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The renewable energy cluster can reduce the total power deviation of renewable energy stations and also bring cooperative benefits
to renewable energy stations. Shared energy storage can assist in tracking the power generation plan of renewable energy and has
advantages in the scale of investment, utilization rate, and other aspects. Therefore, this article proposes a study on the grid-
connected optimal operation mode between renewable energy cluster and shared energy storage on the power supply side.
Firstly, for the complementary characteristics blurring each member’s contribution to the cluster power deviation, an improved
Shapley value method is used to build a rational mechanism for apportioning the cluster power deviation penalty. Secondly,
based on the Nash negotiation model and allocation mechanism, the revenue model of the renewable energy cluster is
constructed, and an improved particle swarm optimization algorithm is proposed to solve the cluster operation strategy. Then,
based on the charge and discharge demand of renewable energy cluster, with the goal of maximizing the benefits of shared
energy storage, capacity pricing is optimized, as well as capacity allocation and participation in the frequency control auxiliary
service market. Finally, the solving process of grid-connected optimal operation mode is proposed, and the rationality of the
grid-connected optimal operation strategy between renewable energy cluster and shared energy storage is verified by example
analysis. The results indicate that renewable energy cluster and shared energy storage can effectively increase both benefits, and
a win-win situation for all parties can be realized. On the one hand, the cooperation mode and allocation mechanism can
effectively guarantee the benefit of each renewable energy station. On the other hand, shared energy storage is beneficial for
assisting in tracking the power generation plan of renewable energy and reducing the renewable energy power curtailment
situation. There also has residual capacity in the shared energy storage system; it can participate in the frequency control
ancillary service market, which can improve the capacity utilization rate and benefit of shared energy storage.

1. Introduction

With the growth of installed capacity of renewable energy
power generation, it is necessary to develop towards high-
quality goals in order to adapt to market competition mech-
anisms, such as in Ref. [1]. Renewable energy cluster can
effectively control uncertainty risks through complementary
characteristics, which can bring cooperative benefit and
enhance market competitiveness, such as in Refs. [2, 3].
Renewable energy cluster with energy storage can further
reduce uncertainty risks. At present, renewable energy sta-
tion is mostly with its own energy storage, which faces a

problem with resource utilization efficiency lower. Due to
the uncontrollable quality and small capacity of such energy
storage, Li et al. stated that there may be problems with the
limitation of control in Ref. [4]. Shared energy storage has
advantages in terms of investment scale and utilization rate,
Song et al. stated that it can provide greater cooperative ben-
efit for renewable energy cluster in Ref. [5]. Therefore, it is of
great significance to study the grid-connected optimal oper-
ation mode between renewable energy cluster and shared
energy storage that explicitly encompasses various aspects,
such as renewable energy cluster based on a cooperative
game, shared energy storage assisting in tracking the power
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generation plan of renewable energy, and shared energy
storage participation in frequency control ancillary service
market. It is the problem that my study endeavors to tackle,
which helps to make renewable energy power generation
develop towards high-quality goals in order to adapt to mar-
ket competition mechanisms.

1.1. Deficiency of Current Research. Many papers have been
conducted on the cooperative problem of renewable energy
cluster. In terms of cost allocation, Zhang et al. use the
nucleolus method and Shapley value method to allocate the
cooperative benefit generated by wind farms and P2G partic-
ipating in the electricity market, such as in Ref. [6]. Zheng
and Jiang adopt the improved Shapley value method to allo-
cate the fluctuation cost of wind farm cluster in Ref. [7], con-
sidering the impact of each wind farm power fluctuation on
the cluster. On the grid-connected model, Zhao et al. exploit
the potential flexibility in the district heating system for bet-
ter wind power accommodation in Ref. [8], and a cost allo-
cation strategy based on the Shapley value method is
proposed, which can rationally allocate the benefit among
multiple agents. Wang et al. proposed a dynamic coordi-
nated scheduling model that combines wind, photovoltaic,
and energy storage to optimize the profit of the energy com-
plementary delivery system and verified the rationality of
introducing a cooperative mode for benefit distribution
and utilizing an enhanced Shapley value method to allocate
the benefits of joint operation among the three parties, such
as in Ref. [9]. But, it only aims to maximize the whole alli-
ance benefit and neglects the interests of members. At pres-
ent, researches on the cooperative problem of renewable
energy cluster mostly aim to maximize the whole cluster
benefit, such as in Ref. [10]. However, further research is
needed on the cooperation mode among cluster members,
which should stimulate their cooperation motivation by
maximizing cooperative benefit of cluster member, in order
to achieve the effect of improving cluster power curve.

