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Abstract. The accommodation of renewable energy is driving the development of energy
storage technology, and shared energy storage has gained widespread attention because of its
decentralized nature. In the optimal scheduling of shared energy storage, the problem of benefit
distribution among multiple subjects is faced, so a shared energy storage plant operation optimization
method based on Nash bargaining theory is proposed. The article constructs a joint model of shared
energy storage plants and industrial users, establishes the cooperative operation model of each
operator based on Nash bargaining theory, equates this nonconvex nonlinear problem into two
subproblems of system revenue maximization and power transaction payment bargaining according
to the mean value inequality, and uses the alternating direction multiplier method to solve them in
a distributed manner. The algorithm selects three typical industrial users to participate in the joint
system of shared energy storage, and through comparative analysis before and after cooperative
bargaining, it is concluded that the proposed optimization method can effectively improve the benefits
of each subject, while promoting the accommodation of new energy.

Annomayus. Pa3zMmenieHne BO300HOBIISIEMBIX HWCTOYHHMKOB JHEPIHMHM CTUMYIHMPYET pPa3BUTHE
TEXHOJIOTMM XpaHEeHWs] DSHEPIUH, a COBMECTHOE XPAHEHHWE DSHEPruu IMOJYyYUJIO IIUPOKOE
pacrpocTpaHeHue Onmarofapss CBOEM JAeLEeHTpalu30BaHHOM mpupoae. Ilpum onrtumanbHOM
IUIAHUPOBAaHUM COBMECTHOTO HCIIOJIb30BAaHMsS HAKOMMUTENIEH HHEPrUU BO3HHMKAaeT mpobdieMa
pacripefieieHUs] BBITOJIbI MEXIY HECKOJIbKUMH CyObEeKTaMH, I03TOMY Ipe/Jlaraercsi METON
OIITUMMU3AIINN pa6OTBI YCTaHOBKH COBMCCTHOI'O XpaHCHUS SHEPIUn, OCHOBAaHHBIN Ha TEOpHH CHCIKU
Hhma. ITocTpoeHna coBmecTHass MOJeNb OOIMIMX CTaHIMM XpaHEHHWs] YHEPIMH M MPOMBIIUIEHHBIX
MoJIb30BaTeNel, onpeaeaeHa MoJiellb COBMECTHON paboThl KaXKA0T0 ONepaTopa Ha OCHOBE TEOPUHU
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cnenkn Homia, 5Ta HeBbIMyKIIas HEIMHEHHAs 3a/a4a pas3ziecHa Ha JBE MOJ3aJa4i: MaKCUMU3ALNAN
JI0XOJla CHUCTEMBI M COITIACOBAaHUS OIUIATBHI 3a TPAH3AKLHUIO JJIEKTPO3HEPTHH B COOTBETCTBUU C
HEPaBEHCTBOM CPEJHET0 3HAYCHMS, M Ul X PEIICHUS paclpeeIeHHbIM CIIOCOOOM HCIIONIb3YeTCs
METOJl MHOXHTEIEeH MEPEeMEHHOTO HampaBiCHUs. AJTOPUTM BBIOMpAeT TPEeX TUIHUYHBIX
IIPOMBILUICHHBIX T0JIb30BATEICH AJI Y4acTHs B COBMECTHOM CHUCTEME XPaHEHUsI DHEPTHUH, U IIyTEM
CPaBHMUTEIBHOIO aHaJIM3a [O M IIOCIE COBMECTHBIX IIE€PETOBOPOB JCJIAETCS BBIBOA, 4YTO
MPEUIOKEHHBIM METOJ ONTUMH3AIMUA MOXKET 3(P(HEKTUBHO YIyUIIUTh BBITOABI KaXJIOTO CyObeKTa,
OHOBPEMEHHO CIIOCOOCTBYS pa3MEICHHIO HOBOW YHEPTUH.

Keywords: shared energy storage plant, Nash bargaining, optimized operation, alternating
direction multiplier method.

