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In the process of promoting energy green transformation, the optimization of
regional integrated energy system faces many challenges such as cooperative
management, energy saving and emission reduction, as well as uncertainty of new
energy output. Therefore, this paper proposes a multi-agent game operation
method of regional integrated energy system based on carbon emission flow.
First, this paper establishes a carbon emission flow calculation model for each
subject, and proposes a comprehensive tariff model based on the carbon emission
flow, which discounts the carbon emissions from the power supply side to the
power consumption side. Secondly, considering the interests of each subject, this
paper establishes the decision-making model of each subject. And the new energy
uncertainty, the cost of energy preference of prosumers, and the thermal inertia of
buildings are considered in the decision model. Finally, the model is solved using
differential evolution algorithm and solver. The case study verifies that the
comprehensive electricity pricing model based on carbon emission flow
developed in this paper can play a role in balancing economy and low carbon.

KEYWORDS

IES, carbon emission flow, multi-agent game, demand response, thermal inertia of
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1 Introduction

As greenhouse gas emissions continue to climb, it is required to fundamentally change
the traditional way of production and life and promote the green and low-carbon
transformation of energy (Tong et al., 2019). In this context, regional integrated energy
system (RIES) has been developed significantly due to its advantages in meeting diversified
energy demand and improving energy utilization efficiency (Zhu et al., 2022; Su et al., 2023;
Wang et al., 2023). With the development of RIES, a system of multi-agent interaction is
further formed, which provides a platform support for the sharing and mutual aid of
dispatchable resources (Liu et al., 2020). Each subject within the RIES has different objectives
and does not support other subjects “unconditionally” (Li et al., 2020). Therefore, it is very
important to deeply study the operation of multi-agent game of regional integrated energy
system.

The study of optimal operation schemes for integrated energy systems is one of the
current hot issues. Ming et al. (2021) proposed an optimized scheduling scheme based
on a multi-agent system composed of system layer, network layer, energy center layer
and local layer. Ma et al. (2021) establishes a compact model of cogeneration system to
solve the problem of uncoordinated energy supply flexibility and conversion efficiency
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of integrated energy system. Liu et al. (2019) considers the
constraints of multi-energy systems and achieves the effect of
improving clean energy consumption based on the optimization
model of multi-demand response. The above studies focus on the
perspective of IES optimization operation, but do not consider
the conflict between multiple players in the operation process.

The introduction of the game idea in the optimized
operation of integrated energy system provides a method for
the study of solving the problem of interests among multi-
agents. The method of game is an effective means to solve the
conflict between different interest players (Liu et al., 2018).
Zhou et al. (2019) combined the auxiliary service model and the
economic operation model to construct the Stackelberg game
model of users and operators, and proved the existence of a
unique equilibrium solution of the model in the game process.
Wang et al. (2020) proposed a Stackelberg game model based on
the energy seller and load aggregator as players to obtain a RIES
distributed cooperative optimized scheduling scheme, which led
to a significant increase in both system and customer
consumption surplus. Cong et al. (2018) constructed a two-
tier optimization coalition game model with the upper layer on
the energy supply side and the lower layer on the customer
demand side, taking into account the demand response, which
improves the economy and flexibility of the system’s energy
hubs to collaborate with each other. Chen et al. (2022)
considered the cooperative relationship between multiple
microgrids and adopted Nash bargaining to accomplish the
reasonable distribution of benefits among different players. Li
et al. (2023) studied the master-slave game operation strategy
with energy retailer, supplier and user as the players to improve
the operational stability of the integrated energy system.
Numerous explorations of game models have been conducted
in existing research results, but little research has been
conducted on the game interactions among distribution
network operator, distributed energy station, and prosumer
in RIES.

On the demand side of energy, the rational utilization of
demand response resources of users such as prosumers is one of
the hot issues in integrated energy system. Most of the existing
studies are about a single type of demand response behavior (Cui
et al., 2020; Chen et al., 2021). He et al. (2017) proposed
mathematical models of demand response resources and
methods for optimal operation. Yang et al. (2020) adjusts the
integrated demand response by setting prices for multiple energy
sources to get greater profit. Wang et al. (2020b) investigated the
demand response evaluation of RIES based on an improved
material-element model. In the above studies, there are fewer
studies on the satisfaction requirements of prosumers in the
multi-agent game in pursuit of maximizing the effectiveness of
acquisition.

