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With the urgent demand for energy revolution and consumption under China’s
“30-60" dual carbon target, a configuration-scheduling dual-layer optimization
model considering energy storage and demand response for the multi-
microgrid—integrated energy system is proposed to improve new energy
consumption and reduce carbon emissions. First, a demand response model
of different users and loads in the integrated energy system is established.
Second, the upper energy storage configuration model is constructed by
introducing shared energy storage in the multi-microgrid—integrated energy
system to improve the system'’s flexibility, with the optimization goal of the
maximum annual profitability of shared energy storage. A carbon trading
mechanism considering the dynamic reward coefficient is designed. A low-
carbon economic dispatch model of a multi-microgrid—integrated energy
system is constructed based on the upper energy storage capacity, charge
and discharge power, and user-side demand response with the lowest annual
operating cost as the optimization goal. Finally, the effectiveness of the
proposed model is verified by case studies in various scenarios. The results
illustrate that the proposed model can fully use demand-side controllable
resources to improve system energy utilization, effectively reduce carbon
emissions, and further improve the operation economy of the multi-
microgrid—integrated energy system.

Abbreviations: AC, absorption chiller; DR, demand response; EC, electric chiller; GB, gas boiler; GT,
gas turbine; HEF, heat exchange facility; IES, integrated energy system; MG, microgrid; MMGs, multi-
microgrids; PV, photovoltaic; SESS, shared energy storage system; WT, wind turbine.
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1 Introduction

In September 2020, China announced that it would increase
its autonomous national contribution and adopt more robust
policies and measures to strive for CO, emissions to peak by
2030 and work toward carbon neutrality by 2060 (Li et al., 2021¢;
Tan etal., 2021). The energy sector is gradually transforming into
a clean and low-carbon structure under the traction of carbon
peaking and carbon neutrality targets. The integrated energy
system (IES) uses renewable energy to improve the efficiency and
cleanliness of end-use energy consumption, essential to achieving
clean energy substitution and low-carbon sustainable
development of energy (Zhang and Xu, 2018; Wang et al,
2022). Its supply, distribution, and energy use links are highly
coupled and have complex operational behavior. With the
increase of integrated energy microgrids (MGs) in the same
distribution area, the IES gradually evolves into a complex
system incorporating cold, heat, and electrical multiple energy
sources called the multi-microgrid (MMG)-integrated energy
system (Li, 2021; Xiang et al, 2021). The complex coupling
mechanism between multi-microgrids and multiple energy flows
makes it difficult to apply traditional dispatching methods (Liu
et al., 2020; Fan et al., 2022).

International researchers have extensively researched the
optimal operation of multi-microgrid-integrated energy
systems (Li et al., 2021b; Guo et al,, 2021). Xu et al. (2018)
established a day-ahead optimized economic dispatch model for
multi-microgrid ~ systems  containing  electrical  energy
interactions to minimize operating costs. In Gu et al. (2022), a
cooperative operation model of MMG operators and load
aggregators representing the benefits of entire MMG users is
constructed based on Nash bargaining theory. It is demonstrated
that the model can consider the economic benefits to society and
individuals. In Wu et al. (2021a), an MMG electric energy
sharing cooperative operation model is established for the
MMG-integrated energy system based on the asymmetric
Nash negotiation theory. A strategy is proposed to allocate
the energy contribution based on the size of each MG to
achieve a fair distribution of the cooperative benefits of each
MG. Under the power market environment, an MMG energy
trading mechanism based on the improved Nash bargaining
method is designed to realize the microgrid group’s energy
complementarity and maximize the microgrid group’s
overall benefits (Shuai et al., 2021). Li et al. (2020)
proposed a multi-objective optimal allocation method
based on a negotiation game for MMGs with electrical
energy interaction and an operation scheme to satisfy the
economic benefits and efficient energy utilization of MMGs.

The previous research has provided valuable ideas for
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dispatching the MMG-integrated energy system. However,
the emphasis is on obtaining the economic benefits of system
operation while neglecting new energy consumption and
low-carbon operation.

With the promotion of the dual-carbon target, the pressure of
new energy consumption further increases (Zhang et al., 2020b).
As a flexible power source, energy storage can alleviate the
intermittent nature of new energy, and a controlled load can
alleviate the imbalance between power generation and
consumption. The flexibility of resource access must be
considered and fully utilized in the MMG-integrated energy
system in the context of gradually increasing intermittent
energy penetration. The notion of shared energy storage has
progressively risen in recent years, enabling a new way of
thinking to develop energy storage in MMGs. Wu et al.
(2019) proposed a day-ahead optimal scheduling method for
the combined cooling, heating, and power MMG system with a
shared energy storage system (SESS), which reduces the system’s
cost by coordinating the interactive electrical power between
each MG and SESS. However, the study treats the shared energy
storage side’s parameters as given values, and the results are too
idealistic. In Wu et al. (2021a), a two-layer optimal configuration
model of combined cooling, heating, and power MMG system
considering the SESS is established to verify the economic
advantages of SESS in the MMG system compared with self-
built energy storage in each MG. Based on the improved Shapley
method, Li et al. (2020) proposed an optimal allocation method
for the SESS in the MMG system that uses energy storage to
smooth out the net load fluctuations of MMGs and achieves fair
cost-sharing among MGs to ensure the maximum benefit of each
MG. Some scholars (Shuai et al., 2022) created a game model
with economic benefits for MG operators, SESS operators, and
user aggregators to achieve win-win outcomes for all three
parties. In Gao and Ai (2021), a collaborative optimization
method of internal and external full-time frame of the MMG
system is introduced, which introduces a demand response
mechanism in the MMG system, improves self-coordination
and self-balancing ability among different resources,
maximizes the use of renewable energy, and reduces the
overall system cost. Li et al. (2019) suggested an MMG and
multi-user Stackelberg game model with demand response,
which allows for a balance between the MMGs’ tariff strategy
and the users’ demand strategy and increases the overall
economic benefits of MMGs. In a broader sense, the factors
considered in the participation and dispatch of flexibility
resources in the MMG-integrated energy system are relatively
simple, focusing on achieving the balance of interests and shared
governance decisions of multiple subjects through bargaining,
cost-sharing, coordination, and optimization. However, the
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FIGURE 1
Architecture of the MMG-integrated energy system.
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synergy of load and storage flexibility resources has not yet been
fully exploited. The impact of renewable energy consumption
and carbon emissions on the MMG-integrated energy system has
not been considered.