Knroueswie crosa: 3aBOJ 110 COBMCCTHOMY  XpPaHCHHUIO OHEpPIHu, CACJIKa Hama,
OIITUMU3NPOBAHHAA pa60Ta, METOA MHOKHTEIICH INEPEMEHHOTI'O HaIIpaBJICHUA.

Introduction

With the high concern of the global energy crisis, renewable energy generation such as wind
energy and PV has been widely used [1, 2]. However, with the increasing installed capacity and
penetration of renewable energy, the stable operation of power system is challenged and causes a
large proportion of abandoned wind and light, and energy storage is one of the best ways to solve the
problem of renewable energy consumption [3, 4].

With the development of distributed energy storage, the economic model of shared energy
storage is receiving more and more attention. A market-based consumption model based on “shared
energy storage and demand side resources” has been proposed in the literature [5], which can promote
the accommodated of renewable energy through the analysis of calculation cases. The literature [6,
7] studied the optimal allocation of shared energy storage, and by optimizing the capacity and
charging and discharging strategies of shared energy storage, the utilization of energy storage
resources can be improved. In order to reduce the energy costs of user groups, a collaborative
optimization model for integrated energy systems with the objective of economic optimization of user
groups was developed in the literature [8]. To analyze the impact of transmission cost and network
loss on the game outcome, a shared energy storage planning model on the generation side was
proposed in the literature [9]. In the literature [10], a two-layer optimization model for shared energy
storage configuration in industrial parks was solved using a robust optimization algorithm. In the
literature [11], a capacity optimization allocation model for shared energy storage systems under
multi-regional integrated energy system interconnection is proposed, and the calculation example
shows that it can reduce the system operation cost and optimize the shared energy storage system
parameters. The literature [12] proposed a service model of shared energy storage power plant in a
multi-micro-energy network to highlight the superiority of shared energy storage by comparing the
scenarios without and with separate energy storage configuration. The literature [13] analyzed the
practical benefits of using shared energy storage in residential communities.

Shared energy storage involves optimal scheduling among multiple control subjects, while in
reality, power stations, energy storage plants and various user subjects are different interest subjects,
with no information interaction between them, all aiming at maximizing their own interests, which
will cause disorderly competition and reduce the efficiency of the market. Therefore, cooperative and
non-cooperative game theories are often used to solve the problem of benefit distribution among
multiple subjects [14]. Noncooperative games refer to how multiple subjects make decisions to
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maximize their own interests in the process of interacting interests, emphasizing individual rationality
[15]. For example, the literature [16] proposed an integrated energy optimal dispatch model with the
objective of minimizing the cost of each energy system using noncooperative game theory. In
contrast, cooperative games emphasize group rationality, taking into account both individual and
overall interests. Nash bargaining theory belongs to the category of cooperative games and is used to
solve the problem of equilibrium distribution of benefits among multiple subjects. In the literature
[17], a Nash bargaining cooperative optimization model for a scenic hydrogen multi-body energy
system was proposed and solved using alternating direction method of multipliers (alternating
direction method of multipliers ADMM). The literature [18-20] describes a multi-microgrid power
trading model based on Nash bargaining theory. The literature [21] proposes an integrated energy
trading model based on Nash bargaining considering the uncertainty of market prices, renewable
energy and integrated demand response. A Nash bargaining based energy trading market was designed
in the literature [22].

With the development of multi-agent system technology, distributed optimization provides new
ideas for optimal scheduling of shared energy storage. As an important method in the field of
distributed optimization, the alternating direction multiplier method combines the decomposability
of the pairwise ascent method and the upper bound convergence property of the multiplier method to
obtain the solution of the original problem by solving each decomposition subproblem alternately. In
this regard, the literature [23] proposed a distributed optimal dispatch model for a joint interconnected
shared energy storage system using ADMM; literature [24] proposed an ADMM-based distributed
scheduling method for off-grid interconnected shared energy storage combined systems; The
literature [25] implements subarea optimization of shared energy storage plants based on ADMM.
The distributed algorithm used in the above papers [26-28] can make up for the shortcomings of
centralized optimization, avoiding the transmission of large amounts of data, while protecting the
operational privacy of shared energy storage plants. Therefore, in this paper, the proposed model is
solved in a distributed manner using ADMM.

