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Optimal Operation with Dynamic Partitioning
Strategy for Centralized Shared Energy Storage
Station with Integration of Large-scale
Renewable Energy

Jianlin Li, Zhijin Fang, Qian Wang, Mengyuan Zhang, Yaxin Li, and Weijun Zhang

Abstract—As renewable energy continues to be integrated in-
to the grid, energy storage has become a vital technique sup-
porting power system development. To effectively promote the
efficiency and economics of energy storage, centralized shared
energy storage (SES) station with multiple energy storage bat-
teries is developed to enable energy trading among a group of
entities. In this paper, we propose the optimal operation with
dynamic partitioning strategy for the centralized SES station,
considering the day-ahead demands of large-scale renewable en-
ergy power plants. We implement a multi-entity cooperative op-
timization operation model based on Nash bargaining theory.
This model is decomposed into two subproblems: the operation
profit maximization problem with energy trading and the leas-
ing payment bargaining problem. The distributed alternating di-
rection multiplier method (ADMM) is employed to address the
subproblems separately. Simulations reveal that the optimal op-
eration with a dynamic partitioning strategy improves the track-
ing of planned output of renewable energy entities, enhances
the actual utilization rate of energy storage, and increases the
profits of each participating entity. The results confirm the
practicality and effectiveness of the strategy.

Index Terms—Shared energy storage (SES), dynamic parti-
tioning strategy, optimal operation, Nash bargaining theory, ac-
tual utilization rate of energy storage.

1. INTRODUCTION

NERGY storage, as a fundamental technology, plays a
pivotal role in the transformation of the modern power
systems, holding immense importance in the seamless inte-
gration of energy sources, power networks, and electricity
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consumption. It actively promotes the transition to greener
energy and the mitigation of extreme events, ensures energy
security, advances high-quality energy development, and
aligns with climate change objectives. Currently, energy stor-
age facilities in diverse application scenarios are primarily
constructed and invested by power generation companies,
grid operators, and end-users worldwide. However, existing
energy storage systems on the power source, grid, or user
sides predominantly serve individual entities [1], [2], i.e., uti-
lizing the energy storage in the individual distributed frame-
work. The individual distributed framework is flexible
enough to meet the customized needs of individual owners,
which is also economically inefficient, particularly in the
context of large-scale energy storage stations. The inefficien-
cy arises from high-capital costs, maintenance expenses [3],
and limited actual utilization [4]. In response, shared energy
storage (SES) has emerged, combining energy storage tech-
nology with the sharing economy concept [5], [6]. Through
flexible and well-planned operation strategies, SES provides
auxiliary power services to both renewable energy power
plants and the grid, thereby facilitating the integration of
large-scale renewable energy sources into the grid while
maximizing the economic benefits of energy storage devices.

The development of SES has garnered significant atten-
tion across various research fields, with three primary areas
of interest, i.e., control, scheduling, and planning of SES. In
terms of control, current methodologies primarily aim to en-
hance the stability of power systems integrated with renew-
able energy through SES, which includes providing primary
frequency response [7], facilitating demand response [8], and
mitigating thermal or voltage limit violations [9]. Further-
more, considerable efforts have been dedicated to economic
scheduling to improve system efficiency and reduce opera-
tion costs through SES, benefiting both service providers
and consumers. Typically, a sharing model of energy storage
resources is rooted in non-cooperative or cooperative game
theory [6], [10], [11]. In the sharing model, SES distinguish-
es between user rights and owner rights [10], [12], enabling
different participants to access energy storage capacity
through leasing agreements. Subsequently, the operation
within the sharing model will be treated and solved as an op-
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timization problem to navigate trading prices and ensure eq-
uitable and secure energy transactions [13]-[15]. The SES
planning emphasizes optimizing SES capacity allocation to
enhance energy storage utilization and operational perfor-
mance [16]. Most existing research works deal with the ca-
pacity allocation issues within local energy communities
[17]-[19], while the primary studies in the above-mentioned
research are focused on the energy trading of distributed en-
ergy storage systems. However, it is worth noting that ener-
gy trading involving large-scale centralized energy storage
has not been thoroughly investigated. Furthermore, the capac-
ity allocation strategy for centralized SES station with multi-
ple energy storage batteries remains a complex and underex-
plored research area.

Large-scale centralized SES stations currently employ a
fixed capacity allocation method [20]-[22], which poses chal-
lenges in meeting the dynamic energy storage needs of vari-
ous entities across a spectrum of application scenarios.
These scenarios encompass tasks such as mitigating fluctua-
tions in renewable energy sources, peak shaving and valley
filling, and capacity leasing, ultimately resulting in low ener-
gy storage utilization. To enhance the SES utilization and
flexibility in catering to diverse entity demands, a promising
solution involves partitioning the SES into different zones,
each of which is tailored to specific application scenarios.
The effectiveness of SES partitioning within local energy
communities has been previously demonstrated [23]-[25]. In
this paper, the methodology of SES partitioning is extended
to large-scale centralized SES stations. The optimal opera-
tion that incorporates a dynamic partitioning strategy is pro-
posed for the centralized SES station, considering the spatial
and temporal characteristics of renewable energy entities, in-
cluding concentrated integration of wind and PV power. This
strategy divides the energy storage station into dynamic
zones based on its physical structure and coordinates its op-
eration accordingly. It takes into account the demand for re-
newable energy power plants leasing energy storage and the
operational characteristics of energy storage, effectively allo-
cating storage capacity, harnessing the regulating capabilities
of energy storage, and enhancing the utilization and econom-
ic benefits. Furthermore, we discuss the collaboration and op-
timization of large-scale centralized SES stations with multi-
ple renewable energy entities, achieving a win-win situation
among different entities through bargaining and consensus.
To summarize, the main contributions of this paper are as
follows.