As a result, this paper fully considers the influence of load
and storage synergy on the dispatching operation of the MMG-
integrated energy system and builds a dual-layer optimization
model of MMG-integrated energy system configuration-dispatch
considering energy storage and demand response to promote the
consumption of new energy and reduce carbon emissions: 1) The
upper layer optimizes the SESS for maximum annual profit,
taking into account the charging and discharging constraints of
energy storage as well as the power and capacity ceiling
constraints, reasonably allocating the energy storage capacity
in the MMG-integrated energy system, and transmitting the
configuration results to the lower layer model. 2) The lower
layer model improves the traditional carbon trading mechanism
by including a dynamic incentive coefficient and proposing a
technique for calculating carbon emissions from acquired power.
3) A low-carbon economic dispatch model for the MMG-
integrated energy system is created using the improved carbon
trading mechanism and load-side demand response, with the
lowest annual operating cost as the optimization goal. 4) The
effectiveness and rationale of the proposed dual-layer model are
validated through a comparative analysis of several arithmetic
test system scenarios.

The rest of this article is organized as follows: Section 2
introduces the MMG-integrated energy system framework. The
demand response mechanism is introduced in Section 3. In
the
optimization model dispatch model is presented. Section 5

Section 4, configuration-scheduling ~ dual-layer
studies simulated cases to investigate the effectiveness of the

proposed model. Finally, Section 6 concludes this article.

2 Framework of the MMG-integrated
energy system

The MMG-integrated energy system integrates multiple
energy sources such as electricity, heat, cooling, and gas, with
external electricity supply from the upper distribution network
and gas supply from the natural gas network. The interior
comprises wind turbine (WT) and photovoltaic (PV) input
devices, loads of multiple types of energy, and integrated
energy use devices. The architecture of the MMG-integrated
energy system is shown in Figure 1.

Developing energy storage equipment for individual MGs in
an MMGe-integrated energy system has high-cost and low-
utilization issues. This paper introduces an SESS to interact
with the MMGs for electric power and realizes the complete
consumption of the power of WT and PV and the system’s
economic and low-carbon operation by optimizing the capacity
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of shared energy storage and reasonably price planning the
charging and discharging periods and power.

This paper focuses on the influence of SESS access on the
economic and low-carbon efficiency of MMG-integrated energy
systems rather than a complete examination of the SESS and
benefit distribution between it and each microgrid. The operation
mode of the SESS is briefly described as follows: The MMGs can
freely interact with the SESS for electrical power, and if the
MMGs have excess power, such as new energy power which is
difficult to consume, they can sell the extra power to the SESS,
generating revenue from electricity sales. If the MMGs need
electricity, they can buy it from the SESS during peak hours or
when there is low intermittent energy output. In addition to
paying for the electricity purchased from shared energy storage,
the multi-micro network also needs to pay service charges to the
SESS in exchange for the shared energy storage service according
to the amount of interacting electricity.

3 Demand response mechanism

The demand response (DR) of the load interacting within the
MMGs replaces the one-way load management. The demand
response modeling of electric, heating, and cooling loads in an
MMGe-integrated energy system is described below.

3.1 Electrical load demand response

This paper considers the price-type demand response of
electrical load, and the load-side demand response behavior is
refined for each comprehensive energy user. Users™ electricity
demand and power consumption autonomy are guaranteed by
guiding users to transfer electrical load according to time-of-use
prices. The electrical load shifted by each customer during a
specific dispatching period is counted and superimposed on the
fixed electrical load to calculate the electrical load after demand
response.

Take the MG a under Typical Day i as an example. The
electrical load includes the fixed electrical load and transferable
electric load. The fixed electrical load requires high reliability for
system operation and is not transferable. The transferable electric
load is relatively flexible and uses peak and valley time-sharing
tariffs as a signal to guide users to transfer load from peak hours
to valley hours. The electrical load demand response model can
be expressed as follows:

Pel,i,u (t) = Pfel,i,a (t) + Ptel,i,a (t) + Ptiel,i,u (t) (1)

where P ;,(t) denotes the electrical load in the period ¢ and
Preria(t), Preria(t), and Pye;4(t) denote the fixed electrical load,
transferable non-interruptible electrical load, and transferable
interruptible electrical load, respectively.
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3.1.1 Transferable non-interruptible load

Transferable non-interruptible loads mainly include washing
machines, ovens, and electric water heaters. It is assumed that C
portable non-interruptible devices in the home of users
participate in the demand response, M portable non-
interruptible devices participate in the demand response, the
working time of the m-th device is Ty, the transferable time
range is [t,t.], measured in 1 h, and #; and t, are 1 h after this
moment by default. Set a multi-dimensional integer variable Ry,
so the value of Ry for each period represents the number of users
transferred to that period, and the number of users multiplied by
the power of each device represents the total power of the devices
in that period; the transferable time range is then divided into f,-
ti-Tye+2 periods. For example, if an oven’s transferrable time
range is [10,12] and its operating hours are 2h, the feasible
operating hours are divided into 10:00-11:59 and 11:00-12:59.
The detailed model is as follows:

te=ts—T e +2
Rtiel(b) = Cab: 1,2,3,..,t [ _Ttiel +2,
b=1
t—ts+1
PmN Z Rtiel (b)a L <t< tl:
b=1
b=1,2,..,te—t;— Tia + 2,
t—to+1
Pun Z Riat (b), £ <t <ty;
b=t—t,—Tye+2
b=1,2,..,te—ts— Tia + 2, 2
1 Ptiel,m (t) = 3 te—ts—T e +2 ( )
PmN Rtiel(b)> by <t <t
b=t—t—Te+2
b= 1,2,...,te ts _Ttiel +2,
=t + Ttiel +1,
ty =t, - Ttiel +1,
0< Rtlel (b) < C)
Ptlelxa t) Z Ptlelm (t)
meM
where Ryq(b) denotes the number of transferable non-

interruptible users transferred to the b-th period; P
indicates the rated power of the m-th transferable non-
interruptible device; and Py m(t) denotes the electrical load of
the m-th device in the period ¢.