In this paper, we will study the multi-subject cooperation model for shared energy storage plants
and industrial user groups and analyze the main benefits of the whole system. Firstly, we establish
the joint operation model of the campus shared energy storage plant (park energy storage, PES) and
industrial users, and then establish their cooperative operation Nash bargaining model, and transform
this nonlinear problem into 2 sub-problems of the whole system revenue maximization and electric
energy transaction payment bargaining. Finally, the distributed solution of these two subproblems is
achieved sequentially by the alternating direction multiplier method, and its validity is demonstrated
by relevant arithmetic examples.

A virtual schematic of a typical shared energy storage plant is shown in Figure. In the traditional
multi-body operation mode, most of them adopt the form of “self-generation, surplus power online”,
while the enterprises in the industrial park purchase power from the grid at industrial tariffs to meet
the load demand of industrial users. The shared energy storage power plant, on the other hand, can
provide shared services to many users in a park or in the same distribution area, i.e., users can charge
and discharge their demand without time and capacity constraints [23]. Depending on the amount of
charging and discharging by the user using the shared energy storage plant, the user needs to pay the
corresponding fee to the shared energy storage plant.
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Figure 1. Virtual schematic diagram of shared energy-storage power station

The transaction objects of shared energy storage plants include external power grids and various
industrial user entities, and their operating costs include the charging and discharging costs of energy
storage equipment C,,, interaction costs with the external grid C,,, and the cost of interaction with
the user C,,. Sharing the benefits of energy storage plants Uprs can be expressed as the opposite of
the total operating cost, that is, the benefit maximization operation model of PES:

maxUpss = (o + Cos 1 Cy) 1)
akii[amu)4Rm(w]T 2

Ckﬂ.zi;l%(t)v(t) 3)
S INLL @

where: 7" is the scheduling period; NV is the number of industrial users; P.,(¢) is the charging
amount of the energy storage device in the ¢ period; P..(¢) is the discharge amount of the energy
storage device in the ¢ period; 7 is operation and maintenance cost factor for energy storage
equipment; Ps(¢) is the amount of electricity sold from the shared energy storage plant to the external
grid in time period ¢; v(t) is the price of electricity sold to the grid; Q.. (¢) is the interactive power
between the shared energy storage power station and industrial user ¢ (less than 0 means buying
electricity from users, and greater than 0 means selling electricity to users); 6,(¢) is the interactive
electricity price between user s and the shared energy storage power station.

Ignoring equipment losses, the operating model of a shared energy storage power station should
meet the following constraints:
1) Electric power balance constraints of shared energy storage power stations in the park

P, (t) — Pu(t) + Ps(t) +Q..(t) =0 ®))

2) The upper and lower limits of charge and discharge of energy storage

OSPch(t)SPmax
0< Pu(t) < Pon (6)
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where: P,.. is the maximum charge/discharge power of the shared energy storage plant
3) Non-negativity constraint on transaction volume with external grid

Ps(t)=0 (7

4) Continuity Constraints on State of Charge of Shared Energy Storage Power Stations

SSOCmin S Sso(j(t) § SSOCmax (8)
cl ch t - isPis t
Sioclt) = ot —1) + TaFalt) atull o

where: Ssoc(t) is the state of charge of the shared energy storage power station at time ; Ssocumax
v Ssocmm are the upper and lower limits of the state of charge of the shared energy storage power
station, respectively; E... 1s the maximum capacity of the energy storage plant; n,, « 74 are the

charging and discharging efficiencies of the shared energy storage power station, respectively.