Shared energy storage is a new type of energy storage
trading mode. It can satisfy the stability requirements that
are related to power networks, since this is a critical matter
for the incorporation of more distributed and stochastic
resources. Shared energy storage is also going to be increas-
ingly present in the electrical grid in the next few years. Cer-
vero et al. developed a solid-state transformer system to
provide important advantages for shared energy storage,
which can remove a high number of power transformers
and achieve a more compact facility with lower power losses,
such as in Ref. [11]. Meanwhile, with the development of
digital technology, Zheng et al. stated that the control accu-
racy, conversion efficiency, and response speed of renewable
energy inverter will gradually be better than the traditional
generator and feeder equipment in Ref. [12]. The above
research provides technical support for energy storage assist-
ing in tracking the power output plan of renewable energy,
or participation in frequency control ancillary service mar-
ket. In Aug 2021, the National Energy Administration offi-
cially issued the “Operation Management Regulation of
Grid-connected Entities” and the “Management Rules of
Auxiliary Services in the Power System,” which recognize

that shared energy storage is an independent grid-
connected entity and can participate in ancillary services in
the electricity market to obtain profits. In Jun 2022, the
National Development and Reform Commission and the
National Energy Administration issued the “Notice on Fur-
ther Promoting New Energy Storage Participating in Elec-
tricity Market,” which enhances the compensation
standards for shared energy storage and improves the profit
mechanism for shared energy storage. At present, shared
energy storage can participate in auxiliary services to allevi-
ate the problem of peak load and frequency regulation based
on some representative representational provinces of China,
such as Shandong, Qinghai, and Gansu. According to shared
energy storage making different degrees of response to AGC
signals, frequency regulation auxiliary service is compen-
sated with the mileage of frequency regulation, and the com-
pensation coefficient ranges from 0.014 to 2.099 $/MW.
Taking a 100MW/200MWh energy storage power station
as an example, during the operation period of the demon-
stration project in 2022, the shared energy storage power
station in Shandong can get a profit of about 2.8 million dol-
lars a year under the compensation mechanism of frequency
regulation. In Qinghai, the shared energy storage power sta-
tion can receive 3.5 million dollars a year. In Gansu, the
shared energy storage power station can receive 1.4 million
dollars a year. The above content illustrates the validity of
shared energy storage participating auxiliary services in the
electricity market, and the main approach of shared energy
storage obtaining frequency regulation profit. Meanwhile,
Qiu et al. stated that the shared energy storage involved in
the electricity market has contributed to the enhancement
of the capacity utilization rate, such as in Ref. [13].

Scholars at home and abroad have conducted extensive
research on the issue of energy storage assisting in tracking
the power output plan of renewable energy, or participation
in frequency control ancillary service market. However,
there is less research on the optimal operation of shared
energy storage, simultaneously considering the tracking of
power output plans across multiple renewable energy sta-
tions and participation in the frequency control ancillary
service market. Li et al. proposed a control strategy for
shared energy storage to assist in tracking the power gener-
ation plan of renewable energy in Ref. [14], but did not effec-
tively consider the cooperative mode of renewable energy
stations. Ma et al. studied the strategy of shared energy storage
to meet the primary frequency regulation needs of multiple
renewable energy power generations and providing secondary
frequency regulation services, such as in Ref. [15]. However,
the demand for primary frequency regulation has little impact
on the state of charge (SOC) of energy storage. Wu et al. ana-
lyzed the complementary characteristics during the operation
of renewable energy stations in Ref. [16] but did not consider
the application of assisting in tracking the power generation
plan of renewable energy. Therefore, there is currently little
research on the operation strategies for shared energy storage
on the power supply side, which should simultaneously assist
in tracking the power generation plan across multiple renew-
able energy stations and participate in the frequency control
ancillary service market.
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The sharing mode and benefit of energy storage need to
consider the fairness and economy of cooperative parties, such
as in Refs. [17, 18]. Jo and Park propose a new sharing mode
based on virtual energy storage in Ref. [19], which can reduce
physical energy storage capacity and investment cost. Yang
et al. focus on the shared energy storage on the user side in
Ref. [20], and Cui et al. achieve fair allocation of benefits based
on game theory in Ref. [21]. Li et al. propose an improved Shap-
ley value method to solve the capacity and cost issues of shared
energy storage in Ref. [22], considering the different line losses
caused by different positions of members in the alliance. How-
ever, the existing research on the sharing modes and benefit
issues of energy storage mostly focuses on the user side, and
there is less research on this on the power supply side.