3.1.2 Transferable interruptible load

Transferable interruptible loads consider electric vehicles
(EVs). The electric load charging time can be interrupted and
can be transferred. The charging time defaults from arrival at the
charging port to the time of departure from the charging port.
Assuming that there are EVs in D users’ homes participating in
the demand response, the charging time of the EV in the d-th
user’s home is Te(b), the transferable time range is [fp.tq],
measured in 1h, and tp defaults to 1h after that moment, a
multi-dimensional integer variable Ry is set such that its
dimension is equal to the number of periods and the value of
Ry for each period indicates the number of users transferred to
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that period. The number of users multiplied by each device’s
power represents the total power of the device for that period.
The transferable time range is divided into t,-f,+1 periods. For
example, if the transferable time range of an electric car in a user’s
home is [10,12] and its operating hours are 2 h, the possible
operating hours are divided into 10:00-10:59, 11:00-11:59, and
12:00-12:59.

Because EV charging can be interrupted and the divided
working hour is unaffected by the charging length, the EV load
with the household number D and charging duration Ty (d) can
be equivalent to the EV load with the household number
ZdDletel (d) and charging duration 1h, as shown in the following:

tq—tp+l

Z Ria (b) = ZTtel(d),l—lz

tp+1,

] OSth(b)sZTml(d),

d=1
t—tp+1

Pietiq () = Pran Z Ry (b), tp St<tg; b=1,2,..,t

L b=1

q—tpt+ 1L

3

where R, (b) denotes the number of EV users transferred to the
b-th period; Py denotes the rated charging power of EVs; and

P tel,i,a(t)
devices in the period ¢.

denotes the electrical load of transferable interruptible

3.2 Cooling load demand response

The cooling load of a microgrid-integrated energy user

includes both fixed and adjustable cooling loads, expressed as

Paia(t) = Praia (t) + Pinclia (£), (4)
where Pg;,(t) denotes the cooling load in the period ¢t and
Proyia(t), Pia,ia(t) denote the fixed cooling load and adjustable
cooling load in the period t, respectively.

Consider the incentive-based demand response of indoor
cooling load in adjustable cooling load, indoor cooling load
considering the user’s sensitivity to the cooling load, the user’s
perception of indoor temperature has some ambiguity, the
acceptable indoor temperature

range is expressed as

[Tmin, TMax] the indoor temperature changes with the cooling

load with an inevitable delay, then the indoor cooling load has a
high elasticity and should be maintained in the following interval
range (Wang et al,, 2021; Zhu et al,, 2021):

Pmm )

incl

[Tou (t) M| At /Ry
PE‘S‘ t) = [Tou (t) = TE™*]At /Ry
Pmm (t) <P incli,a (t) <PRY (t)

incl incl

®)

where At denotes the time step, which is taken as 1h; Pj,q; ()
denotes the indoor cooling load in the period £ P (¢) and

Pnin (1) denote the upper and lower limits of indoor cooling load
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in the period f, respectively; Ry denotes the house thermal
resistance; and T,,(f) denotes the outdoor temperature in the
period t.

3.3 Heating load demand response

The heating load of a microgrid-integrated energy user
includes both the fixed and adjustable heat loads, expressed as

Puija () = Paia (£) + Phyiia (£) (6)

where Py, ; ,(f) denotes the heat load in the period t and Py, ; ,(t),
Ppy1ia(t) denote the fixed heat load and adjustable heat load in
the period ¢, respectively.

Consider the incentive-based demand response of hot water
load in adjustable heat load. The user has perceived adaptability
to hot water temperature and inertia, and the acceptable hot
water temperature range can be expressed as [TPn,Tm™]
Furthermore, since heat transfer takes time, the hot water
temperature changes with the heat load with an inevitable
delay, so the demand for hot water load has a large elasticity
and should be maintained in the following interval range (Wang
et al., 2021; Zhu et al., 2021):

P (1) = p CuVew () [T = Thwo] AL,
th;f‘ (t) = PwaVcw (t) [T?‘sx - Tth]At)
Pi (t) < Pryiia (t) < Py (1),

7)

where C,, indicates the specific heat capacity of water; p,,
indicates the density of water, without considering the effect
of temperature change on it, which is by default a constant value;
V. indicates the volume of cold water added in the period ; Tj,wo
indicates the initial water temperature, taken as 15°C; and
PN (t) and thviv‘l‘(t) indicate the upper and lower limits of
hot water load power in the period f, respectively.

The load users participating in the response alter the original
energy use pattern to benefit from overall expenditure reduction,
resulting in a loss in satisfaction with the energy use pattern.
Therefore, the corresponding satisfaction constraint of the
energy use pattern is

i 1- ilpel,i,u (t) - PEIO,i,ﬂ (t)l > min
=1 PelO,i,a (t) e
T
Priia (t) = Prigia (t i
{1- [Phsia (8) = Prinsa (1) () = s, (8)
= Pripia (1)
1— ilpcl,i,u (t) - PclO,i,a (t)l > min
L =1 PclO,i,a (t) e

where Pejo; (1), Pep;iq(t) denote the electrical load of the MG a
under Typical Day i before and after the demand response in the
period t, respectively; Phig i o(f), Phiia(f) denote the heating load
before and after the demand response in the period f,

respectively; P q(t), Paiq(t) denote the cooling load before
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and after the demand response in the period ¢, respectively; and

min

min
Se

, i, and s?‘i“ denote the lower limits of customer

satisfaction for electrical, heating, and cooling loads, respectively.