The main industrial user considers the demand response of the load, adjusts the power
consumption plan, determines the interactive power between the energy storage power station shared
with the external power grid and the park, and aims to minimize the operating cost. Its operating costs
include the un-comfortable cost of electric load adjustment C,,, the interaction cost with external

power grids C,,, and the interaction cost with shared energy storage power stations C/, . Then the

benefit U/, maximization model of industrial user main body s is:

maXUZ - - (Csl + Ctrg + Cll)u) (10)
Cslzcl|Ptran(t)|+c2|Pcut(t)| (11)
Cua= ) _eron(t)Pi(t) = D Pa(t) (1) (12)
Cho=->_ P..(t)6i(t) (13)

where: P,...(t) is the amount of adjustable electrical load in time period ¢; P..(t) is the
amount of electrical load that can be cut in time period ¢; ¢, ¢, are the compensation costs per unit
of adjustable load and curtailable load, respectively; crou (¢) 1s the industrial time-of-use tariff; P,(¢)
is the amount of electricity purchased by the customer from the external grid; P, ,(¢) is the amount of
electricity that user 7 interacts with the shared storage plant in time period ¢ (greater than 0 for selling

electricity to the PES and less than 0 for buying electricity from the PES).

Ignoring equipment loss, the constraints that the operating model of the industrial user body
should satisfy are as follows:

1) User's Electric Load Power Balance Constraint

Lo(t) = Loo(t) + Pawn(t) + Pouc(t) (14)

where: L., (t) is the customer's electrical load; Z.(¢) is the actual electrical load of the customer

after demand response.
2) User's curtailable power upper and lower limit constraints

7Pcut,nlax§Pcut(t) go (15)
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where: P, ... 18 the maximum allowable load shedding for the system..
3) User-adjustable upper and lower limits of electrical power

|Ptran (t)l S fb(t)Leo(t)
T
1
S putt) =0 19
t=1
where: f,(t) is the proportion of the electricity load that the system allows to adjust to the total

electricity load in the ¢ period.

4) Non-negativity constraint on transaction volume with external grid

Ps(t)=0
{Pb(t) >0 17
5) User's Electric Power Balance Constraints
Le(t>_Pb(t)+Ps(t)+Pel(t)_va<t)SO (18)

where: Poy(t) is the PV output value for ¢ period.

The research shows that the solar irradiance approximately obeys the Beta distribution, and the
photovoltaic output power P, has a linear relationship with the solar irradiance [29, 30]. Therefore,

the probability density function of P, can be represented as [31]:

P(N1)+P(Nz) Ppy \M71
rml)r(uz)( ) X

Ppy )Ml
1i
( PPV,max

where: Poy .. 1S the maximum value of Pp. ; p; and u, are shape factors, taken as 3 and 5,

fp(PPV):

P PV, max

(19)

respectively; 7~ is a Gramma function.

In order to reduce the influence of uncertainty on system operation, this paper adopts the
processing method of literature [31]: the mathematical expectations P., of E(Ps,) in each time

period are used as reference values. More details can be found in [31].

At present, the commonly used cooperative game methods in the power industry include Shaply
score method, Stackelberg game, Nash bargaining, etc. The Shaply score method ignores the
interaction between the participants. The actions of the participants in the Stackelberg game have a
sequence of actions, which are not in line with the purpose of this paper. Research. The Nash
bargaining theory can help distributed decision makers achieve fair distribution of resources and
Pareto optimal benefits [30]. At the same time, for subjects with potential for cooperation but conflict
of interests, Nash bargaining can effectively make each subject coordinate with each other.

This paper assumes that the shared energy storage power station in the park and each industrial
user belong to different stakeholders, and each subject seeks to reach a consensus on the transaction,
and to determine the power and price of electricity trading fairly and reasonably, so as to maximize
the individual and overall benefits. A standard Nash bargaining problem can be expressed as:
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N
maXH(Un—Uff)
n=1

st. U, =U?

(20)

where: IV is the number of subjects participating in the bargaining; U,, is the income after
subject n participates in the bargaining and cooperation; U? is the breaking point of the bargaining,
that is, the profit before the entity n participates in the bargaining and cooperation.

In order to incentivize mutual coordination among the agents, the feasible set of Nash
bargaining only includes better gains than the bargaining breaking point. The model formula (20) can
be further equivalently transformed into:

N
maXHIn U, —UY)
n=1

st.U,=U?