1) The optimal operation with a dynamic partitioning strat-
egy is proposed for the centralized SES station to improve
the utilization rates and economic benefits. The capacity of
centralized SES stations is dynamically allocated and leased
based on the standardized SES unit for renewable energy en-
tities.

2) The Nash bargaining model is used to achieve coopera-
tive bilateral energy trading in the renewable energy and
SES entities with dynamic partitioning. The Nash bargaining
problem is decomposed into an energy-trading subproblem
and a leasing payment bargaining subproblem for energy
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trading and operation profits.

3) The simulation results demonstrate the effectiveness of
the operation with a dynamic partitioning strategy, which im-
proves the actual utilization rate and economic benefits in
the tracking of planned output of renewable energy power
plants and ultimately achieves a win-win situation for all in-
volved entities.

The rest of this paper are organized as follows. Section II
presents the dynamic partitioning strategy for SES. Section
IIT presents the multi-entity operation Nash bargaining mod-
el. Section IV delineates the optimization operation solution
for two subproblems based on the distributed alternating di-
rection multiplier method (ADMM) algorithm. In Section V,
case studies and results are performed to verify the effects
of the strategy, particularly the efficiency and economy of
SES. Finally, Section VI concludes this paper.

II. DYNAMIC PARTITIONING STRATEGY FOR SES

Large-scale energy storage stations consist of multiple en-
ergy storage battery units in parallel, forming an MW-level
energy storage system. We refer to such an energy storage
station as a large-scale centralized SES station. The dynamic
partitioning strategy for SES proposed in this paper allocates
the energy storage station into independently operated zones
based on the demands of the participating entities. These en-
tities may include wind and PV power plants, as illustrated
in Fig. 1. These operated zones within SES can concurrently
serve various applications, e.g., mitigating fluctuations in re-
newable energy, reducing peak load, filling valley load, and
leasing capacity. The strategy maximizes the potential of en-
ergy storage capacity and power value, enhancing the overall
utilization of energy storage stations.

A. Standardized SES Unit

To utilize the centralized SES station more flexibly, we
adopt the dynamic partitioning strategy. Standardized SES
units are composed of energy storage battery cabinets and
power conversion systems (PCSs). They are organized based
on the actual operation structure of the power station, form-
ing standardized SES units with a capacity of 5 MW/10
MWh each, which are connected to the 35 kV busbars and
possess the capability to receive and execute control com-
mands independently. The dynamic partitioning strategy and
standardized SES unit for centralized SES station are shown
in Fig. 1. In the 5 MW/10 MWh standardized SES unit,
there is one step-up transformer, eight battery cabinets (Al-1
to A1-8), and eight PCSs. The partitioning of energy storage
units signifies a transition in which the minimum operation
unit of energy storage shifts from the entire power station to
individual SES units. This transition results in a reduction in
the minimum operation power and capacity for large-scale
energy storage stations. The strategy lays the foundation for
the flexible operation of centralized SES stations and allows
for effective reuse across multiple scenarios. The topology
of the standardized SES unit is based on an actual project
case at the State Grid Contemporary Amperex Technology
Co. Limited (SG-CATL) GW-level energy storage station lo-
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cated in Fujian, China.

B. Dynamic Partitioning Strategy

When renewable energy power plants make use of central-
ized SES stations, the storage capacity becomes a critical
factor in defining the range of energy storage allocated by
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these plants. Various output ranges directly influence the op-
timization possibilities for integrating renewable energy pow-
er plants. Employing a fixed partitioning strategy for SES
presents several challenges, including limited flexibility and
constrained regulation capabilities.
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Fig. 1.

The dynamic partitioning strategy for the centralized SES
station allows for hourly adjustments and is not limited to
fixed users. The strategy empowers the centralized SES sta-
tion to allocate its capacity more economically and efficient-
ly. This, in turn, provides sufficient energy storage capacity
for participating in the electricity market to generate profits
and meet the demands of renewable energy entities. More-
over, renewable energy entities can lease energy storage ca-
pacity with greater flexibility. This enhanced flexibility un-
locks the full potential of energy storage, mitigating the chal-
lenges associated with individually configuring energy stor-
age capacity for renewable energy power plants. This strate-
gy expands the range of applications for energy storage, re-
duces investment costs for renewable energy power plants,
and directly boosts energy storage revenue.

The dynamic partitioning strategy for the centralized SES

Dynamic partitioning strategy and standardized SES unit for centralized SES station.

station is determined by the specific demands of renewable
energy entities at the beginning of each day. In this process,
the centralized SES station collects day-ahead demand data
from these entities and then dynamically allocates the stan-
dardized SES units based on their anticipated capacity re-
quirements. The quantities of day-ahead usage plan of stan-
dardized SES units for each entity are determined. The cen-
tralized SES station receives the predicted output curve and
aligns it with the planned output curve during the next 24-
hour scheduling period. The quantity of standardized SES
units is dynamically adjusted, and capacities are allocated ac-
cordingly. Subsequently, each entity uses the allocated dy-
namic zones to optimize the charging and discharging sched-
uling of the SES throughout the day. Compared with the
fixed partitioning strategy, this dynamic arrangement enhanc-
es the efficiency of energy storage utilization, allowing for a
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more rational and flexible distribution of the limited energy
storage capacity.