4 Configuration-scheduling dual-
layer optimization model

In an MMG-integrated energy system, the allocation of
energy storage capacity affects the decision variables in the
optimal dispatch issue. At the same time, the carbon and
economic costs of system operation also influence the
allocation of energy storage capacity. The two are paired, and
both sides’ operational aspects and their respective interests must
be considered, necessitating the creation of a dual-layer
optimization model to address the problem.

The upper layer optimizes the capacity of shared energy
storage by using the maximum annual profit of shared energy
storage as the optimization aim. The lower layer optimizes
for the lowest annual operating cost of multi-microgrids,
includes a carbon trading system, and incorporates load-side
demand response to achieve low-carbon economic dispatch
of multi-microgrids. The upper layer first configures energy
storage based on historical parameters and the multi-
then the
configuration information to the lower layer. The lower

microgrid operation model and passes
layer model returns scheduling results to the upper layer
to obtain the optimal solution mutual feedback of coupled
information and repeated iterations. Figure 2 depicts the
schematic diagram of the MMG-integrated energy system’s

established two-layer optimization model.

4.1 Upper layer model

4.1.1 Objective function

The optimization aim is meant to maximize the annual profit
of the SESS, considering the construction investment and
operation and maintenance costs, and the expression of the
objective function is as follows:

N
max Csgss = Y [D; + (Cypgs.oi~CspsspitCuerves—Cinvi)] - (9)
i=1
where N denotes the type of typical days in a year, D; denotes the
number of days included on the i-th typical day in a year, Csgss s
and Csgssp; denote the SESS’ revenue from electricity sales and
purchased electricity expenses on the i-th typical day,
respectively, Cqerve; denotes the service change by the SESS to
the MMGs on the i-th typical day, and Ci,y; denotes the
investment and operation and maintenance costs of the SESS
on the i-th typical day. The income and cost models of the SESS
are as follows.
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Information Flow ~—————— Electrical Flow

Dispatch Center

FIGURE 2
Schematic diagram of the dual-layer optimization model.

(1) Income of electricity sold to the MMGs on the i-th _ ApPES + MBS

Cinvi = +M 13
typical day : T, SESS (13)
AT :
where Ap and A\g denote the power cost and capacity cost of the
C i = t)P. ia (DAL 10
SESS.s,i ‘;;(“( )Psisssia (t)A1) (10) SESS, respectively; Pgids and Egil denote the power limit and

capacity limit of the SESS, respectively; Tr denotes the lifetime of

the SESS; and Mgggs denotes the daily maintenance cost of
electricity sold by the MMGs in the time #; Psgss s ; o(f) denotes the the SESS.

electricity sold to the MG a under Typical Day i by the SESS; T
denotes the dispatch period, taken as 24h; and At denotes the
interval duration of dispatch, taken as 1h.

where A denotes the number of MGs; a(t) denotes the price of

4.1.2 Constraints

(1) Charging and discharging inherent constraints

(2) Cost of electricity bought from the MMGs on the i-th Esgss (0) = Esgss (24) = 20%ED%,

typical day
10%Egpgs < Eggss (£) < 90%Egies,
AT
= Pgsspia (H)A 11 !
Csrssoi ;;[ﬁ (£)Psessiia (1] (an Esgss (£) = Eggss (£ — 1) + (Wcharp char (£) = — Pis (t)>At>
h dis

where B(t) denotes the price of electricity bought from 0= Pear (£) < U char () P>

the MMGs in the time ¢ and Psgssyp;.(t) denotes the 0< Py;s (£) <Uagis (H)Pgs

electricity purchased from the MG a under Typical Day i Uvar (8) + Ui (D) < 1,

by the SESS. (14)

(3) Service charges to the MMGs on the i-th typical day where Eggss(f) indicates the storage capacity of the SESS in the period
AT t Mehar and 745 indicate the charging and discharging efficiency of the
Cserve,i = zz [S(t) (PSESS,s,i,a (t) + PSESS,b,i,a (t))At] (12) energy Storage system; Pchar(t) and Pdis(t) mdlcate the Charging a_nd

i discharging power of the SESS in the period t; Esgss(0) and Esgss(24)

where () denotes the service charge received per unit of power indicate the storage energy of the SESS at the beginning and the end of

for the interaction between the SESS and MMGs during the the dispatching cycle, respectively; Eges indicates the maximum

period t. stored energy of the SESS; P and P indicate the upper limit

of charging and discharging power of the energy storage system,

(4) Cost of investment, operation, and maintenance on the i-th respectively; and Ug,(f) and Ugis(f) ensure that the energy storage

typical day, without considering the effects of economic system can only be charged or discharged at the same moment during
development and inflation the scheduling cycle.
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(2) Power and capacity limit constraints

Pmax

— 'max
SESS — 0-E

SESS (15)

where 6 denotes the relative coefficient of power to the capacity
limit of the SESS.

4.2 Lower layer model

This paper models each device in the MG and then optimizes
the power output of each unit of the MMG-integrated energy
system, the interactive power with the SESS, the consumption of
the WT and PV power, and carbon emissions while considering
the carbon trading mechanism and demand response.

4.2.1 Equipment output model
(1) Gas turbine (GT)

Pgria () = Pgriia (t) - Hgr (16)

where Pgr; ,(f) denotes the electrical power output from the GT
of the MG a under Typical Day i in the time #; Pgry;,(f) denotes
the natural gas power input to the GT; and #5gr denotes the
electrical conversion efficiency of the GT.

(2) Gas boiler (GB)

Pggia (t) = Pgpria (t) - Hgg (17)

where Pgg ; ,(t) denotes the heating power output from the GB of
the MG a under Typical Day i in the time #; Pgpy; 4(f) denotes the
natural gas power input to the GB; and #gp denotes the heating
conversion efficiency of the GB.