€2y

Applying the Nash bargaining theory to the cooperation between the shared energy storage
power station in the park and various industrial users in this paper, the following basic model can be
obtained:

N
maX(UPES *UIQ’EE) H(Uz *Uz'o’*)
i=1

*
s.t. UpEs = U}Q]l:s
u=0p"

(22)

where: U« U?" are the maximum benefits of shared energy storage power stations and

industrial users when they do not participate in the cooperation and are constants.

Model (22) is essentially a non-convex nonlinear optimization problem. If the model is
equivalently transformed and transformed into the sub-problems of system revenue maximization and
power transaction payment bargaining, the difficulty of solving will be greatly reduced.

According to the inequality of the mean

<<a1+a2+"'+am>m
al.ag.....am\
m (23)
Vaham Ay € R+
Available, to make equation (22) take the maximum value, satisfy
N
Uens —USs)+ >_ (U —U) (24)
i=1
Take the maximum. Make:
w; =~ (Csl + Ctr2)
(25)

W=7 (Cde + Otrl)
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From formula (4) and formula (13), we can get Cou+ Cin=0 ,then
max (Upgs + U;) © max (w; + w,) (26)
Subproblem 1: System revenue maximization problem

max (w; + w,)

s.t. Poi(t) +Q.i(t) =0
Ea(25). (2). (3). (5)—(9) 7
Eq.(11). (12). (14)—(18)
Subproblem 2: Power transaction payment bargaining problem
. { [1n(w;_0pu PES)+:|}
min < - . .
ln(wi _C;l)u_UiO )
) s.t.*y(t)StS( ) < crou(t) (28)

w:—CI'm—UiO =
Eq.(4)\ (13)

*

where: “» ., ¢

" is the optimal solution to subproblem 1.
From the above model and analysis, it can be obtained that equation (27) solves the maximum

value of the total revenue of the main body of the shared energy storage plant and the industrial user

in the park, but the interaction costs U and € between the shared energy storage plant and the

industrial user cancel each other in the solving process, so it is impossible to solve the amount of
electricity traded by each body individually, which is the importance of introducing Nash bargaining
theory. By solving subproblem 2, we can find the electricity trading price and determine the amount
of electricity traded by each entity.

In this paper, we will use ADMM and call the commercial solver CPLEX and the optimization
solver MOSEK in MATLAB 2020b and the YALMIP toolbox for the distributed solution of the 2
subproblems.

ADMM can protect the privacy of each subject during bargaining, but also has the advantages
of fast processing speed and good convergence performance. ADMM is mainly used for solving
convex optimization problems with constraints [31].

{ min[f () + g (2)]

st. Az +Bz=c¢ (29)

where: x, z. are optimization variables: 4, B, ¢ are correlation matrices. The corresponding
augmented Lagrangian function can be expressed as:

L(z,z,\)=f(x)+g(z)+

A'(Az+Bz—c)+ (30)

%|A:1:+Bz:fc|2
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where: X is a Lagrangian multiplier; p is the penalty factor.

When P.,(t) +Q.,(t) =0 is satisfied, it indicates that the power expected to be sold by the
shared energy storage plant to the industrial user is the same as the power expected to be purchased
by the industrial user from the shared energy storage plant, and both parties reach a consensus on the
transaction. To solve this problem, the Lagrange multiplier \?, penalty factor p? and convergence
accuracy ¢ are first introduced, then the distributed optimal operation model of shared energy storage

plant and industrial user body can be obtained.
1. Shared energy storage plant distributed optimal operation model

C’cle+cjtrl+

ZZA‘[PH )+ Qui(t)] +

i=1 t=1 (31)

ZZP |Pi(t) + Quu(t) 13

i=1 t=

s.b. Eq.(5)—(9)
2. Industrial user body distributed optimization operation model
Csl+0tr2+

;)\'[Peyi(t)+Qe,i(t)}+ Vien

(32)

DG IP8) + Qul®)I3
s.t. Bq.(14) —(18)

The distributed algorithm for the system revenue maximization problem is then established
according to the distributed iterative model, with the iterative formulation:

A= Nt [PEFY(8) 4+ QE ' (1)] (33)

maX{Z[Pf,i(t)+Q§,i(t)]}<§ (34)

t=1
The iteration is carried out by equation (33), and the iteration stops when the convergence
condition of equation (34) is satisfied, completing the solution of the system revenue maximization
problem.