1.2. Structure of Thesis. To sum up, researches on the coop-
erative problem of renewable energy cluster mostly aims to
maximize the whole cluster benefit. Further research is
needed on the cooperation mode among cluster members,
which should stimulate their cooperation motivation by pro-
moting the maximization of cluster member benefit, in order
to achieve the effect of improving cluster power curve.
Shared energy storage, as a new type of energy storage trad-
ing mode, is an effective means to reduce the uncertainty of
renewable energy power generation. There is less research
on the optimal operation of shared energy storage, simulta-
neously considering the tracking of power output plans
across multiple renewable energy stations and participation
in the frequency control ancillary service market. It does
not fully utilize the function of shared energy storage. The
sharing mode and benefit of energy storage need to consider
the fairness and economy of cooperative parties, the existing
research on the sharing modes and benefit issues of energy
storage mostly focuses on the user side, and there is less
research about this on the power supply side.

In response to the above issues, this article proposes a
grid-connected optimal operation mode between renewable
energy cluster and shared energy storage on the power sup-
ply side that explicitly encompasses various aspects, such as
renewable energy cluster based on cooperative game, shared
energy storage assisting in tracking the power generation
plan of renewable energy, and shared energy storage partic-
ipation in frequency control ancillary service market. Firstly,
a framework for the grid-connected operation relationship
between renewable energy cluster and shared energy storage
was proposed in Part II, and an overall model for grid-
connected optimal operation mode was built. Secondly, for
the complementary characteristic blurring each member’s
contribution to the cluster power deviation, an improved
Shapley value method is used to build a rational mechanism
for apportioning the cluster power deviation penalty in Part
III. Thirdly, based on the Nash negotiation framework and
allocation mechanism, a benefit model for renewable energy
cluster is established, and an improved particle swarm opti-
mization method is proposed to solve the operation strategy
for renewable energy cluster. Fourthly, based on the charge
and discharge demand of renewable energy cluster, with
the goal of maximizing the benefit of shared energy storage,
capacity pricing of shared energy storage capacity is optimized

in Part IV, as well as the capacity allocation and power decla-
ration of participating in frequency control auxiliary service
market. Fifthly, the solving process of the grid-connected opti-
mal operation mode is proposed in Part V. Finally, the effec-
tiveness of the grid-connected optimal operation mode
between renewable energy cluster and shared energy storage
on the power supply side is verified by example analysis in Part
VI. Shared energy storage leasing helps to ensure that the ben-
efit of each member in the cluster is higher than the benefit of
the member with self-built energy storage. Shared energy stor-
age and the cooperationmode amongmembers help to reduce
the power deviation penalty of the cluster, which can achieve a
win-win situation for all parties.

1.3. Main Innovation of Paper. This paper conducts a
detailed analysis of the cooperation mode of renewable
energy cluster, shared energy storage capacity pricing, and
shared energy storage participating in the frequency control
ancillary service market. On the one hand, the cooperation
mode of renewable energy cluster can effectively reduce
power deviation and generate certain cooperative benefits. On
the other hand, under the same energy storage rated capacity,
shared energy storage can better assist in tracking the power
generation plan of renewable energy than self-built energy stor-
age and has residual capacity participating in the frequency con-
trol ancillary service market to obtain higher economic benefits.
The main innovations are as follows.