(3) Absorption chiller (AC)

Pycia(t) = Pgria(t) - Yor - Heooling * Ryc (18)

where Pac; () denotes the cooling power output from the AC of
the MG a under Typical Day i in the time #; Y g1 denotes the
thermoelectric ratio of the GT; #cooling denotes the efficiency of
the waste heat of the GT for cooling; and R denotes the energy
efficiency ratio of the AC.

(4) Electric chiller (EC)
Prcia(t) = Prcria (t) - Rec (19)

where Prc; ,(t) denotes the cooling power output of the EC of the
MG a under Typical Day i in the time #; Pgcy;,(¢) denotes the
electrical power input to the EC; and Rgc is the energy efficiency
ratio of the EC.

(5) Heat exchange facility (HEF)

Prygria () = Peria () * Yor * Mheating * ee (20)
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where Pygr;,(t) is the heating power output of the HEF of the
MG a under Typical Day i in the time £ #pcqting is the proportion
of waste heat from the GT used for heat production; and #ygg is
the efficiency of the HEF.

4.2.2 Ladder-type carbon trading mechanism
based on the dynamic incentive coefficient

The relevant government departments award a specified
reward when the overall carbon emissions of each unit in the
integrated energy system are less than the free allotted carbon
emission permit. In order to study the effects of different reward
coefficients on carbon trading costs, this paper sets a dynamic
incentive coefficient based on the ladder-type carbon trading
mechanism (Qin et al, 2018; Zhang X. et al, 2020). The
conventional carbon trading mechanism does not consider the
equivalent carbon emissions generated by purchased electricity.
Because purchased electricity may originate from thermal power
units, this paper calculates the percentage of thermal power in the
distribution network. It then calculates the carbon emissions
generated by purchased electricity, thus quantifying the carbon
emissions of purchased electricity. Thermal power, wind power,
and hydropower are the primary sources of power for the
examined regional grid. According to the year-over-year data
of the region’s installed capacity, the percentage of thermal power
generation (Gen) in the electricity distribution network during
the dispatch period is {(f), as shown in Figure 3.

The
mechanism are as follows:

detailed calculation models of carbon trading

AT
Egro; =01 Y (¢ Paria(H)AL),

a=1t=1

AT
Egpo,i = thz (Pgg,ia (1)AL),

a=1t=1

AT
EGenO,i = UPZZ(((” ° Pgrid,i,u (t)At)’

a=1t=1
Er; = Egroi + Ecpoi + EGenois

P,

@1

where Egro;» Egpo» and Egeno; denote the carbon emission
allowances of the GT, the GB, and Gen on the i-th typical
day, respectively; Ep; denote the total carbon emission
allowances; o, denotes the carbon emission allowances per
unit of heat generation; ¢ denotes the conversion factor of
electricity into heat; and Op denotes the carbon emission
allowances per unit of electricity generation.

AT
Egr; = Zzﬂlpémﬂ (t) + biPgra (1) + c1s
a=1t=1
AT

J Ecsi = ZZ“ZPZGB,,‘)Q () + b2 Pep,ia (£) + 2,

a=1t=1

AT
Egri = Zzas (¢ (1) Pgensia (t))2 + b3 (C(£)Pgenjia (1)) + 35

a=1t=1
EP,i = EGT,i+EGB)i+EGen,i>

(22)
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Percentage of thermal power in the electricity distribution network during the dispatch period.

where Egr;, Egp,» and Ege,; denote the actual carbon emissions
of the GT, the GB, and Gen on the i-th typical day, respectively;
Ep ; denote the total actual carbon emissions; and a;, b;, and ¢; (i =
1,2,3) denote the carbon emission factors of the GT, the GB, and
Gen, respectively.

—c(1+2p)(Er;i — - Ep;),
Ep;<ELi-w
—c(1+2p)w—c(1+p)(Ew;i — Ep;),
Epi—w<Ep;<Ey;
c (EP,[ - EL,i)’
E;<Ep;<E.;+w
Ceori=1 co+ c(1+y)(Ep; - Ev; — ), @3
Epi+w<Ep;<Ep; +2w
c(2+y)w+c(1+2y)(Ep; — Ep; - 20),
E i +2w<Ep;<Ey; +3w
c(3+3y)w+c(1+3y)(Ep,; — Epi - 3w),
Ep; +3w<Ep,

where ¢ denotes the unit price of carbon trading in the
market, taken as 0.27 RMB/kg, Y denotes the rising range of
carbon trading price for each step type, taken as 25%, w denotes
the length of carbon emission interval, taken as 500kg, and
p denotes the dynamic carbon trading incentive coefficient.
When the total actual carbon emissions of the MMGs are
smaller than the total carbon emission allowances, the
relevant government departments give the incentive
allowance. The value of the dynamic incentive coefficient
determines the carbon trading cost from a macroscopic

point of view.

4.2.3 Objective function

The lower optimization objective is the lowest operating
cost of the MMG-integrated energy system, considering the
promotion of new energy consumption and low-carbon
operation. The total cost includes the income of electricity
sold to the SESS, the cost of electricity bought from the
SESS, the service charges, the cost of electricity bought
from the distribution grid, the cost of gas purchased, the

Frontiers in Energy Research

penalty cost of abandoning the WT and PV power, and the
carbon trading cost, so the objective function is integrated as
follows:

N
min CMMGS = z [Dl : (CSESS,s,i - CSESS,b,i + Cserve,i + Cgrid,i + Cgas,i
i=1
+ Cco,,i + Caban,i)]
(24)

where N denotes the type of typical days in a year, D; denotes
the number of days for the i-th typical day in a year, Csgss s,
and Csggs p,; denote the cost of electricity purchased from the
SESS and the income of electricity sold to the SESS on the i-th
typical day, Cqerve,; denotes the service charges paid by the
MMGs to the SESS, Cgiq,; denotes the cost of electricity
purchased from the distribution grid, Cg,; denotes the cost
of gas for the GT and GB, Cco,,; denotes the cost of carbon
trading, and Cj,,; denotes the penalty cost of abandoning
the WT and PV power. Among them, Csgss s 1» Csgss,p,r» and
Ccoa,; are calculated according to Eq.10, 11, and Eq. 23, and
the rest of the costs are calculated as follows.