There are M renewable energy entities, which include
wind and PV power plants. In compliance with market poli-
cy guidelines [26], SES capacity participating in the spot
market must be declared in advance to match the actual situ-
ation. Consequently, the allocated capacity in spot market is
determined through the partitioning operation. The minimum
operation unit of SES station is 5 MW/10 MWh, meaning
that the power and capacity in the dynamic partitioning strat-
egy for the centralized SES station are multiples of 5 MW
and 10 MWh, respectively. The formulas for the dynamic
partitioning strategy are provided as:

P (1) =Pp(t) = Pp(t) (1)

PZ;ed( ) Prr:ZLd L( ) PnWéed,d[s(t) (2)
Pm

need(t+ 1) E::zed( ) P;"Z-ed(( ) "E‘Z:IS( ) (3)

En. (1) =0 @)

0<Py...(1) <ay(t)PE(t) 5)

0<Pu(t) < (1=al (t))Pp(1) (6)

Km(t) — E::Zed( ) Kmax (7)

zEmcd
Z =K ®)
0<K"(t) <K, )

where m is the number of renewable energy entities and also
indicates the number of dynamic zones; ¢ is the time period;
M is the total number of renewable energy entities; Py (¢) is
the predicted output of renewable energy entity m; Pjp,(t) is
the planned output of renewable energy entity m; P ()
and E" [(t) are the day-ahead demand power and capacity
of renewable energy entity m, respectively; P, .(¢) and
P . .i(t) are the demanded charging and discharging power
of renewable energy entity m, respectively; Py (t) is the actu-
al power output of renewable energy entity m; a”,,(t) is a
binary variable, which represents the charging and discharg-
ing status of demand power; K"(¢) is the number of stan-
dardized SES units of renewable energy entity m; and K,
is the total number of standardized SES units in the central-
ized SES station.

Ep.(t) =E,,K"(1) (10)
mi max (1) +ES (11)

Pl (1) =P!(t) - Py (1) (12)
Z P (1) =P, (1) (13)
0<P(2) <a"(t) Pp, () (14)

0<P (1) < (1-a"(1)) Py (1) (15)
zpdts +P;'I;1-Dt ) <Pmax (16)

M
zP"’(t +PI(t) SP 7
where E” (t) is the allocated capacity of renewable energy
entity m; E_,. 1is the total rated capacity for centralized SES
station; £, is the rated capacity of a standardized SES unit;
P,.(t) is the total charging and discharging power of entity

m; P"(¢) and P’ (t) are the charging and discharging power
requests of renewable energy entity m, respectively; Pc’“d’fy( t)
is the discharging power of renewable energy entity m in
standardized SES unit k; P?”(¢) and P%"(¢) are the charg-
ing and discharging power of the SES entity; 7, with a value
of 24, is the number of operation periods; P” (t) is the up-
per limit of the charging and discharging power of renew-
able energy entity m; P, is the upper limit of the total
charging and discharging power of the centralized SES sta-
tion participating in the spot market; and a”(¢) is a binary
variable, which represents the charging and discharging sta-
tus of renewable energy entity m.

S0CH(1+ 1) =SoC(1) + 1 n.pr(e) - Py g5
unit dis

SoC*<SoC¥(t) < SoC" (19)

SoC*(1) =SoCH(T) (20)

where SoC*(¢) is the state of charge (SoC) of standardized

SES unit ; and SoC* and SoC" are the minimum and maxi-
mum SOC limits for standardized SES unit k, respectively.
Formulas (5), (6), (14), and (15) decide the charging or dis-
charging state of energy storage, where | represents charging
state and O represents discharging state. Formula (20) pres-
ents an energy balance of standardized SES unit between
scheduling cycles.

III. MULTI-ENTITY OPERATION NASH BARGAINING MODEL

After the dynamic partitioning for SES has been complet-
ed, the multi-entity operation will be implemented with the
Nash bargaining model. The multi-entity operation Nash bar-
gaining model has three parts: the operation model of the re-
newable energy entity, the operation model of the SES enti-
ty, and the multi-entity Nash bargaining model. The dynamic
partitioning strategy occurs one day in advance, based on the
tracking of planned output demands. Renewable energy enti-
ties, comprising wind and PV power plants, are integrated in-
to the grid. The centralized SES station leases energy stor-
age capacity to renewable energy entities. The leased SES
capacity is employed to smooth the power output fluctua-
tions of wind and PV power plants, track their planned out-
put curves, and compensate for the discrepancies between re-
al-time dispatch output and their declared curve, reducing
the deviation costs for wind and PV power plants. This en-
sures the accommodation of renewable energy, thereby in-
creasing the trading volume for renewable energy entities. Si-
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multaneously, the SES entity sets prices for the leased ener-
gy storage capacity [27]. Renewable energy entities sign ca-
pacity contracts with the centralized SES station, where they
bargain and determine the leasing capacity and price. Rea-
sonable prices for energy storage leasing can reduce invest-
ment costs for renewable energy entities and improve the uti-
lization rate of energy storage.