(1) The optimal operation model of the renewable energy
cluster is built under the cooperative mode. Adopting
the Nash negotiation theory, its objective function is
set as the product of the cooperation benefits of each
station in the cluster, which can ensure the fairness
of operational strategy for the cluster members

(2) The improved Shapley value method is used to build
a rational mechanism for apportioning cluster power
deviation penalty, reflects the impact of each station
on the cluster power deviation, and can stimulate
cluster members’ cooperation motivation by maxi-
mizing the cooperative benefit of cluster member.
Improved particle swarm optimization algorithm
can help the population jump from local optimiza-
tion solution and find global optimal solution

(3) The capacity price model of shared energy storage is
established based on the charge and discharge
demand of renewable energy cluster and can help
shared energy storage to assist in tracking the power
generation plan of renewable energy. The residual
capacity of shared energy storage system can partic-
ipate in the frequency control ancillary service mar-
ket and can help shorten its cost-recovery cycle

(4) A two-layer energy management framework is pro-
posed, the upper layer is a capacity-pricing model for
shared energy storage, and the lower level is a coopera-
tive gamemodel for renewable energy cluster. It realizes
the grid-connected coordinated operation between
renewable energy cluster and shared energy storage
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2. Relationship Framework of the
Grid-Connected Operation Mode

The relationship framework for the grid-connected opera-
tion mode between renewable energy cluster and shared
energy storage is shown in Figure 1. The renewable energy
cluster adopts a cooperative game model among multiple
renewable energy stations, and the Nash negotiation model
is used to fairly allocate the cooperative benefit among mul-
tiple renewable energy stations. Each renewable energy sta-
tion can directly connect to the grid through a point of
common coupling (PCC) or use shared energy storage for
charging and discharging. For shared energy storage, the
charging and discharging demands from multiple renewable
energy stations will balance each other at some times. The
balanced amount can be directly exchanged among renew-
able energy stations without operating losses, which is
defined as virtual energy storage in this paper. From the
above definition, the virtual energy storage in this paper
temporarily does not consider charging and discharging
losses. The emergence of virtual energy storage can avoid
the frequent occurrence of the phenomenon of shared
energy storage charging and discharging. The actual dis-
charge power of shared energy storage is only the surplus
power after balance.

Based on the life cycle cost of energy storage, shared
energy storage sets initial capacity prices for renewable
energy cluster, and each station purchases initial energy stor-
age capacity services according to their own needs. Based on
the operation strategy of the renewable energy cluster in the
scheduling period, capacity price is optimized to encourage
renewable energy cluster using shared energy storage to
assist in tracking the power generation plan. When there is
residual capacity in the shared energy storage, it can partic-
ipate in the frequency control ancillary service market and
gain revenue. The frequency regulation effectiveness of
energy storage is much higher than that of conventional
units, such as in Refs. [23, 24]. Therefore, energy storage
has a clear competitive advantage in the frequency control
auxiliary service market.

The grid-connected operation between renewable energy
cluster and shared energy storage can enable the power grid

to obtain relatively centralized, effective, and controllable
adjusting resources, and more efficiently achieve supply-
demand balance in the novel power system. All parties can
achieve a win-win situation.

By analyzing the grid-connected operation mode
between renewable energy cluster and shared energy storage,
a model can be built as shown in Eq. (4) to achieve optimal
operation for renewable energy cluster and shared energy
storage. The subsequent chapters of this paper will focus
on theoretical research and example analysis of this model.

x = PR
RE t , Pc,re

BAT t , Pd,re
BAT t , Pvbat

RE t , 1

y1 = ps,1,⋯,ps,i,⋯,ps,nRE , 2

y2 = Pc,re
BAT t , Pd,re

BAT t , Pfr
BAT t , 3

max
nRE

i=1
FRE,i x − FRE,i,0 x , s t x ∈ΩRE, 4

max FBAT y1, y2 , s t y1, y2 ∈ΩBAT 5

In formula, x represents the operation strategy set of the
renewable energy cluster. PR

RE,i t represents the grid-
connected power of renewable energy station i at time t.
Pc,re
BAT t and Pd,re