(1) Cost of electricity purchased from the distribution grid on
the i-th typical day

AT
Cgrid,i = Zz [Cgrid (t) : Pgrid,i,a (t) : At] (25)

a=1t=1

where cgiq(t) denotes the time-of-day tariff for electricity
purchased from the distribution grid and Pgq;4(f) denotes
the electricity purchased from the distribution grid by the MG
a under Typical Day i in the time ¢.

(2) Cost of purchasing gas on the i-th typical day

A T
Caidi = ). ) [ Caria () * Piaia (1) - At] (26)

a=1t=1
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where Ly denotes the calorific value of gas and is taken as
9.6 (kW - h)/m? and Cgas denotes the price per unit volume of gas
and is taken as 3 RMB/m’.

(3) Cost of the WT and PV power abandonment penalty on the
i-th typical day

AT
Caban,i = ZZ{#W [Pwl,i,a (t) - Pw,i,u (t)] + [’lpv [PPVI,i,a (t)

a=1t=1

= Ppya (t)]At} (27)

where Py ; () and Py ; ,(t) denote the wind power input and
the wind power consumed by the MG a under Typical Day i in
the time ¢, respectively; Ppyy; ,(f) and Ppy ; ,(t) denote the PV
power input and the PV power consumed by the MG a under
Typical Day i in the time ¢, respectively; and p,, and ypy are the
penalty coefficient of the WT and PV power abandonment,
respectively.

4.2.4 Constraints

Lower level optimization constraints include system
operation constraints, operational constraints of each
generation equipment, power interaction constraints, user
satisfaction constraints, constraints of power interacting with
the SESS, and constraints of WT and PV power consumption,
which are expressed as follows.

(1) Constraints on power balance

Pepjia (t) + Pugr,a (£) = Phija (),

{ Paria (t) + Pyia (£)) + Povia (£) + Pgridia (£) + Psksssia (£) = Pssspia (£) = Pelia (1),
Prcia(t) + Pacia (t) = Pajia (1),

(28)

where Py, q(t), Puiia(t), and Py 4(t) denote the electrical load,
heating load, and cooling load power of the MG a under Typical
Day i in the period t, respectively.

(2) Constraints on equipment output

( PgiT“ < Pgriia (t) < PETS
PdGO_TW" <Pgria(t) = Pgria(t — 1) <P,
PGy < Pggia (t) S PGE,
PEy™ < Papja (1) = Popja (£ = 1) < Py,

Pmin < PAC,i,u (t) < Pmax (29)

AC = AC >
min max
PEC < PEC,i,a (t) < PEC >
min max
PHX SPHX,i,u (t) SPHX >
min max

L Pgrjd < Pgrid,i,a (t) < Pgrid’

where PP* and PP" represent the upper and lower power limits
of X, respectively, and Py’ and P{"" represent the upper and
lower limits of climbing power of X, respectively.

(3) Constraints on users’ satisfaction with the way of using
electricity (Eq. 8)
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FIGURE 4
Solving flowchart.

4.3 Solving method

In the dual-layer optimization model of the MMG-integrated
energy system constructed in this paper, the upper layer problem
is a non-linear non-convex optimization problem and the lower
layer is a convex optimization problem. Because the traditional
solution approach for this problem is to solve it by converting the
dual-layer into a single-layer, this study uses the KKT method to
convert the lower layer model into the upper layer constraints. In
addition, due to the difficulty of handling non-linear constraints,
some of them are reduced to linear constraints using the Big M
approach without sacrificing solution accuracy. The mixed-
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TABLE 1 Comparison of the average solving time and gap for the four
scenarios.

Scenario 1 2 3 4
Average solving time (s) 3 5 290 332
Average gap 0 0 0.27% 0.53%

integer linear programming issue posed by the converted single-
layer model can be solved using the Gurobi solver. Figure 4
depicts the general solution idea diagram for this article. In order
to obtain scenic output curves for four typical days of the year,
clustering was performed using the K-means method based on
historical data of the region, which will not be described in
detail here.

The lower model is transformed into the upper model using
restrictions on the Lagrangian function and the KKT condition.
Because the original model’s lower layer problem is a min
problem, the product of multipliers and restrictions in the
Lagrangian relaxation must be less than or equal to 0.

Due to the non-linear inequality requirements in the single-
layer transformed model, there is a scenario of multiplication of
two continuous variables that are extremely difficult to solve. As a
result, the Big M approach is used to linearize the non-linear
inequalities in this study.

The generated single-layer optimization model corresponds
to the mixed-integer linear optimization problem after KKT
conversion and linearization. The arithmetic simulation is
modeled using the Yalmip optimization tool in MATLAB
R2018b environment and solved using the solver Gurobi.

5 Case study
5.1 Case parameters and scenario settings

The research object is a real MMG-integrated energy system,
which includes three independently operated combined cooling,
heating, and power MGs: MG1, MG2, and MG3. The electricity
price of each MG from the distribution grid is the peak-to-valley
tariff, and the electricity purchase and sale prices between each
MG and the SESS in Wu et al. (2021b) are introduced. The
maximum power of each MG interacting with the distribution
grid in the period ¢ is 3000 kW. The maximum power of each MG
interacting with the SESS in the period t is 4000 kW. For the time
being, electricity interaction between MGs has not been
considered since the emergence of third-party SESS.

The three MGs for 1 year’s electrical, heating, and cooling
load curves are clustered and selected using the K-means method.
The electrical, heating, and cooling load curves for four typical
days corresponding to four seasons of the year are obtained, as
shown in Wu et al. (2021b). The dispatch period T is set to 24 h,

Frontiers in Energy Research

10.3389/fenrg.2022.953602

the scheduling interval length At is 1 h, and each type of typical
day in a year corresponds to 91 days. Each of the three MGs has
200 integrated energy users. The exact parameters of
transportable  non-interruptible = equipment, such as
electricvehicles are shown in Li et al. (2020).