In addition, under low-carbon requirements, integrated
energy system usually introduces carbon emissions as part of
the model objective function or as a constraint to achieve
emission reduction (Zhang et al., 2022). Li et al. (2012)
proposes carbon capture power plant scheduling strategies to
achieve emission reduction under the constraint of carbon
emission reduction targets. Some studies introduced the
carbon trading mechanism in the objective function and
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verified that the introduction of carbon trading mechanism
can effectively reduce carbon emissions (Wei et al., 2016; Lu
etal, 2017; Qu et al.,, 2018). From the perspective of promoting
renewable energy consumption and thus reducing carbon
emissions, Lu et al. (2018) and Wei et al. (2017) proposes
scheduling strategies to smooth out net load fluctuations and
increase new energy consumption for wind power consumption
in electric and thermal integrated energy systems. However, the
above studies only consider from the source side, based on the
idea that demand generates supply, how to measure the demand-
side carbon emissions and make full use of demand-side
resources to participate in the system scheduling deserves
attention.

As mentioned above, in the optimization operation problem
of RIES, there are fewer researches that comprehensively
consider the characteristics of multi-energy coupling, carbon
emission flow, market mechanism, satisfaction of producers and
prosumers, and multi-agent game problems. In this paper, a
multi-agent game operation method of regional integrated
energy system based on carbon emission flow is proposed in
the context of multi-agent game, aiming at the reasonable benefit
distribution among multi-agents, low-carbon operation, the
influence of uncertainty factors, and the influence of users’
satisfaction of energy acquisition. First, the RIES structure
and multi-agent game framework are constructed. Second, the
integrated electricity price model based on carbon emission flow
is established. After that, the interests of each player are
considered and the decision-making model of each player is
established. And the uncertainty of new energy, the satisfaction
function of prosumer, and the virtual energy storage of buildings
are considered in the decision model. Finally, the differential
evolution algorithm (DE) and solver are utilized to solve the
model, and the proposed model is verified through examples to
be significant for improving the economy and low-carbon of the
integrated energy system.

The main contributions of this paper are as follows:

1) This paper proposes a comprehensive electricity price model
based on carbon emission flow. Integrating the carbon emission
flow of each subject into the formulation of electricity price and
establishing a price mechanism that takes into account carbon
policies such as carbon tax and carbon emissions can better guide
the energy use behavior of users.

2) This paper develops a two-layer Stackelberg game framework
based on the distribution system operator, distributed energy
stations, and prosumers. The distribution system operator, as a
leader, has the objective of maximizing revenue and deciding the
electricity price. The lower tier followers aim at maximizing their
own interests and decide their own equipment output and energy
use behaviors.

3) In the game model established in this paper, the satisfaction
function is used in the objective function of the prosumer to
describe the energy use preference of the prosumer. It reflects the
impact of comprehensive electricity price on prosumer’s energy
use behavior. In addition, since indoor temperature changes take
a period of time, this paper employs the thermal inertia of
buildings constraint to characterize the thermal demand of
prosumers.
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FIGURE 1

Structure of RIES.

2 Structure of the RIES and multi-agent
game framework

2.1 Structure of the RIES

Regional integrated energy system is a multilevel complex
coupled system of multiple energy inputs, transformations, and
outputs (Wang et al, 2020c), consisting of the main bodies of
distribution grids, distributed energy stations, and prosumers.
The system involves the coupling of electrical energy, natural gas
and thermal energy. The structure of RIES is shown in Figure 1.
Among them, the energy station includes a variety of energy
coupling devices, generally combined heating and power units
(CHP), heat pump (HP), gas boilers (GB) electric energy storage
(EES), thermal energy storage (TES), and renewable energy power
generation equipment.

2.2 Multi-agent game framework

The multiple players in the RIES studied in this paper are the
distribution system operator (DSO), distributed energy station
(DES), and the prosumer. The DSO seeks to maximize its own
revenue, while the DES and the prosumer seek to optimize their
performance according to their own demand for electricity and heat
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as well as their own satisfaction. These three parties constitute a
competitive game relationship.

The RIES multi-agent master-slave game interaction framework
is shown in Figure 2. DSO, DES and prosumer formulate trading
strategies based on their own interests and environmental benefits,
optimize the internal operation state and satisfy diversified load
demands. DSO is the coordinator and the dominant player in the
game, which is responsible for optimizing the electricity price and
maintaining the power balance. The interaction between the DSO
and the lower level players is a typical Stackelberg game. DES is a
follower in the game, which contains various types of energy
conversion equipment and wind turbines, and aims to maximize
its own revenue. Prosumer is a follower in the game, and its load
contains a portion of adjustable load. And the Prosumer is not
sensitive to thermal induction, this paper uses virtual energy storage
to describe its thermal load.