BAT t are the charge and discharge power
provided by shared energy storage to renewable energy clus-
ter at time t. Pvbat

RE t is the discharge power provided by vir-
tual energy storage for renewable energy cluster at time t. y1
and y2 are the operation strategy sets of shared energy stor-
age. ps,i is the capacity price of shared energy storage corre-
sponding to renewable energy station i. nRE is the number of
stations in the renewable energy cluster. Pfr

BAT t is the power
declaration of frequency regulation for shared energy storage
at time t in the frequency control auxiliary service market.
FRE,i is the benefit of renewable energy station in a coopera-
tion model, while FRE,i,0 is this in a noncooperative model.
FBAT is the benefit of shared energy storage. ΩRE and ΩBAT
are the constraints for operation strategy sets of renewable
energy cluster and shared energy storage.
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Figure 1: Relationship framework of the grid-connected operation mode between renewable energy cluster and shared energy storage.
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3. Operation Model of Renewable
Energy Cluster

Renewable energy station does not need to have self-build
energy storage, which can reduce project construction invest-
ment. By leasing capacity from shared energy storage, it is pos-
sible to improve renewable energy power curtailment situation
and achieve tracking the power generation plan of renewable
energy. After aggregating renewable energy stations into renew-
able energy cluster, the power grid will assess the renewable
energy cluster as a whole, according to corresponding rules.

3.1. Cooperative Game Model. At present, researches on the
cooperative problem of renewable energy cluster mostly aim
to maximize the whole cluster benefit. However, further
research is needed on the cooperation mode among cluster
members, which can stimulate their cooperation motivation
by maximizing the cooperative benefit of cluster member, in
order to achieve the effect of improving the cluster power
curve. Therefore, the operation model of the renewable energy
cluster in this paper considers the case, where multiple renew-
able energy stations purchase capacity services provided by
shared energy storage, and the renewable energy cluster
adopts a cooperative game mode among multiple renewable
energy stations. Nash negotiation, as a type of cooperative
game model, has an objective function that is the product of
the cooperation benefits of each station in the cluster. The
constraint is that the cooperation benefits of each station are
greater than zero, and its optimal solution can enable each sta-
tion to obtain Pareto optimal benefits, such as in Ref. [10]. The
grid-connected renewable energy cluster model is built based
on the Nash negotiation model and the rational mechanism
for apportioning cluster power deviation penalty, which can
fully ensure the fairness of operation strategies for each sta-
tion. The objective function for the operation strategy of the
renewable energy cluster is shown in Eq. (6), and Yuan et al.
analyze the effectiveness of Eq. (6) in solving problems in
Ref. [25], which is not described in this paper. An optimal
operation strategy can achieve a benefit balance among sta-
tions and maximize the cooperation benefit of each station.
The revenue model for the renewable energy cluster is shown
in Eq. (7), which consists of power selling revenue, the using
cost of shared energy storage, and the penalty of power devia-
tion for each renewable energy station.

max
nRE

i=1
FRE,i − FRE,i,0 , 6

FRE,i = Csale
RE,i − Cbat

RE,i − Cd
RE,i 7

In the formula, FRE,i is the benefit of renewable energy sta-
tion i under the cooperative mode. FRE,i,0 is the benefit of
renewable energy station i under the noncooperative mode.
FRE,i − FRE,i,0 is the cooperation benefit of each station. Csale

RE,i
represents the power selling revenue of renewable energy sta-
tion i. Cbat

RE,i is the using cost of shared energy storage for

renewable energy station i. Cd
RE,i is the penalty of power devi-

ation for renewable energy station i.