The desired interaction power between the shared energy storage plant and each industrial user
body @.,(t) and P;,(t) can be obtained by solving the subproblem 1, and then the interaction cost

between them can be expressed as:

ZZQM

< P (35)

——ZP;(t)é(t)
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To solve subproblem 2, Lagrange multipliers X " and penalty factors %" are introduced. in
addition, auxiliary variables3 must be introduced to decouple the interaction tariffs. An auxiliary

variable 6(t) must also be introduced to decouple the interaction tariff. 5(t) can represent the

interaction tariff expected by the shared energy storage plant, then o(t) can be understood as the
interaction tariff expected by the industrial user body.

bi(t) =6.(t) (36)

Substituting equations (35) and (36) into the model equation (28), a distributed optimization
model of power trading prices for shared energy storage plants and industrial user subjects is obtained.
1) Distributed optimization model for power trading price of shared power storage plants

e %—EZ:EE:Qez IOIN

i=1 t=

UPES

LY o)+ o

i=1 t=

ZZ

i=1 t=

stw+ZZQeL Uis=0

i=1 t=

2

2Ol

2) Distributed Optimization Model of Power Trading Price for Industrial User Subjects

T
W+ Y PL(E)6(t)
z:l o

i ixi[&(t%a(tm e
I DORIO]

T
stow + Y PL(t)8(t) —U =0

(38)

The distributed algorithm for the system revenue maximization problem is then built according
to the distributed iterative model, and the iterative formulation is:

XM = X gt [6i(t) — 6u(t)] (39)

max{Z[Sf(t)af(t)]}<g (40)

t=1

The iteration is carried out by equation (39), and the iteration stops when the convergence
condition of equation (40) is satisfied, completing the solution of the electricity transaction payment
bargaining problem. The ADMM algorithm flow is shown in Figure.

Figure
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Figure 2. Flow chart of ADMM algorithm solving

In this paper, MATLAB2020b software is applied to simulate the case, and the simulation data
are compared and analyzed to verify the superiority and effectiveness of the proposed model and
algorithm.

For the example, three typical industrial users are selected, user 1 is a food manufacturing plant,
user 2 is a textile and garment manufacturing plant, and user 3 is a furniture manufacturing plant, and
their electrical load curves and PV output curves are shown in Figure. The maximum and minimum
charge states of the shared energy storage plant are taken as 0.9 and 0.1, respectively, and the initial
charge state is 0.2 with a maximum capacity of 500 kW-h. The maximum charge/discharge power for
users using the shared energy storage plant is 185kW. The maximum curtailable load allowed by the
system is 0.10 of the total electrical loads, and the adjustable load is 0.15 of the total electrical loads.
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Figure 3. Curves of user electric load and photovoltaic output
Table 1
ELECTRICITY PRICE
Time period type Time period Electricity price /($-(kW-h)™)
Peak 11:00-14:00 1.20
18:00-22:00
Ping 07:00-11:00 0.75
14:00-18:00
Valley 22:00-07:00 0.40

The interaction power between the shared power storage plant and each user body is shown in
Figure. The results of power trading for each subject are shown in Figure 7. The charging and
discharging power and power status of the shared power storage plant are shown in Figure.