3 Comprehensive electricity price
model based on carbon emission flow

The integrated energy system multi-agent game can incentivize
small energy consumer, prosumer to exchange energy with each
other in a competitive market, and its optimal scheduling research
has received widespread attention (Liu et al., 2018). One of the
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Multi-agent game framework.

important issues in RIES operation research is how to rationalize
pricing. In order to achieve the purpose of energy saving and
emission reduction and rational utilization of energy, this paper
proposes a comprehensive electricity pricing model based on carbon
emission flow. This paper incorporates carbon emission indicators
into the calculation of electricity price to better guide the energy use
behavior of prosumers.

3.1 Carbon emission flow model

In order to model a comprehensive electricity price based on
carbon emission flow, it is necessary to model the carbon emission
flow of each player within its IES. Ac-cording to the literature (Kang
etal., 2012), it is known that the carbon emission flow of each player
is the weighted average of the carbon emission intensity of all
injected electricity. Based on this theory, this paper models the
carbon emission flows in RIES. In this paper, it is assumed that the
grid power supply is generated from thermal power generation.

Eg,t = L:c (1)

where, L, is the carbon emission flow of the grid, and L, is the
carbon emission flow of thermal power units.

If the energy demand of prosumer exceeds its own PV
generation, the carbon emission flow of DSO at this time is as
follows.

LgiPy; + LppstPpps:

(2)
Py + Ppgss — P:_,

Lpsor =

where Lpgs; is the carbon emission flow of the DES, Py is the
electricity delivered from the grid to the DSO, Ppgs; is the electricity
sold by the DES to DSO, and P, is the additional electricity needed
by the prosumer.

If the energy demand of prosumer can be satisfied by its own PV,
the carbon emission flow of the DSO is as follows.

ﬁgAtPgAt + LpestPpes:
Pg; + Ppgs;

©)

‘C‘DSOJ =
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At this point, the carbon emission flow from prosumer is
0 because the electricity produced by prosumer is generated by PV.

‘C'prosumer,t =0 (4)

For the DES, it can sell the excess electricity to the distribution
system operator after meeting its own electricity and heat demand.
Therefore, the carbon emission flow of the energy station is
calculated as:

LCHP.tPCHP,t (5)

ﬁDEs.t =
Pcupt + Pwre — Pups — Prs
where Lcyp; is the carbon emission flow of CHP; Pcyps, Pwrs are
the power generation of CHP and WT, respectively, and Pypy, Pr¢
are the electricity consumed by the HP and the electrical load in the
energy station, respectively.

3.2 Comprehensive electricity price model

The process of electricity production, transmission and
distribution needs to go through a series of complex processes, so
it is difficult for prosumer and other users to sense the incentives of
electricity price in a timely and accurate manner (Cheng et al., 2018).
The key to the multi-agent game of IES lies in the transmission of
price information. This paper first analyzes the carbon emission flow
among the agents to lay the foundation for the establishment of a
comprehensive electricity price model. The comprehensive
electricity price consists of a basic electricity price and a carbon
cost, where the DSO decides the basic electricity price. The
comprehensive tariff model links the price of electricity in each
time period to the carbon emission stream by considering carbon
policy factors such as carbon emissions and carbon taxes. The
method transmits information from the source side to the users,
which can better guide the energy use behavior of prosumers.

c o+
Tpsos = Fpsos T TeLpsos (6)

e -
Tpest = Mpsor — Telpsor (7)

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1333907

Zhang et al.

¢ -
ﬂprosumer.t = Tpso.t (8)

where 7hg0 s ThHps s ﬂf,msumer_t are the comprehensive electricity
price for DSO, DES, and prosumer, respectively, m},¢ > Tpso, are
the base price of electricity for DSO to sell and buy electricity,
respectively, and 7. is the carbon tax.

4 Decision-making model of each
game player

4.1 Decision-making model of DSO

4.1.1 Objective function

In the proposed Stackelberg game model, the distribution
system operator, as a leader, will decide the price of electricity
and purchase electricity from the grid based on the energy demand
to gain profit. The distribution system operator has profit
maximization as its objective function.

max IDSO = Cs - Cb - C”D;O (9)

where C; is the profit from the DSO’s interaction with prosumer, Cp
is the cost of purchasing electricity from the energy station, and
Cf;fo is the maintenance cost.

When the prosumer needs to purchase electricity externally, the
profit from the interaction between the prosumer and the DSO is:

T
C = Z”E)SOJPZ: (10)

=1
Prosumer sells additional electricity after satisfying its own
demand. The profit of interaction between prosumer and DSO is:
T
CS = zﬂ;msumehtp;t (l 1)
=1
where P, is the excess electricity sold by prosumer.