3.1.1. Power Selling Revenue. Power selling revenue includes
two parts, such as direct power selling revenue and indirect
power selling revenue. The direct power selling revenue
comes from the grid-connected power of each renewable
energy station, as shown in the following:

C′saleRE,i = 〠
T

t=1
pe t PR

RE,i t Δt 8

In the formula, C′saleRE,i is the direct power selling revenue.
t is the scheduling time. T is the number of scheduling time
in a scheduling period. pe t is the electricity price at time t.
PR
RE,i t represents the grid-connected power of renewable

energy station i at time t. Δt is the time interval.
Indirect power selling revenue can be obtained by using

virtual energy storage and shared energy storage, as shown
in the following:

C″saleRE,i = 〠
T

t=1
pe t Pbat,d

RE,i t + Pvbat
RE,i t Δt 9

In the formula, C″saleRE,i represents the indirect power sell-

ing revenue. Pbat,d
RE,i t is the discharge power provided by

shared energy storage to renewable energy station i at time
t. Pvbat

RE,i t is the discharge power provided by virtual energy
storage to renewable energy station i at time t.

3.1.2. Using Cost of Shared Energy Storage. The using cost of
shared energy storage for renewable energy station i is
shown in the following:

Cbat
RE,i = ps,i 〠

T

t=1

Pbat,d
RE,i t

ηd + ηcP
bat,c
RE,i t

Δt 10

In the formula, ps,i is the capacity price of shared energy
storage corresponding to renewable energy station i, as
shown in Eq. (32). Pbat,c

RE,i t is the charge power provided
by shared energy storage to renewable energy station i at
time t. ηc and ηd are the charging and discharging efficiency
of shared energy storage, respectively.

3.2. Power Deviation Penalty. When the actual grid-
connected power of a renewable energy cluster deviates from
the prediction power, it will be punished according to the
power deviation, as shown in Eq. (11). By leasing shared
energy storage to assist in tracking the power generation
plan of renewable energy, the penalty of power deviation
for renewable energy cluster can be reduced.

Cd
RE = pd 〠

T

t=1
Pd
RE t Δt, 11

Pd
RE t = PR

RE t − PD
RE t + Pvbat

RE t

− ureBAT t Pc,re
BAT t − ureBAT t − 1 Pd,re

BAT t ,
12
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PR
RE t = 〠

nRE

i=1
PR
RE,i t , 13

Pvbat
RE t = 〠

nRE

i=1
Pvbat
RE,i t , 14

Pc,re
BAT t = 〠

nRE

i=1
Pbat,c
RE,i t , 15

Pd,re
BAT t = 〠

nRE

i=1
Pbat,d
RE,i t 16

In the formula, pd is the power deviation penalty coeffi-
cient. Qd

RE t represents the power deviation of the renew-
able energy cluster at time t. PR

RE t indicates the grid-
connected power of renewable energy cluster at time t. PD

RE
t represents the prediction power of the renewable energy
cluster at time t. Pvbat

RE t represents the discharge power pro-
vided by virtual energy storage to renewable energy cluster.
Pc,re
BAT t and Pd,re

BAT t are the charge and discharge power
provided by shared energy storage to renewable energy clus-
ter at time t. ureBAT t is the charge and discharge status of
shared energy storage leased by renewable energy cluster,
which is a 0-1 variable. ureBAT t = 1 represents shared energy
storage charging. ureBAT t = 0 indicates shared energy storage
discharge.

In view of the cooperative problem of renewable energy
cluster, it is necessary to rationally allocate the cooperative
benefit among multiple cluster members. The complemen-
tary characteristics of renewable energy power generation
will help the positive and negative grid-connected power
deviation of each station cancel out, leading to a decrease
in the power deviation penalty of renewable energy cluster.
However, the complementary characteristics are blurring
each member’s contribution to the cluster power deviation.
Moreover, there is often a situation in a cluster where the
power deviation of a certain station is significant, but in
the opposite direction to the power deviation of other sta-
tions. It can decrease the power deviation of other stations
and has the effect of reducing the power deviation penalty
of the cluster and generating cooperation benefits. At this
point, if the cluster deviation penalty is allocated based on
the power output of each station or according to the size
of the deviation, it is unfair for the station that plays a role
like the above. The Shapley value method can implement
allocation based on the marginal deviation penalty of each
station, reflecting the enhanced effect of each station joining
the cluster on complementary characteristics. Meanwhile,
the rational mechanism for apportioning cluster power devi-
ation penalty is needed to generate operation strategy, and
the Shapley value method used for allocation can also moti-
vate the cooperation enthusiasm of each station. Zheng and
Jiang and Quan et al. discussed the effectiveness of the Shap-
ley value method in cost allocation of wind power fluctua-
tions in Refs. ([7, 26] and presented a mathematical
framework or algorithm used to illustrate the above content,
which is not repeatedly described in this paper. This section

extends its application to the scenario of renewable energy
cluster and shared energy storage. The calculation method
for the Shapley value is shown in Eq. (18).