The centralized SES station operates independently, pro-
viding charging and discharging services for renewable ener-
gy entities. When the demands of renewable energy entities
are prioritized, the remaining capacity of the centralized SES
station can flexibly participate in the spot market. The cen-
tralized SES stations participate in the spot market through a
self-scheduling mechanism. If the SES does not partake in
the spot market, the operational revenue of the station will
be significantly reduced [28]. The remaining capacity of the
centralized SES station can participate in the spot market as
an independent entity, providing services, generating extra
revenue, and ultimately achieving a win-win situation for all
entities.

A. Renewable Energy Entity Operation

The capacity of the centralized SES station can track the
planned output of renewable energy entities, and reduce the
forecasting error of renewable energy entities, minimizing
the curtailed power and improving the operation and dis-
patching flexibility of the power grid. The operation profit
U,, for renewable energy entity m can be expressed as:

U,=Riy-""-C,,-C; @n
where R, is the revenue from energy sales of renewable en-
ergy entity m; 7™ is the leasing payment of SES for re-
newable energy entity m; C.. is the operation and mainte-
nance (O&M) cost for renewable energy entity m; and CJ; is
the penalty cost for renewable energy entity m deviated from
the planned output. The revenue R, from the energy sales
of renewable energy entities is defined as:

qvellz(Pm(t) + P (t ))

PE(1) + Pl (1) < (1+7) Ppy(1)

qselli(l +a) Pp(t)

t=1

Py(t) +Plyl1) >

Ry= (22)

(1 +V)P1r’nd(t)

where ¢, is the feed-in tariff for renewable energy; and y is
the allowable deviation range of the planned output. The
O&M cost C,, of renewable energy entities is defined as:

om—kzP”‘(t

where k is the O&M cost of renewable energy generation.
C;, lies in compensating for the interference caused by real-
time dispatch deviation of renewable energy entities from
the planned output. According to relevant regulations in Chi-
na, the reduction and exemption of the deviation power of
the grid-connected renewable energy power plants at each

moment are set at 5% of the declared power for the previous

(23)
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day, and the excess part is included in the deviation cost.
T
Cli=z >,04(1) (24)
t=1
0, =max (| P5(1)|=yPp(1).0) (25)

where Q7 is the deviation power for grid-connected renew-
able energy entity m; P/ (¢) is the power shortfall of renew-
able energy entity m; and z is the cost per deviation power
unit.

The bilateral energy trading will be triggered when renew-
able energy entities lease the capacity from the SES entity to
track the planned output on their needs. The leasing payment
is calculated based on the charging and discharging of the
SES per unit. Renewable energy entity m can bargain with
the SES entity to finalize the terms of energy trading and de-
termine the leasing payment amount. The leasing payment
depends on the supply and demand relationship between the
SES entity and renewable energy entities. The leasing pay-
ment 7™ for energy trading between renewable energy
and SES entities is defined as:

m SES _

EP:;,iES (26)

PnES(t) =P(t) + Py (1) (27)
Pt (t) +Pi™(2) =0 (28)
7l_m.SES+ nSE&m — 0 (29)

where g" is the leasing payment of renewable energy entity
m per unit; P7555(¢) and PS5 (¢) are the amounts of energy
trading between renewable energy entity m and the SES enti-
ty; and 7™ and 75" are the leasing payments for energy
trading between the renewable energy entity m and the SES

entity.

B. SES Entity Operation
The operation profit for the SES entity U, is defined as:

M
Ugps=Rpp+ Roy— > 75" = CS

spot

(30)

where R, is the revenue of SES entity participating in the
spot market; R, is the capacity tariff compensation of SES
entity; and C3° is the total O&M cost for the centralized
SES station.

The revenue R, comes from the SES entity that partici-
pates in the spot market. The SES entity participates in the
spot market by offering peak shaving and valley filling ser-
vices based on price differences between peak and off-peak
periods without submitting any bid price. As a price taker,
the charging and discharging actions of the SES entity do
not affect the market clearing prices. The SES entity can
flexibly optimize its output shares for each period. It can
profit from price variation by utilizing the remaining capaci-
ty of the SES for energy trading

Ap()f E;LTPOT t)PcYpdults( )

PI(t) =P2"(t) -

(31)

—P}(1) (32)
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where A7”(t) is the clearing price of the spot market, and
the locational marginal price (LMP) pricing mechanism is
adopted; and P¥7:(¢) is the discharging power when SES en-
tity participates in the spot market. According to the energy
storage policy in provincial-level spot markets in China, R,
is provided to energy storage participating in the spot mar-
ket, while the capacity associated with leasing and other
methods does not qualify for capacity tariff compensation.

R, =tE™ (33)

max
where 7 is the ration of capacity tariff compensation; and
E is the compensation capacity participating in the spot

market. The O&M cost C,,, of the SES entity is defined as:

om

SES m, SFS
om = HMom z ZPrun‘

=lm=

S is the unit cost of O&M.

(34)
where 1%

C. Nash Bargaining Model

The Nash bargaining model is introduced for optimizing
the cooperative operation between renewable energy and
SES entities. In this model, each entity is regarded as an in-
dependent and rational individual, and all participating enti-
ties strive to achieve consensus through bargaining. We seek
an equilibrium strategy that maximizes the collective bene-
fits of all participants to the fullest extent. Nash bargaining
is a theory that belongs to cooperative games, providing a
theoretical framework to elucidate the process of bargaining
among multiple entities.