The DES produces electricity through WT and CHP, and the
excess electricity is purchased by the DSO after meeting the load
demand in the energy station. The cost of purchasing electricity
from the DES by the distribution system operator is:

T
Co = ) s Pprs: (12)

t=1

The maintenance cost of the distribution system operator is
calculated by multiplying the unit price of maintenance cost by the
power of the superior grid, which is expressed as follows:

T
CS0 = Y APy, (13)
t=1

where A is the DSO maintenance cost unit price

4.1.2 Constraint condition
1) Power balance constraint

The DSO is responsible for the transmission and distribution of
electrical energy, so the electrical power balance constraint is:
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Pgi + Ppgss = Pes

2) Security operational constraint

The DSO needs to satisfy the security constraint during
operation, and the power interacting between the DSO and the
grid cannot exceed the specified upper limit.

0<Py; <Py max (15)

3) Other constraint

In order to ensure that prosumer is motivated to trade with the
DSO, the purchase and sale price of electricity decided by the DSO
should satisfy the following constraints:

T
Z”ﬁ)sot <Tnly’ (16)
=1

T

D s = Ty (17)
=1

where 7}¢

is the average value of the grid’s electricity purchase price.

is the average value of the grid’s electricity sales price and

ave
Tyt

4.2 Decision-making model of DES

4.2.1 Objective function

The energy station regulates the output of each equipment
within the energy station according to the price set by the DSO.
The energy station has the objective of maximizing the profit.

max Ipgs = C, - Cg — CpF° (18)
where Cj is the profit from the sale of electricity at the energy
station, which numerically corresponds to the cost of electricity
purchased by the DSO from the energy station. Cg is the cost of gas
consumed by the energy station, and CODPES is the cost of operating the
equipment in the energy station.

The DES can produce electricity and heat through the use of gas,
allowing for the inter-conversion of energy sources, while also
reducing costs and pollution. In the DES, the equipment that
uses gas are CHP and GB. The cost of gas consumption is
calculated as follows:

C. = [ Penps v
g_z — 1 VBt ﬂgAt

=1 \AMcup

(19)

where q is the calorific value of gas used in DES, f¢oyp is the
efficiency of CHP, Vg, is the amount of gas used in GB, and 7y ; is
the unit price of gas.

The operating cost of each equipment in the DES is calculated as
follows:

N T
Cor® = 2.2 HuPus

n=1t=1

(20)

where p,, is the unit price of the operating cost of device n, and P, is
the power of device n.
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4.2.2 Constraint condition
1) Power balance constraint

The balance of electric and thermal power is to be satisfied inside
the energy station with the following expression.

(1)
(22)

Pcupy + Pwry + Phpg, = Pppst + Pppg, + Pupe + Pre

Qcaps + Qrpsy + Qups + Qapr = Qg + Quy

where Pipg,, Ppgg, are the power of charging and discharging of the
electric energy storage equipment in DES, Q}gg, Qpps, are the
power of charging and discharging of the thermal energy storage
equipment in DES, respectively, Qcyp.s> Qup.s> Qgp, are the thermal
power of CHP, HP and GB, respectively.

2) Security operational constraint

The security operational constraint of the equipment is to ensure
the safe operation of all kinds of equipment, mainly considering the
power upper limit and the maximum ramping rate constraints of
each equipment in DES.

OSPn.tSPerax

Pn.t - Pnfl.t < APrumax

(23)
(24)

where P, max is the maximum output power of the equipment, and
AP, max is the maximum ramping rate of the equipment.

4.3 Decision-making model of prosumer

4.3.1 Objective function

Prosumers aim to minimize their own energy costs. Based on the
comprehensive electric pricing strategy and utilizing demand
response and building thermal inertia, prosumers actively
participate in the master-slave game to reduce their energy costs
while meeting their energy requirements. Due to the existence of the
thermal inertia of the building and the heat load of the prosumer is
not large, the heat demand of the prosumer is satisfied through the
conversion of electric energy.

The energy preference cost of the prosumer, the cost of
interacting with the DSO and the operation cost of the PV are
considered in the objective function.

min Ly oqumer = cﬁpv +Cp + C, (25)

where Cp is the energy preference cost of the prosumer and Cf;y is
the operating cost of the PV.

The operating cost of the PV is proportional to its output, and
the expression is as follows.

T
CoY =Y ypyPrvs (26)

=1
where ypy, is the unit operating cost and Ppy, is the output power of
the PV.

T

CP:Z £

t:IP pt0

&
(Ppi)’ — &Py + SPreo (27)
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where &, is the preference coefficient of electric demand by
prosumer, Py is the initial electric load of prosumer, and P, is
the electric load to be optimized by prosumer.

Pyy=Pyes + Pyy+ Pyy — Ppyy (28)

where P, is the basic electrical load of the prosumer, Py is the
electrical power required for heating, and Py, is the electrical load
that can be adjusted.

4.3.2 Constraint condition
1) Operation constraint

The sale and purchase of electricity between DSO and prosumer
cannot be carried out at the same time. And the PV output needs to
be less than the maximum output power.