(9
Tun nuyensuu CC: Attribution 4.0 International (CC BY 4.0) 345



bBronemens nayxu u npaxmuxu | Bulletin of Science and Practice T. 8. Ne8. 2022

https://www.bulletennauki.ru https://doi.org/10.33619/2414-2948/81
150 T T T T 100 r T T T T T
—e—User 1 Il Purchased electricity
—A—User 2 [ Electricity sales
100 | 7 User3 . The amount of interaction with the
" Shared energy stoage power station 50 shared energy storage power station
=
E 501
B Z 0
z
2 E
g 2 50
2 S0 =
-100 -100
-150 . L L .
0 5 10 15 20 25 -150 & . L L L L
Time/h 0 5 10 15 20 25
Time/h
Figure 4. Interactive electricity between Figure 5. Electricity transaction results of user
shared energy-storage power station and users 1
150 r T T T T T 80 T T T T
IlPurchased electricity P urchased electricity
Il Electricity sales Il Electricity sales
I:IThe amount of interaction with the 60 - I:IThe amount of interaction with the 1
100 shared energy storage power station- shared energy storage power station
40
=
z = 20
z 2
£ z
£ s 0
= = 20
-40
-60
-80
Time/h 0 5 10 15 20 25
Time/h
Figure 6. Electricity transaction results of user 2 Figure 7. Electricity transaction results of user 3

80 r T T
Charge and

60 discharge power
—&—state of charge

=
Z 40
=4 0.7
5 20
E
S. 0 0.6 g
0 H]
5 5
5 -20 0.5 =
] o
2 g
-40 =
-E 04 =
o -60
%” 0.3
= -80
Q
-100 0.2
-120 0.1
0 5 10 15 20 25

Time/h

Figure 8. Charging/discharging power and electricity state of shared energy-storage power station
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From Figure (a) and Figure 5, it can be seen that during the hours 00:00-07:00 and 17:00—
24:00, as the PV output is less than the electric load power of the users, the users’ electricity demand
cannot be guaranteed, and User 1 meets the load demand by sharing the discharge of the storage plant
and purchasing electricity from the external grid. During the period 07:00-17:00, the PV output is
greater than the user’s load demand. At this stage, the user stores the remaining power through the
shared storage power station to avoid the phenomenon of abandonment and considering the maximum
charging and discharging power of the shared storage power station, the user can also sell part of the
power to the external grid to ensure the maximum benefit for itself. In addition, since the period
18:00-22:00 belongs to the peak hours of the grid tariff, to minimize the operating cost, user 1 uses
the shared energy storage plant to discharge a larger amount of electricity, so as to minimize the
purchase of electricity from the grid and uses the shared energy storage plant to discharge a maximum
power of 56.1882 kW during the period 18:00-19:00.

From Figure (b) and Figure 6, it can be seen that during the time period 10:00—17:00, the PV
output is greater than the customer's electricity load, and the remaining PV output is stored inside the
power plant through the shared energy storage plant. At other times, customers meet their electricity
demand by purchasing power from the external grid and discharging it using shared storage plants.
Especially in the period 07:00-09:00, its electricity demand is much larger than the PV output, and
this period is not the valley time of power price, so it chooses to discharge from the shared storage
power station, and the interactive power in the period 08:00-09:00 is the maximum of the whole day,
reaching 108.5106 kW.

From Figure (c) and Figure 7 and combined with the results of power trading of other users, it
can be concluded that the power consumption behavior of each user is generally consistent,
purchasing large amounts of power during the grid electricity price valley hours and storing the
surplus power in the shared energy storage plant, which will be prioritized to meet the power demand
by discharging through the shared energy storage plant during the peak hours, thus reducing the
operation cost. At the same time, for the external power grid, the operation mode and power purchase
plan of users and shared energy storage plants can relieve the pressure of power supply during peak
periods, with obvious peak-shaving and valley-filling effects. It can also be seen that in order to
balance individual and overall benefits, the interaction of power is maintained between the user, the
shared storage plant and the external grid for almost every period.