The Nash bargaining model is employed to analyze the
collaboration between renewable energy and SES entities,
which can fairly and reasonably determine both the leasing
capacity and leasing price of the SES. The maximum Nash
product solution represents the equilibrium outcome in the
Nash bargaining game problem, and this solution can ensure
that the cooperative participants achieve Pareto-optimal bene-
fits. Each participating entity can reach its optimal decision
through Nash bargaining. The formula for the Nash bargain-
ing model is:

m ) ( SES U;)ES )

max H

st. U,—U’>0
USES - USOES 20
(8)-(20), (27)-(29)

where U, and Ug are the profit functions for renewable en-
ergy bargaining entity m; and U and U, are the bargain-
ing breakdown points referring to the profits of each bargain-
ing entity before the cooperation, which represent the mini-
mum acceptable profits that the entity refuses all agreements
during the bargaining. The objective of Nash bargaining is
to maximize the enhancement in benefits for all cooperation
entities.

The Nash bargaining model is a non-convex and non-lin-
ear problem that is difficult to solve directly. The mean in-
equality is applied to decompose the bargaining model into
two consecutive subproblems [28]. Specifically, the first sub-
problem S1 aims to maximize the operation profit problem

(35)

of multi-entities with energy trading, and the second subprob-
lem S2 focuses on determining the bilateral leasing pay-
ments for energy trading. The optimal solution to the origi-
nal problem can be obtained by solving two subproblems se-
quentially. The decomposition of the Nash bargaining model
proceeds as follows.

Each entity is willing to participate in energy trading and
can strictly improve its performance in terms of upper total
profit, i.e., U, —U>0, Ugg— Ugye>0. All entities form a co-
hesive coalition, and the total profit for the coalition will in-
crease due to energy trading.

For ease of calculation, we set two intermediate variables
W, and W as:

W,=U,+n"5 (36)

M
_ SES.m
Weps=Usgps+ z T

m=1

(37

The energy trading of entities leads to an overall increase
in coalition profit. The details of the proof for the subprob-
lem decomposition can be found in Appendix A.

1) S1: multi-entity operation profit maximization problem

M
max ( 2 W, + ngs)

m=1

(3%

The planned output of renewable energy bargaining entity
m at time ¢ is defined as the sum of the actual renewable en-
ergy output, power shortfall, and energy storage charging
and discharging power at time 7.

%s.t. Pp(1) =Pp(1) + Pl (1)
®)-(20)
2) S2: leasing payment bargaining problem

M
SES.m 0, *
2 T = Ugs
m=1

+Pj(1) (39)

max(iln( Wi—m"SS U2 ) +In| Wy~

(40)
st Wi—a"SE> Uyt
M
W s+ anm > Ugys (41)
(27)-(29). (36). B7)
where W, and W, are the optimal solutions of SI; and

U and U ore are the breakdown points of optimal operation
for renewable energy bargaining entity m and SES entity be-
fore the cooperative bargaining, respectively.

IV. OPTIMIZATION OPERATION SOLUTION

To protect the privacy of entities engaged in bargaining,
this paper employs a distributed ADMM algorithm to solve
the subproblems of maximizing profits of multi-entities and
bargaining leasing payment for energy trading. The algo-
rithm has strong convergence properties, simple form, and
strong robustness, making it a common choice for solving
optimization problems with separable variables. The detailed
solution steps can be found in [29]. The solution process of
distributed ADMM algorithm for the bargaining model is
shown in Fig. 2 according to the two subproblems.
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Fig. 2. Solution process of distributed ADMM algorithm.

To solve S1 for maximizing the profits of multiple enti-
ties, auxiliary variable P”5%(¢) is introduced, which repre-
sents the optimal energy expected to be leased from the SES
entity by renewable energy entities at time #, the model of

S1 is transformed into a double-coupling model.
Pm SES(t) =Pm,SES(t)

rent rent

Pm SES( )

rent

(42)
PES(1) =0

rent (43 )
The multiple entities bargain and reach a consensus on ener-
gy trading. To convert the problem into a minimization prob-

lem, we construct the augmented Lagrangian function of S1 as:

(EU +Ugs | + zzzk ) PrsEs(r)

m=1t=1

2 EH Brs(e) - Prs(o)|.

m=1t=

—PISE(1)) +

rent

(44)

where A%(¢) is the Lagrange multipliers for renewable energy
entities of S1; p is the penalty factor for S1; and £ is the iter-
ation number. By utilizing the distributed ADMM algorithm
to solve the augmented Lagrangian function in the distribu-
tion framework, we can obtain:

1) Distributed optimization model for the renewable ener-
gy entity m
—P2SE(1)) +

rent

o]

2) Distributed optimization model for SES entity
min[ Uggs+ zzlk (P:Z;SES 1)
m=1t=
M
p
7

m=1t=1

ﬁizk( ) Brses(n)

_pm SES

rent

min{—W,ﬁ

(45)

rent

—PISE(1)) +

(46)

rent rent

r 2
” PrSES(g) = prSES(p) ”2]
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Initialize the iteration number, set the parameters, and up-
date the Lagrange multipliers:

lkﬂ(l‘) =/1k(t) +p(PmSESA+|( ) —

rent

pm SESk+l(t))

rent

(47

Determine the convergence condition of the distributed
ADMM algorithm:

m, SES, k+l
max(z” Prent

where J, is the residual convergence precision for S1.