P:tP;t =0 (29)
0<Ppy;<Ppy.max (30)

2) Electric load demand response constraint

The basic electric load requires high reliability to meet the basic
production and living needs of users, and cannot be changed
arbitrarily, so it does not participate in demand response.
Adjustable electric loads participate in demand response.

OSPd.tSPd.max (31)

3) Thermal inertia of buildings constraint

In integrated energy system, buildings have large thermal inertia.
Due to the inherent thermal inertia of buildings, it takes a certain
amount of time for the indoor temperature to change, and after a
sudden interruption or increase or decrease in the thermal energy
provided by the system, the indoor temperature of the building will
not change immediately, but will reach a new temperature after a
certain period of time. So the thermal load can be regulated within a
comfortable temperature range.

Since buildings have thermal inertia of buildings, the thermal
needs of prosumers can be met by maintaining the room
temperature within the comfort range. In order to describe the
indoor temperature variation in a building, this paper uses a building
energy model based on a thermal resistance and thermal capacity
network (Chen et al., 2021).

P =2 (32)
Hy
Qt = ﬁKc,fc (TinAt - gﬁgt,t) + 0'278prw VO ny (Tin,t - Tout.t)
+0.278¢op, V.,% (33)

where Py is the electric power required for heating, #, is the electric
heat conversion efficiency, Q; is the heat output power of the heating
equipment when the indoor temperature changes, f is the outdoor
wind intrusion additive rate; K, is the heat transfer coefficient of the
exterior door; f . isthe area of the exterior door, and n; is the number
of air changes in time period t. Ty, is the current indoor
temperature, Ty is the current outdoor temperature, ¢, is the
specific heat of the outdoor air, p,, is the density of the outdoor air,
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V is the volume of the air in the building, ¢ is the indoor air specific
heat, and p, is indoor air density.

The temperature variation constraints inside the prosumer’s
room, and the comfortable temperature range expressions are as

follows.
Tin -1 Tou. + R1P
Tint = Ting1 — ——— L PRI A (34)
CR;
TinA min < TinAt < TinA max (35)

where C is the heat capacity, R; is the thermal resistance, #, is the air
conditioner operating efficiency, T min is the minimum acceptable
indoor temperature, and T, max is the maximum acceptable indoor
temperature.

4.4 Uncertainty model transformation

During the actual energy station operation, there is uncertainty
in the output of the wind turbines and photovoltaic equipment. And
it is often difficult to obtain the exact probability density function in
real system decision-making, while it is relatively easy to obtain the
range of values of uncertain variables (Wang et al., 2014; Bai et al.,
2017). Interval mathematical programming (IMP) methods are
capable of handling uncertain information in the form of
intervals, with interval linear programming methods being the
most widely used in energy planning under complex and
uncertain conditions.

The general form of IMP model is:

max [f] = [C][X]
s.t.[A][X] < [B]
[X]>0

(36)

where [C] = ([¢j])ixw [A] = ([@i])mxn denote the coefficient
matrices of [X] in the objective function, inequality constraints,
respectively, whose elements are [cy] = [, ¢;], [ay] = [ay, a;].
[X] = ([xDnxa is a n-dimensional decision variable, whose
i’j,x;;-]. [B] = ([bjj])ms1 is the interval value
of the constraint condition, whose elements are [b;] = [b,.'j,b;;-].

programming method generally

elements are [x;] = [x

Interval mathematical
transform a model containing an uncertain problem into two
sub-models of a deterministic problem to be solved, so that the
objective value [f,] = [f,.f,] and the decision variable [x;] =
[xj’,xj*] can be obtained.

In this paper, the IMP is used to deal with the WT and PV output
uncertainty problem, which represents Py, and Ppy, in the form
of interval numbers. The decision variable P, ;, P4, and the objective
function Ipgs, Iprosumer are also represented in the form of interval
numbers. After performing the solution, the objective function will
change to the interval value [Ipgs] and [Iprosumer]-
rosumer’ Igrosumer
the return intervals for DES and prosumer respectively. The mean

This paper uses (I"DES,I:’)ES) and (I‘; ) to denote

value Ifpg I qmer are the expected optimal value under the
influence of uncertainties, and I, I‘;msumer describe the

uncertainty of the optimal solution.