From Figure, it can be seen that the shared energy storage plant is in the discharging state during
the hours 22:00-07:00 and 09:00-17:00, and in the charging state during the rest of the time. In the
time period 16:00-18:00, the shared energy storage plant power reaches a maximum value of 0.9
Emax (Emax is the maximum capacity of the energy storage unit), and in the time periods 08:00—
09:00 and 21:00-22:00, the shared energy storage plant power reaches a minimum value of 0.1 Emax.
The maximum discharge power of 74.2208 kW was reached at the shared energy storage plant during
the period 11:00-15:00, and the maximum charging power of 114.9166 kW was reached at the shared
energy storage plant during the period 18:00—19:00. After one cycle of operation, the shared energy
storage plant finally returns to the initial state of 0.2 Emax, thus ensuring the normal operation of the
next cycle. In addition, it can be seen from Figure 3—7 that the customer’s electric load is in balance
and there is no abandonment of light, which is conducive to the accommodation of new energy.

Figure shows the transaction tariff between the shared energy storage plant and each industrial
user entity. In order to reflect the price advantage of the trading model in this paper, it is assumed that
the trading tariff among subjects is greater than the feed-in tariff.
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Figure 9. Electricity transaction price

Table 2 gives the comparison of operating benefits and operating costs before and after the
cooperation of each subject, respectively. It can be seen that the total revenue of the main body of
shared energy storage power plant in one cycle after Nash bargaining and cooperation increased by
233.7$, and the operating costs of the three user bodies decreased by 261.2$, 251.6$, and 1518,
respectively, with a decrease of 73.1%, 45.3%, and 49.3%. This illustrates that both the shared energy
storage plant and each user entity have significantly improved their own benefits through Nash
bargaining cooperation, which shows that the method has achieved the expected goal by taking into
account the overall and individual interests.

Table 2
COMPARISON OF OPERATION INCOME BEFORE AND AFTER COOPERATION
OF SHARED ENERGY-STORAGE POWER STATION
Costs or benefits Before cooperation  After cooperation  Revenue enhancement amount
Charging and discharging costs 0 -10.3 10.3
Trading with external grids 0 0.2 0.2
Transactions with users 0 243.8 243.8
Total revenue 0 233.7 233.7
Table 3
COMPARISON OF OPERATION COST BEFORE AND AFTER USER 1 COOPERATION
Cost Before cooperation After cooperation  Cost reduction
Demand-side response costs 135 135 0
Trading with external grids 343.8 238.4 105.4
Trading with energy storage plants 0 —155.8 155.8
Total Cost 357.3 96.1 261.2
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Table 4
COMPARISON OF OPERATION COST BEFORE AND AFTER USER 2 COOPERATION
Cost Before cooperation After cooperation Reduction
Demand-side response costs 14.6 135 1.1
Trading with external grids 540.8 2511 289.7
Trading with energy storage plants 0 39.3 -39.3
Total Cost 555.4 303.8 251.6
Table 5
COMPARISON OF OPERATION COST BEFORE AND AFTER USER 3 COOPERATION
Cost Before cooperation After cooperation Reduction
Demand-side response costs 14.6 135 1.1
Trading with external grids 291.9 269.8 22.1
Trading with energy storage plants 0 -127.8 127.8
Total Cost 306.5 155.5 151

This paper establishes the cooperative operation mode of shared energy storage power plant
and industrial users based on Nash bargaining and transforms this problem into two sub-problems of
system revenue maximization and power transaction payment bargaining for distributed solution. The
analysis of the arithmetic examples leads to the following conclusions:

1. The alternating direction multiplier method is used to solve the two subproblems of system
revenue maximization and power transaction payment bargaining with good convergence, and this
algorithm protects the privacy information of each participating subject, and also has the advantages
of fast convergence and high accuracy, which completes the efficient solution of the cooperative
operation problem in this paper.

2. Through the analysis of the trading results of each body, the electric load of users reaches a
balanced state, reducing the phenomenon of abandonment, which is conducive to the accommodation
of new energy. For the power grid, the power consumption behavior of each body is conducive to
relieving the pressure on the power grid and has an obvious effect of peak shaving and valley filling.

3. In comparison with the pre-collaboration period, the overall revenue of shared energy storage
plants and industrial users has increased, and the benefits of each subject have also been significantly
improved, taking into account both the overall and individual interests.
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