W S =
n − S S − 1

n
, 17

Xi = 〠
Si∈S

W S C S − C S − i  i = 1, 2,⋯, nRE 18

In the formula, W S is the weighting factor. n is the
number of renewable energy stations. Si is all subclusters of
renewable energy cluster S including station i. C S is the
deviation penalty of subcluster including station i. C S − i
is the deviation penalty of subcluster after removing station
i. Xi represents the Shapley value that station i should be
allocated in the cluster deviation penalty.

The larger the grid-connected power of renewable
energy station, the greater their proportion in the cluster
power output, and their power deviation is more likely to
affect the cluster. Therefore, to fully demonstrate the impact
of each station power output on the power deviation of the
cluster, it is necessary to adjust the Shapley value based on
the grid-connected power of each station to improve the
grid-connected power quality of the cluster. The power devi-
ation penalty for renewable energy station i based on the
improved Shapley value method is shown in the following:

Cd
RE,i = Xi + δΔKiC

d
RE,

ΔKi =QRE,i 〠
nRE

i=1
QRE,i

−1

− nRE
−1

19

In the formula, δ is the adjustment coefficient for reallo-
cation. ΔKi is the correction factor for reallocation. QRE,i is
the power quantity of renewable energy station i.

3.3. Constraints

3.3.1. Power Constraint of Renewable Energy Station.

0 ≤ PR
RE,i t + Pvbat

RE,i t − ureBAT t Pbat,c
RE,i t − ureBAT t − 1 Pbat,d

RE,i t ≤ Pmax
RE,i ,

〠
nRE

i=1
PR
RE,i t + Pvbat

RE,i t − ureBAT t Pbat,c
RE,i t − ureBAT t − 1 Pbat,d

RE,i t ≤ Pmax
PCC,

0 ≤ PR
RE,i t − PR

RE,i t − 1 − ureBAT t Pbat,c
RE,i t − ureBAT t − 1 Pbat,d

RE,i t

+ Pvbat
RE,i t ≤ ΔPmax

RE

20

In the formula, Pmax
RE,i is the installed capacity of renew-

able energy station i. Pmax
PCC is the power limit of PCC. Δ

Pmax
RE is the output fluctuation limit of renewable energy sta-

tion, which is influenced by the installed capacity of renew-
able energy station, such as in Ref. [27].

6 International Journal of Energy Research



3.4. Power Constraint of Shared Energy Storage.

0 ≤ 〠
nRE

i=1
Pbat,c
RE,i t ≤ Pmax

BAT,

0 ≤ 〠
nRE

i=1
Pbat,d
RE,i t ≤ Pmax

BAT

21

In the formula, Pmax
BAT is the upper limit of the charge and

discharge power for shared energy storage.

3.4.1. Cooperation Mode Constraint of Renewable Energy
Cluster. In the cooperative game model, the operation benefit
of renewable energy station i in cooperationmodemust not be
lower than this in the noncooperative model, as shown in Eq.
(22). It is a precondition for the survival of a cluster.

FRE,i ≥ FRE,i,0 22

3.5. Operation Benefit in Noncooperative Mode.

FRE,i,0 = Csale
RE,i,0 − Cbat

RE,i,0 − Cd
RE,i,0 23

In the formula, Csale
RE,i,0 represents the power selling revenue

of renewable energy station i in noncooperative mode. Cbat
RE,i,0

is the using cost of shared energy storage for renewable energy
station i in noncooperative mode. Cd

RE,i,0 is the penalty of
power deviation for renewable energy station i in noncooper-
ative mode.