- +
I¢ — IDES + IDES
DES 2

(37)
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Ipps — I}
4 _ |"pes ~ IpEs
I = 2 (38)
17 +
a _ prosumzr prusumer
Iprosumer - 2 (39)
I o
d _ prosumer prosumer
prosumer ~ 2 (40)
where Itypg and I, are obtained from the worst sub-model, and

rosumer 1€ Obtained from the best sub-model. The impact

Ingsand I,
of WT and PV output uncertainty on the benefits of each subject is
reduced by determining value substitution intervals values Ipgs and
Iyrosumer> while maximizing DES benefits and minimizing energy use

costs for prosumers.

max Ipgs = 615 + (1 - 1)y (41)
minIP"’S"me’ = GZI;rosumer + (1 - az)Izrosumer (42)

where 07 and o0, are weighting coefficient.

4.5 Stackelberg game model

The Stackelberg game model is developed based on the
competitive relationship between DSO, DES and prosumer.
where DSO acts as the leader, DES and prosumer act as the
follower. In the game process, the upper level leader sets the
price of each electric energy with the goal of obtaining its own
maximum net profit, and the lower level followers will take into
account the maximum comprehensive efficiency and their own
satisfaction to formulate a suitable energy demand program.

The strategy of the DSO is mpg0 4 s s Tprosumers> and the
strategy of the followers is the output of each equipment in DES P,,,,
and the adjustable load of prosumer P ;. The utility of each player is
the objective function as described above. In Stackelberg equilibrium
solution, there is no participant who can unilaterally change its
strategy to make the profit bigger or the cost smaller. The expression
that satisfies the conditions for the equilibrium solution is as follows.

Ipso (7%, P;,P;) >Ipso (T, P;,P;) (43)
Ipgs (n%, P,,, P;) > Ings (%, P,,, P)) (44)
Iprosumer (”*: P;: P;) SIprosumer (7[*> P:,; Pd) (45)

5 Solution method

Considering the privacy problem of each player, this paper
adopts the differential evolution algorithm as well as the CPLEX
solver to solve the multi-agent game model. Figure 3 shows the
flowchart of the algorithm. The DE algorithm designs the
computational factors by simulating the hybridization and
mutation in the genetic process, and optimizes the updating of
the offspring population by using the difference between the parent
vectors, which leads to the optimal solution of the given problem
after several iterations (Zhang et al., 2023). The basic steps of DE can
be summarized into 4 steps: selection, variation, crossover and
selection.
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Solving flow chart.

The decision of the upper level leader DSO is a nonlinear
optimization problem. The DE algorithm can solve it quickly and
accurately. Among the followers, the objective functions of energy
station and prosumer can be solved directly using the CPLEX solver.
During the solving process, the optimization results of the followers
are passed to the upper level leader, who makes decisions based on
the information and passes them to the lower level. The final result
can be solved through continuous iteration (Liu et al., 2017).

6 Case study
6.1 Basic data

The data of the cases in this paper are selected from a typical
regional integrated energy system. The multi-agent game model
established in this paper is applied to simulate the operation
optimization of this regional integrated energy system to verify
the effectiveness of the method proposed in this paper.
According to the load characteristics and geographical
characteristics of the region, the energy station is equipped
with CHP, GB, WT, HP, and energy storage devices; the
prosumer is equipped with PV. The basic parameters required
for the case include equipment parameters, load parameters, and
new energy output parameters. The variation curves of wind
speed and light intensity in the region are shown in Figure 4, the
parameters of each equipment are shown in Table 1, and the

Frontiers in Energy Research

electric and thermal load demand in the region is shown in
Figure 5.

Based on the above data, the following scenarios are set up for
comparison in order to analyze the impacts of comprehensive
electricity price, wind power output uncertainty, and demand
response on the regional integrated energy system.

Scenario 1: Considering demand response, no comprehensive
electricity price and no uncertainty.

Scenario 2: Considering demand response and comprehensive
electricity price of electricity, carbon tax 7. = 0.1 CNY/kgCO,, no
uncertainty.

Scenario 3: Demand response is not considered, comprehensive
electricity price is considered, carbon tax 7. = 0.1 CNY/kgCO,, no
uncertainty.

Scenario 4: Considering demand response and comprehensive
electricity price of electricity, carbon tax 7. = 0.2 CNY/kgCO,, no
uncertainty.

Scenario 5: Considering demand response and comprehensive
electricity price of electricity, carbon tax 7. = 0.1 CNY/kgCO,,
uncertainty is considered.

6.2 Analysis of comprehensive electricity
price based on carbon emission flow

In order to demonstrate the effect of the comprehensive
electricity price model based on the carbon emission flow theory
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TABLE 1 Types and parameters of equipment.
Equipment type Rated capacity/kW Efficiency/% Operation cost/(CNY/kW)
CHP 1000 34 (Gas to electric) 0.023
39 (Gas to heat)
HP 900 440 0.088
GB 900 90 0.02
EES 600 90 0.0017
TES 600 90 0.0019
WT 2800 — 0.028
PV 1600 — 0.035

on the energy station and distribution system operator in the region
in terms of carbon reduction, Table 2 shows the data comparison
before and after the application of the comprehensive electricity
price model with different carbon tax prices.