To solve S2 for bargaining the leasing payment, we intro-
duce auxiliary variable 775%(¢) to represent the expected
leasing payment for renewable energy entities.

RS (1) =2 1) (49)
#7SES(1) 4+ 75557 (1) =0 (50)

The augmented Lagrangian function for S2 can be con-
structed as:

(4%)

rent

o] ] <o
5 1

0, *
Ljutn?)

M
—(zln( W — gmSES
m=1

(- S
m=1

izyk mSES ) _n,m,SES(t)) +

l;j l;?l T ,

?zz mSES(t mSES(t)”2 (51)
t=1

m=1

where y%(¢) is the Lagrange multipliers for the renewable en-
ergy entities of S2; and y is the penalty factor for S2. Simi-
lar to S1, we can decompose the augmented Lagrangian
function for S2 to obtain distributed optimization models for
determining the leasing payment in energy trading and ini-
tialize the iteration number, set the parameters, and update
the Lagrange multipliers:

yl”l(t) =y ( ) +l//( mSESk+1(t) _n,m.SES,kJrl(t)) (52)
T
max Z” ﬁ,m,SESkJrl(t) _ﬁ,m,SES.k(t) ”i <62 (53)
=
where J, is the residual convergence precision for S2.
Finally, we obtain the optimal leasing price ¢™* for renew-

able energy entities. Additionally, the Pareto-optimal profits
for multi-entities and the maximum profit for the coalition
can be determined.

V. CASE STUDIES AND RESULTS

A. Simulation Settings

In this subsection, we simulate the proposed optimal oper-
ation with a dynamic partitioning strategy for the centralized
SES station. Detailed parameters of the standardized SES
units are shown in Table I. Each standardized SES unit con-
sists of one 35/0.4 kV step-up transformer, eight 0.63 MW/
1.39 MWh battery cabinet systems, eight 630 kW PCSs, and
corresponding combiner cabinets.

We examine three renewable energy entities, including
two wind power plants of 150 MW and 100 MW and one
PV power plant of 100 MW in northwest China.
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TABLE I
DETAILED PARAMETER OF STANDARDIZED SES UNIT

Parameter Value
Power of standardized SES unit (MW) 5
Capacity of standardized SES unit (MWh) 10
Ratio of step-up transformer (kV) 0.4/35
Rated capacity of step-up transformer (MVA) 5.5
Rated power of PCS (MW) 0.63
Rated power of battery cabinet (MW) 0.63
Rated capacity of battery cabinet (MWh) 1.395

To verify the effectiveness of the proposed strategy, we an-
alyze the actual output and planned output of these renew-
able energy power plants on typical days. The equipment
scale and cost of the centralized SES station as well as the
feed-in tariff and O&M cost factor of renewable energy pow-
er plants are shown in Appendix B.

To validate the effectiveness of the optimal operation with
a dynamic partitioning strategy for SES, our analysis ex-
plores three distinct scenarios.

Base scenario: entities do not cooperate with each other.
Renewable energy entities are directly connected to the grid,
and the SES entity operates independently.

Scenario 1: the optimal operation with a fixed partitioning
strategy is involved for the centralized SES station. Here, re-
newable energy entities collaborate with the SES entity. The
fixed capacity is determined based on the rated capacities of
renewable energy entities.

Scenario 2: the optimal operation with a dynamic partition-
ing strategy is implemented for the centralized SES station.
The strategy fosters collaboration between renewable energy
entities and the SES entity.

B. Analysis of Optimization Operation Results

This paper presents an analysis of optimization operation
results across the scenarios, as shown in Table II. In the
Base scenario, the energy storage station operates indepen-
dently, without any transactions between renewable energy
entities and the SES entity. Scenario 1, as shown in Fig. 3,
focuses on the tracking effect of wind and PV entities on
planned output.

TABLE 11
OPTIMIZATION OPERATION RESULTS

Results on Base scenario (kWh)

Results on Scenario 1 (fixed) (kWh)

Results on Scenario 2 (dynamic) (kWh)

Entity Transaction Curtailment Penalty Grid- Transaction Curtailment Penalty Grid- Transaction Curtailment Penalty Grid-
connected connected connected
1 45.50 93.18  1979.50 144.81 26.42 2046.39 156.22 3.40 5.04 2074.34
2 87.78 2532 1119.22 89.96 46.50 0 1167.90 114.50 12.43 2.80 1158.38
3 19.82 413.18 107249 59.49 14.31 458.04 70.99 1.99 7.24 470.72

Scenario 1 showcases the effectiveness of cooperative op-
erations between renewable energy and the SES entities in
reducing wind and PV curtailments as well as power devia-
tion in renewable energy power plants. Nevertheless, some
limitations persist. Wind power entity 1 faces power shortag-
es during 10:00-14:00, wind power entity 2 experiences 46.5
kWh of wind curtailment, and PV entity 3 encounters power
shortages as well. The results demonstrate that while fixed
partitioning strategy in Scenario 1 largely aligns with the
planned output, it falls short of fully harnessing the spatio-
temporal adjustment capabilities of energy storage. Conse-
quently, it leads to suboptimal energy storage utilization and
high operational costs for both renewable energy and the
SES entities.