Three types of scenarios were created to examine and
compare the influence of optimal energy storage and demand
response configurations on system operation:

Scenario 1: For the MMG-integrated energy system,
optimized dispatching is conducted without considering
demand response.

Scenario 2: Based on scenario 1, the scheduling of the MMG-
integrated energy system is optimized without considering
energy storage access but considering demand response.

Scenario 3: The capacity of SESS is optimally assigned
without regard for the demand response, and optimal
scheduling for the MMG-integrated energy system is executed.

Scenario 4: The capacity of SESS is efficiently distributed
while considering the demand response, and optimal scheduling
is achieved for the MMG-integrated energy system using the
dual-layer optimization model developed in this research.

5.2 Efficiency analysis of the solving
method

According to Table 1, it can be concluded that the average
solving time is relatively fast and the gap also meets the

requirements.

5.3 Analysis of case results

5.3.1 Comprehensive optimization effect
comparison of different scenarios

Based on the solution results, the annual profit of the SESS,
the annual operation cost of the MMGs, and the annual amount
of abandoned WT and PV electricity are compared for the four
scenarios, as shown in Table 2. Given that the load of the multi-
microgrid varies on different typical days and the scenery power
varies, the specific cost and cost of the MMGs are compared and
studied independently on a typical spring day, as shown in
Table 3.

The following conclusions can be drawn by comparing the
data results in Tables 1, 2.

(1) Scenario 4 reduces the annual amount of abandoned WT
and PV electricity of the MMG-integrated energy system to
0 and the annual operation cost by 2240.18 x 10* and
1956.67 x 10* RMB, respectively, scenarios 1 and 2. It can
be seen that the SESS promotes full utilization of the WT and
PV power while lowering total cost. Although purchasing
power from the SESS exceeds the profits from power sales, a
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TABLE 2 Comparison of the annual profit of the SESS, annual cost of the MMGs, and annual amount of the abandoned WT and PV electricity.

Scenario 1 2 3 4

Annual profit of the SESS (RMB) 684.56x10* 687.80x10*
Annual cost of the MMGs (RMB) 5132.63x10* 4621.86x10* 3175.96x10* 2892.45x10*
Annual amount of the abandoned WT and PV electricity (kw-h) 3.69x10° 3.48x10° 0 0

TABLE 3 Comparison of costs of each of the four scenarios of the MMGs on a typical day in spring.

Scenario 1 2 3 4

Total cost (RMB) 67540.63 62234.57 50011.53 44451.83
Carbon trading cost (RMB) —-1038.69 —1058.23 —5279.93 —5034.69
Abandoned WT and PV penalty cost (RMB) 19563.63 17178.16 0 0

Cost of electricity purchased from the grid (RMB) 23052.27 22157.86 13317.74 12259.90
Cost of electricity purchased from the SESS (RMB) 0 0 41696.03 38301.21
Income through electricity sold to the SESS (RMB) 0 0 27913.01 27115.66
Service charges (RMB) 0 0 5382.75 5220.49
Gas purchase cost (RMB) 25963.42 23956.78 22807.95 20820.58

complete cost-benefit analysis demonstrates that the system

provides more comprehensive benefits than the cost of

power interaction with the SESS.
(2) Scenario 4 introduces demand response with controllable
load from the operation level, which takes into account the
independent transfer and adjustment of electrical, heating,
and cooling loads on the demand side and improves system
operation flexibility so that the annual cost of the MMGs is
reduced by 283.51 x 10* RMB. The annual profit of the SESS
is increased by 32,400 RMB, while all costs of the MMGs are
reduced. In a broader sense, the dual flexibility of considering
shared energy storage and demand response simultaneously
increases the annual profit of the SESS. It lowers the
operation cost of the MMGs, resulting in “win-win”
economic benefits for the SESS and MMGs.
The carbon transaction cost of scenario 4 is reduced by
3996.00, 3976.46, and 245.24 RMB when compared to that of
scenarios 1, 2, and 3, respectively, because the MMGs reduce

3

the output of GTs, GBs, and other units by interaction of
electricity with the SESS, thereby reducing carbon emissions.
After considering demand response, each MG can more
reasonably allocate electricity, heat, and cold to realize full
utilization of energy within each MG, reduce energy
interaction with external energy networks, and reduce
carbon emissions. The proposed dual-layer optimization
methodology can improve the environmental advantages
of the MMG-integrated energy system.
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5.3.2 Impact of SESS access on the system

The electrical loads for scenarios 2 and 4 under Spring
Typical Day are shown in Figures 5, 6. In Figure 6, it is clear
that, after accounting for the SESS access of the three MGs
throughout the dispatching cycle, the abandoned power falls
to zero. During 10-12h, the distribution grid electricity
price is lower than the SESS electricity price. Thermal
power in the grid accounts for a relatively low cost of
carbon trading, so MG 1 purchases power from the grid
to meet the electric load demand. Because wind power is
more extensive throughout the dispatching cycle, MG 1 sells
the new energy power that cannot be consumed by the SESS.
MG 2 uses just the PV power and no WT power. During
0-9 h, the PV power is low, and MG 2 purchases power from
the SESS and the grid to meet the electric load demand;
during 10-12 h, the PV power gradually increases, and MG
2 changes its operation state to selling power to the SESS,
reaching a peak at 12 h. After 14 h, the PV power gradually
decreases, and MG 2 generally shows that it purchases power
from the SESS. Because MG 3 has reduced WT and PV
output during the dispatching cycle, it must acquire
power from the SESS throughout the dispatching cycle.
The sum of power purchased from and sold to the SESS
in microgrids 1, 2, and 3 is balanced throughout the
dispatching cycle. The cooling and heating loads under
Spring Typical Day balance diagrams for scenarios 2 and
4 are shown in Appendix Tables A2 and A3.
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FIGURE 5

Electrical power interaction diagrams under Spring Typical Day in scenario 2: (A) MG1, (B) MG2, and (C) MG3.