Comparing scenario 1 and scenario 2, the effectiveness of the
comprehensive electricity price model developed in this paper in
terms of energy saving and emission reduction benefits is analyzed.
The DES’s benefit increases by 14.5%, which is due to the higher
price of electricity sold by the distribution system operator after
taking into account the carbon emission and carbon tax, thus
increasing the benefit. However, DES and prosumer experience a
slight decrease in their revenues due to the additional costs
associated with the carbon tax. The carbon emissions of scenario
2 decreased by 12.1% compared to scenario 1, proving the
effectiveness of the method of the invention for reducing carbon
emissions.

Frontiers in Energy Research

The sensitivity of RIES to carbon tax price is analyzed
comparing scenario 2 and scenario 4. After the carbon tax price
is raised to 0.2 CNY/kgCO,, the revenue of the energy station further
decreases and the cost of prosumer increases. However, there is a
significant reduction in carbon emissions. It can be seen that the
method proposed in this paper can reduce the system carbon
emissions by sacrificing part of the economy.

In order to accurately analyze the effect of the comprehensive
electricity price, this paper compares the change in electricity price
before and after considering the carbon emission flow. Figure 6A
shows the price of electricity sold by this DSO during a typical day,
and Figure 6B shows the price at which the DSO purchases excess
electricity from the energy station. The variation of electricity price
over time reflects the time-varying characteristics of the load and
the carbon emission characteristics of the energy producing
equipment. When the load is large and in the peak period of
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Electrical and thermal loads on a typical day.

electricity consumption, the purchase and sale price of electricity is
higher; when the load is small and in the trough period of
electricity consumption, the purchase and sale price of
electricity is lower. When the new energy equipment output of
the DES is large enough, the carbon emission intensity of each
node in the system decreases, at which time the price of electricity
sales is lower and the price of electricity purchases is higher; when
the new energy equipment output of the DES is lower, the carbon
emission intensity of each node in the system is larger, at which
time the price of electricity sales is higher and the price of
electricity purchases is lower.

TABLE 2 Effectiveness of comprehensive electricity price model.

10.3389/fenrg.2023.1333907

6.3 Operational analysis of DES

6.3.1 Analysis of operational results

The effect of the comprehensive electricity price shows that the
operational status of the equipment within the energy station and
the comprehensive electricity price in-fluence each other. Therefore,
it is necessary to analyze the operating state of the DES. The
operation simulation is carried out for the electric and thermal
loads and wind power data in this paper, and the electric power
balance scheduling results and thermal power balance scheduling
results are obtained, as shown in Figures 7, 8, respectively.

First of all, during the period from 23:00 to 07:00, electricity
prices are in the valley due to the low electrical load, and the profits
from the sale of electricity by the energy station are also lower. The
electric load is first supplied by WT, and the shortfall is then
replenished by other devices. In addition, in order to obtain
more profit, the energy station will store the excess electricity in
the storage equipment, and then sell the stored electricity at a high
price during the peak period. During this period, the heat load
demand is high, and then GB, CHP and HP work together to meet
the thermal energy demand of the users; if they cannot meet the
demand, the thermal energy shortage is supplemented by the
thermal storage device of the energy station. Secondly, during 08:
00-10:00 and 14:00-18:00, the demand of electric load rises
gradually, and the comprehensive electricity price tends to
increase, and when WT cannot meet the demand of load, the
output of CHP also increases. The heat load is still supplied by
GB, CHP and HP, and the shortfall is then supplemented by the heat
storage equipment. Finally, the electrical load is at its peak during
the 18:00-23:00 h, when the comprehensive electricity price is the
highest, and the energy station, driven by profit, will increase its

Scenario Profits of DES/CNY Profits of DSO/CNY Costs of prosumer/CNY Carbon emission/kg
1 8102 13762 21845 1201.3
2 7632 15712 ‘ 20586 ‘ 1002.5
4 7375 17046 ‘ 20947 ‘ 880.5

A | | B | |
12 Selling price with carbon 12y Buying price with carbon
Selling price without carbon Buying price without carbon
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Thermal energy scheduling results on a typical day.

internal generation significantly to avoid using electricity with too
much carbon price attached. At the same time, the storage device
discharges and sells the rest of the electricity to the DSO while
meeting its own load demand, thus obtaining a high profit. Due to
the operating characteristics of the CHP, the CHP also produces
more heat during this time period, and the excess heat energy will be
stored by the thermal storage device and then released during the
peak heat use period.
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6.3.2 Analysis of uncertainty

Under the actual conditions, the output of new energy equipment is
greatly affected by natural conditions and there is a certain degree of
uncertainty, so it is necessary to further study the impact of uncertainty
factors on the operation of energy stations. In this paper, we consider the
uncertainty of wind power equipment output and compare scenario
5 and scenario 2 according to the interval mathematical programming
method, and the results are shown in Table 3.
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TABLE 3 Uncertainty analysis of wind power output.