Figure 4 illustrates the performance tracking of renewable
energy entities in Scenario 2, where the dynamic partitioning
strategy demonstrates a superior capability to align with the
planned output compared with that of Scenario 1. The major-
ity of renewable energy outputs fall within the allowable de-
viation range. In comparison to Scenario 1, Scenario 2 leads
to a reduction of 21.38 kWh in the penalty amount for wind
power entity 1, a decrease of 34.07 kWh in curtailment for
wind power entity 2, and a reduction of 7.07 kWh in the
penalty amount for PV entity 3. However, due to the influ-
ence of the dynamic partitioning strategy, there is a slight in-
crease in curtailment for wind power entity 1 and PV entity

3 as well as an increase in the penalty amount for wind pow-
er entity 2. Nevertheless, when compared with Scenario 1,
the overall grid-connected power increases by 31.11 kWh,
the overall curtailment amount decreases by 38.32%, and the
overall penalty amount decreases by 37.02%. The improve-
ments result in significantly more overall profits.

Figure 5 presents a dynamic allocated capacity among var-
ious entities. The red line illustrates the dynamically allocat-
ed capacity in Scenario 2, with the cumulative dynamic ca-
pacity over time equaling the rated capacity of the entire cen-
tralized SES station. The green shaded area indicates the ac-
tual capacity utilized by different entities. In alignment with
the typical configuration of large-scale energy storage sta-
tions, the minimum energy storage unit for operation is set
to be 5 MW/10 MWh. When the renewable energy entities
have zero demand, the dynamically allocated capacity leased
by the renewable energy entity can be reduced to zero. Over-
all, the dynamic partitioning strategy for centralized SES sta-
tion effectively matches the demands of the individual entity
and validates the rationality of the strategy. The strategy es-
tablishes a theoretical foundation for multi-scenario applica-
tions of large-scale energy storage stations and provides valu-
able guidance to fully utilize the capacity and power of ener-
gy storage.

The total utilization rate of the centralized SES station is
calculated as:
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where r,, is the actual utilization rate of renewable energy en-
tity m; rg is the actual utilization rate of the centralized
SES station; and SoC* is the SoC of spot market capacity.

Table III presents a result of actual utilization rate be-
tween different entities and the entire centralized SES station
within the contexts of Scenarios 1 and 2. Notably, the dy-
namic partitioning strategy for centralized SES station yields
a substantial increase in the actual utilization of energy stor-
age capacity across diverse entities. When compared with
the fixed partitioning strategy, the actual utilization rates for
entities 1, 2, and 3 increase by 30.83%, 10.53%, and
12.41%, respectively. Importantly, entities with higher ener-
gy storage demands experience proportionally higher utiliza-
tion rates. For the overall centralized SES station, there is a
noteworthy enhancement in the actual utilization rate, regis-
tering an impressive increase of around 20.91%.

TABLE III
RESULT OF ACTUAL UTILIZATION RATE

Actual utilization rate (%)

Entity - -

Scenario 1 Scenario 2
Wind power entity 1 (150 MW) 32.76 63.59
Wind power entity 2 (100 MW) 39.54 50.07
PV entity 3 (150 MW) 34.22 46.63
Entire centralized SES station 34.61 55.52

In Fig. 6, we visualize the dynamic energy trading among
different entities in Scenarios 1 and 2 as a result of optimiza-
tion operation. The implementation of the dynamic partition-
ing strategy has led to increased energy trading between re-
newable energy source entities and the SES entity, resulting
in additional energy trades of 11.41 kWh, 22.53 kWh, and
11.09 kWh for entities 1, 2, and 3, respectively.
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This increase in energy trading has also contributed to ele-
vated electricity consumption by renewable energy entities,
providing further validation of effectiveness of the dynamic
partitioning strategy in improving energy storage utilization
efficiency.

C. Economic Analysis of Operation

Figure 7 illustrates the leasing payment of centralized SES
station in Scenarios 1 and 2. Notably, when renewable ener-
gy entities do not engage in leasing energy storage, leasing
payments are non-existent, and their equivalent varies. How-
ever, the leasing payments are consistently below the level-
ized cost of electricity (LCOE) associated with large-scale
lithium-ion battery energy storage stations [30].

In Scenario 1, the average leasing payments for the three
renewable energy entities are CNY 0.30, CNY 0.21, and
CNY 0.06, respectively. This suggests that accessing the
SES through leasing is more cost-efficient than utilizing en-
ergy storage independently for renewable energy entities. Es-
sentially, leasing the centralized SES station capacity proves
to be a more economically efficient option compared with
configuring energy storage independently. Through energy
trading among various entities, the strategy can achieve low-
er leasing prices.