5.3.3 Impact of demand response on the system

Table 4 and Figure 7 show the capacity allocation and power
limits of the SESS in scenarios 3 and 4 under Spring Typical Day.
In scenario 4, compared to scenario 3, the SESS charging and
discharging power limits increase daily, as does the allocated
capacity; on an hourly basis, the charging and discharging power
curve and capacity allocation curve of the SESS fluctuate more.
Because after fully considering the demand response on the load
side, integrated energy users’ energy use is more reasonable, and
the internal consumption capacity of the MMG-integrated
energy system is improved. The cost of each energy use is
reduced, allowing the SESS to maximize its economic benefits
by increasing charging and discharging power and allocating
more capacity.

Figure 8 depicts a comparison of the electric loads of the
MMGs under Spring Typical Day scenarios 3 and 4. After
considering the demand response on the load side, the
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integrated energy users of the three MGs are guided by the
time-of-use tariff to shift part of the electrical load to the period
with a lower tariff. In contrast, the cooling and heating loads of
the multiple microgrids are optimally adjusted without affecting
customer comfort. All three microgrids can achieve “de-peaking”
which enables the time-division scheduling and relieves the
operating pressure of the three MGs.

5.3.4 Impact of synergy between the SESS and
demand response on the system

The comparison results of scenario 4 with the rest of the
scenarios and the above analysis show that the synergy of load
and storage flexibility resources can make load fluctuations more
compatible with new energy fluctuations. Energy storage plays a role
in consuming abandoned WT and PV power entirely through
reasonable capacity allocation. Multiple microgrids enjoy storage
while

charging and discharging services reducing storage
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Electrical power interaction diagrams under Spring Typical Day in scenario 4: (A) MG1, (B) MG2, and (C) MG3.

TABLE 4 Capacity configuration and power limit of the SESS under
Spring Typical Day.

Scenario 3 4
Capacity configuration (kW-h) 5201.17 6992.61
Power limit (kW) 1951.07 2623.08

construction investment through storage charging and discharging
services. The demand response mechanism guides each microgrid to
allocate electrical, heating, and cooling loads rationally. Furthermore,
it realizes full energy utilization within each microgrid, reducing
energy interaction with external energy networks, the output of GT's
and GBs, and carbon emissions while using resources rationally, thus
lowering the system’s total operating cost. The MMG-integrated
energy system’s synergy of energy storage and demand response can
be seen to balance the economy and low-carbon operation.

Frontiers in Energy Research

5.3.5 Analysis of the role of the carbon trading
mechanism considering the dynamic incentive
coefficient

Figure 9A depicts the curves of the upper optimization
model’s profit of the SESS and the lower optimization model’s
variation of the total cost of the MMGs with the dynamic
incentive coefficient. Because the model in this paper does not
consider equipment with high carbon emissions, such as thermal
power units, the actual carbon emissions of the MMGs are always
less than the initial carbon emission allowance. Thus, the carbon
trading cost is always negative. The government rewards the
MMGs with a specific allowance, lowering the total cost and
achieving low-carbon optimized operation. When the dynamic
incentive coefficient increases from 0.1 RMB/kg to 0.4 RMB/kg,
the absolute value of the system’s carbon trading cost shows a
linear growth trend. The total cost gradually decreases, while the
profit of the SESS increases because the MMGs prefer to interact
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with the SESS to obtain electric power. When the dynamic
incentive coefficient rises above 0.4 RMB/kg, the profit of the
SESS and the total cost of the MMGs remain stable.

As shown in Figure 9B, as the dynamic incentive coefficient
increases from 0.1 RMB/kg to 0.4 RMB/kg, the carbon emissions
of the MMGs noticeably decrease. However, when the dynamic
incentive coefficient exceeds 0.4 RMB/kg, the actual carbon
emissions of the MMGs remain nearly unchanged because the
MMGs have almost reached equilibrium. The power interaction
tends to be in the steady-state, so the carbon trading price has less
influence on its electric power interaction. It is not practical to
continue increasing the dynamic incentive coefficient, so it
should be 0.4 RMB/kg. Based on this paper’s findings, the
incentive coefficient’s contribution above a specific value to
reducing carbon trading costs becomes increasingly tiny,
indicating that an optimal incentive coefficient exists. It can
be seen that the model proposed in this paper can serve as a
valuable reference for determining a dynamic incentive
coefficient.

6 Conclusion

A configuration-dispatch dual-layer optimization model of
an MMG-integrated energy system with SESS access and demand
response is proposed in this paper. The following conclusions are
drawn from simulation results of arithmetic cases under different
scenarios using an existing MMG-integrated energy system as the
research object:

Frontiers in Energy Research 16

(1) Accessing shared energy storage in the MMG-integrated
energy system can achieve total WT and PV power
consumption through the power interaction between the
MMGs and the SESS. It also minimizes the total cost of the
MMGs while maximizing the annual profit of the SESS,
reduces the carbon emission of the MMGs, and realizes the
low-carbon operation of the MMG-integrated energy
system.

(2) The introduction of demand response has facilitated the
time-domain deployment of electrical, heating, and
cooling loads realized (“peak-shaving and wvalley-
filling” loads). It also wuses flexible resources to
improve the MMG-integrated energy system’s
economy and low-carbon operation and relieve each
MG’s operating pressure.

(3) The MMG-integrated energy system can achieve the dual
goals of low carbon and economic operation after
implementing a carbon trading mechanism. The total cost
of the MMGs can be reduced by increasing the dynamic
incentive coefficient. However, promoting low carbon is not
apparent until the coefficient exceeds a specific value, so
introducing a carbon trading mechanism and setting a
suitable dynamic incentive coefficient are an effective
means to realize the low-carbon operation of an
integrated energy system.

(4) The joint operation of more MMGs will be investigated, and
the solution efficiency of the proposed method will be
verified in conjunction with practical application
requirements.
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