Scenario Profits of DES/CNY Average profit/CNY Profit breadth/CNY
2 7632 7632 0
5 [6910,8105] 7507.5 1195

TABLE 4 Analysis of prosumer costs.

Scenario Costs/CNY Electricity consumption/kWh Carbon emission/kg
1 21845 27371 1203.1
2 20586 24625 1002.5
3 25865 19058 794.5
3500 . . . T
—p— Adjusted load
3000 —&— Original load
2500
2000
= 1500
=
=
2
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0
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_1 000 1 1 1 1
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Time/h
FIGURE 9
Comparison of electricity use by prosumer.
TABLE 5 Uncertainty analysis of wind power output.
Scenario Prosumer costs/CNY Average cost/CNY Cost breadth/CNY
2 20586 20586 0
5 [20098,23130] 21614 3032

Comparing the results of scenario 2 and scenario 5, it can be seen 6.4 Optimized results of prosumer
that the revenue of the energy station under scenario 5 is affected by the
uncertainty of wind power output in the system, and the average value of ~ 6.4.1 Analysis of operational results
the profit is slightly decreased. This is due to the fact that after In order to analyze the effect of the comprehensive electricity
considering the wind power output uncertainty, the energy station  price on the energy use behavior of prosumer in the game process,
will sell less power to the distribution network in order to cope with  the following conclusions are drawn by comparing scenarios 1, 2 and
the situation of insufficient wind power output while meeting the load 3. Table 4 shows the comparison of optimization results of
demand, which in turn leads to a lower profit from power sales. prosumer.
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Scenario 2 considers the cost of additional carbon tax on
electricity purchased by prosumer compared to Scenario 1. The
introduction of the additional carbon tax not only encourages the
energy station to prioritize the production of clean electricity, but
also guides prosumer to adjust their own energy use behavior to
the the By
comprehensively weighing the carbon emissions and the costs to

reduce overall carbon emissions in region.
prosumer, it can be argued that all players can gain more profit after
considering the comprehensive electricity price.

Comparing scenario 2 and scenario 3, the impact of considering
the demand response of prosumer on the operation status is
analyzed. The system carbon emission of scenario 3 is further
reduced, but at the same time the cost of prosumer increases by
25.6%. This is due to the fact that scenario 3 does not consider the
demand response of prosumer, and prosumer does not adjust its
energy use behavior when the comprehensive electricity price is
higher.

To further illustrate the effectiveness of the comprehensive
electricity price model proposed in this paper in guiding
prosumer to adjust their electricity consumption strategies, this
paper compares the electricity consumption of prosumer with
and without the comprehensive electricity price mechanism. The
comparison results are shown in Figure 9. Prosumer adjusts its
electricity consumption strategy with the goal of minimizing the
total cost while ensuring that the basic electric load is satisfied. From
the figure, it can be seen that based on the comprehensive electricity
price model, prosumer will take the initiative to regulate the energy
use behavior and reduce the electricity consumption during the peak

period.

6.4.2 Analysis of uncertainty

Compare scenarios 2 and 5 to analyze the impact of uncertainty.
The results are shown in Table 5. Compared with Scenario 2,
Scenario 5 is affected by PV uncertainty, and the energy cost of
prosumers fluctuates greatly and the average value of the cost
slightly. This
uncertainty of PV plant output, prosumers need to cope with the

increases is because when considering the
situation of insufficient PV plant output and need to buy more
electricity from the distribution network operator or adjust their

energy use behavior in order to satisfy their own electricity demand.

7 Conclusion

This paper proposes an optimization operation strategy of
integrated energy system based on carbon emission flow for RIES
multi-agent game. The paper constructs a body Stackelberg game
mechanism with DSO as the leader and distributed energy stations
and prosumers as the followers. The conclusions are drawn by
setting up multiple scenarios for comparison and analysis. The
comprehensive electricity price model based on carbon emission
flow can well guide the equipment output and energy use behavior of
the lower level followers. In the game process, the energy station
optimizes the operation state according to the comprehensive
electricity price and gains more revenue. Prosumers optimize
their energy consumption strategies under the incentive of
demand response after obtaining the comprehensive electricity
price. Each agent is able to transform its low-carbon resources
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into economic benefits after participating in the game, indicating
that the carbon market environment can motivate the participating
agents to further save energy and reduce emissions.
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