In Scenario 2, the average leasing prices for renewable en-
ergy entities 1, 2, and 3 are CNY 0.36, CNY 0.21, and CNY
0.07, respectively. A comparison reveals that the leasing pric-
es in Scenario 2 are higher than those in Scenario 1. The in-
crease in leasing prices results in increased leasing payments
for renewable energy entities, consequently boosting the to-
tal profits of the coalition. The increased utilization of SES
capacity mitigates the impact of higher leasing payments by
reducing deviation penalty costs and curtailed power. As a
result, it enhances the integration of renewable energy into
the grid.
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Table IV provides economic indexes of optimization oper-
ation. The profits encompass the revenue generated from re-
newable energy integration into the grid, leasing payments,
and other costs such as operational and deviation costs. In
Scenario 1, the collaboration among multiple entities
through energy trading yields total revenues of CNY
31436.93, CNY 22879.6, and CNY 15704.04 for the three re-
newable energy entities 1, 2, and 3, respectively. Despite the
leasing payment following cooperative operation, the effec-
tive tracking of the planned output reduces wind and PV cur-
tailments and lowers deviation penalty costs, leading to a to-
tal cost decrease. Consequently, the profits of renewable en-
ergy entities 1, 2, and, 3 in Scenario 1 increase by approxi-
mately CNY 34522.35, CNY 34522.75, and CNY 34522.98,
representing increments of 4.09%, 7.51%, and 32.19%, re-
spectively, compared with the Base scenario. The total profit
of SES entity amplifies by CNY 101621.07, indicating an in-
crease of CNY 34523.01 compared with the non-cooperation
scenario. The mutual collaboration among renewable energy
entities enhances the overall operation efficiency, leading to
improved profits for each entity while ensuring equitable dis-
tribution of cooperatively generated surplus.

In Scenario 2, the centralized SES station adopts a dynam-
ic partitioning strategy, thereby enhancing the utilization of
centralized SES station. The reasonable capacity partitioning
better aligns with the planned output of renewable energy
power plants, reducing wind and PV curtailments, increasing
revenue, and trimming costs. The final results in Table IV re-
veal that the total profits of multiple entities employing the
dynamic partitioning strategy increase by approximately
CNY 10063.5 compared with the fixed partitioning strategy.
Profits for entities 1, 2, and 3 as well as the centralized SES
station increase by about 1.14%, 2.04%, 7.10%, and 9.90%,
respectively. Compared with the Base scenario, the overall
profits increase by approximately 12.06%. The adoption of
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the dynamic partitioning strategy by multiple entities further
augments the economic benefits of the centralized SES sta-
tion and enhances the profit of each entity. The strategy facil-
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itates superior alignment with the planned output of renew-
able energy power plants.

TABLE IV
ECcONOMIC INDEXES OF OPTIMIZATION OPERATION

Base Scenario

Scenario 1 (fixed)

Scenario 2 (dynamic)

Leasing  Other Leasing

Leasing

Entity Revenue payment  cost Profit Revenue payment Other cost Profit Revenue payment Other cost Profit
(CNY) (CNY) (CNY) (CNY) (CNY) (CNY) (CNY) (CNY) (CNY) (CNY) (CNY) (CNY)
930365.0 85540 844825.0 961801.93  53044.80  29409.78  879347.35 974939.10  65104.81 20421.57 889412.72
2 526033.4 66206 459827.4 548913.00 21655.99  32905.86  494351.15 544437.12  22746.58 17274.85  504415.69
3 144613.0 37364 107249.0 160317.04 7749.41 10795.65  141771.98 164753.36 4664.46 8256.27  151832.63

VI. CONCLUSION

Due to operational and battery SoC constraints, the energy
storage system has difficulty in achieving a maximum utiliza-
tion rate. The key to improving energy storage utilization
lies in a well-designed operational scheduling. For central-
ized energy storage systems, refined management that in-
volves hierarchical, zonal, and clustered strategies has a sig-
nificant impact on the overall efficiency of energy storage
stations. Fully capitalizing on the multifunctionality of ener-
gy storage systems poses one of the future challenges in de-
veloping energy storage.

In this paper, we introduce a dynamic partitioning strategy
for centralized SES stations. Our research findings highlight
its suitability in operating and scheduling large-scale central-
ized SES stations, making it applicable across various scenar-
ios and involving multiple entities through leasing arrange-
ments. The practice of energy trading among multiple renew-
able energy entities effectively enhances the tracking of the
planned output, improves the grid-connected power genera-
tion, and reduces overall deviation penalties and curtailed
power. This strategy significantly elevates the actual utiliza-
tion rate of energy storage facilities, resulting in an approxi-
mately 20.91% improvement compared with the fixed parti-
tioning strategy. Furthermore, the collaboration between the
centralized SES station and renewable energy entities reduc-
es the usage costs of energy storage facilities, amplifies oper-
ational profits for each entity, shortens the recovery period
for centralized SES stations, and ultimately creates a win-
win situation for all involved entities.

APPENDIX A
The basic inequality has the following properties:

m
a+a,+...+a,

a,a,...a, < ( (Al)

m
With a, >0, according to the basic inequality, the objec-
tive function of the Nash bargaining model satisfies the fol-
lowing equation.
M

(U, - U Uges— Ugys) <

m=1
1 M

LS (0 ¢ (U]

m=1

(A2)

The formula is equivalent only if the following condition
is met.

UI_UIOZ"':Um_Un?:USES_US?ES (A3)
Since U'+U)+...+U+Ugs is constant, maximizing

M
(U, = U2)(Ugzs— Ud) is equivalent to maximizing Z U,+

m=1

=

m=

-

SES*

M
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ing equality holds.
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APPENDIX B

TABLE BI
PARAMETERS OF OPERATION MODEL

Parameter Value Parameter Value
EES (MWh) 200 q" (CNY/kWh) 0.47
PSES (MW) 100 k (CNY/kWh) 0.0008

555 (CNY/kWh) 0.35 z (CNY/kW) 0.5
WES (CNY/KW) 0.0018 g%, (CNY/kWh) 0.35
. 0.95 Ko 20
1 4is 0.95 7 (%) 5
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