Running Cost
(CNY)

before remodeling 0 95,223 6176 64,717
after renovation 43,885 68,457 4248 63,055

Optimization amount / 28.1% 31.2% 2.6%
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Table A3. Reasonable redistribution results of multi-micro-grid alliance income.

Micro-Grid
Number

Cost before
Alliance
(CNY)

Cost after Lower
Electricity Sharing

(CNY)

Cost after Upper
Thermal
Sharing
(CNY)

Contribution Redistribution
of Benefits

Redistribution
of Benefits

(CNY)

Actual
Running Cost
after Alliance

(CNY)

1© 28,835 28,656 721 43,820 32.9% 27,756 1079
2© 63,055 25,120 33,474 49,888 37.5% 32,285 30,770
3© 101,430 101,864 88,199 39,176 29.6% 24,297 77,133

Total 193,320 155,641 122,395 132,984 100% 70,925 122,395

Table A4. Carbon emission reduction benefit analysis table of electric heating double-layer sharing
in multi-micro-grid alliance.

Micro-Grid
Number

Carbon Emissions
before the

Alliance (kg)

Carbon Emissions after
Lower Electricity

Sharing (kg)

Carbon Emissions
after Upper Heat

Sharing (kg)

Carbon Emission
Reduction (kg)

Carbon Emission
Reduction Rate

(%)

1© 86,159 85,628 58,894 27,265 31.64%
2© 68,457 61,932 77,786 −9329 −13.63%
3© 91,240 90,335 75,123 16,117 17.66%

Total 245,856 237,895 211,803 34,053 13.85%
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