3.5.1. Power Selling Revenue.

Csale
RE,i,0 = C′saleRE,i,0 + C″saleRE,i,0,

C′saleRE,i,0 = 〠
T

t=1
pe t PR

RE,i,0 t Δt ,

C″saleRE,i,0 = 〠
T

t=1
pe t P

bat,d
RE,i,0 t Δt

24

In the formula, C′saleRE,i,0 is the direct power selling revenue
in noncooperative mode. PR

RE,i,0 t represents the grid-
connected power of renewable energy station i in noncoop-
erative mode at time t. Pbat,d

RE,i,0 t is the discharge power pro-
vided by self-build energy storage to renewable energy

station i in noncooperative mode at time t. C″saleRE,i,0 is the
indirect power selling revenue in noncooperative mode.

3.5.2. Using Cost of Shared Energy Storage.

Cbat
RE,i = 〠

T

t=1

ps,d t Pbat,d
RE,i,0 t

ηd + ps,c t ηcP
bat,c
RE,i,0 t

Δt , 25

In the formula, Pbat,c
RE,i,0 t is the charge power provided by

self-build energy storage to renewable energy station i in
noncooperative mode at time t.

3.5.3. Power Deviation Penalty.

Cd
RE,i,0 = pd 〠

T

t=1
Pd
RE,i,0 t Δt,

Pd
RE,i,0 t = PR

RE,i,0 t − PD
RE,i,0 t − ureBAT t Pbat,c

RE,i,0 t

− ureBAT t − 1 Pbat,d
RE,i,0 t

26

In the formula, Cd
RE,i,0 is the power deviation penalty for

renewable energy station i in noncooperative mode. Pd
RE,i,0 t

is the power deviation of renewable energy station i in non-
cooperative mode. PD

RE,i,0 t represents the prediction power
of the renewable energy station i in noncooperative mode.

3.6. Improved Particle Swarm Optimization Algorithm. The
renewable energy cluster model contains complex nonlinear
parts, which can be solved by an improved particle swarm
optimization algorithm. The particle swarm optimization
algorithm is simple and easy to operate, but it is easy to
get stuck at a locally optimal value. Local convergence esti-
mate coefficient can be used to improve particle swarm opti-
mization algorithm, in order to improve the quality and
diversification of solutions and promote the solving effi-
ciency. Jiang et al. proposed a local convergence estimate
coefficient in Ref. [28] and made a discussion about the
parameters employed in the algorithm and their respective
significance. It will not be described in this paper, but only
existing achievement as Eq. (27) is used to obtain the whole
optimal solution of the target problem.

Lce =
∑m

j=1 f j − f best
2

m
27

In the formula, Lce is the local convergence estimate
coefficient. m is the number of iterations. f j is the optimal
population fitness value in the jth iteration. f best is the fitness
of the global optimal particle during the iteration.

When the population after a certain number of iterations
and Lce is too small, it indicates that the population optimi-
zation process is blocked after m iterations and the popula-
tion converges to the local optimum or obtains the whole
optimal solution. When Lce is less than the set value, the
algorithm randomly mutates population velocity within the
range. If the population has found the whole optimal solu-
tion, the mutation has no effect on the optimization results.
If the population converges to the local optimum, the algo-
rithm randomly mutates population velocity can help the
population jump from the local optimization solution and
find better particles.

4. Operation Model of Shared Energy Storage

Due to the renewable energy cluster adopting a cooperative
model among renewable energy stations, the capacity of
shared energy storage to meet the charge or discharge
demand of the renewable energy cluster will be less than
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the capacity sum of each renewable energy station self-build
energy storage. Therefore, shared energy storage has advan-
tages in terms of investment scale and utilization rate.

The initial capacity price can be designed based on the
life cycle cost of shared energy storage. After the end of a
scheduling period, the power deviation penalty difference
between the cooperation mode and the noncooperative
mode is calculated, and this difference is refunded according
to the contribution ratio of each renewable energy station to
optimize the initial capacity price. Finally, fully considering
the differentiated demand for shared energy storage among
renewable energy stations, it can achieve the effect that the
benefit of station leasing shared energy storage is higher than
the benefit of the station with self-built energy storage.

4.1. Optimal Benefit Model. The revenue of shared energy
storage comes from the renting capacity to renewable energy
cluster and participating frequency control ancillary service
market. The cost of shared energy storage is mainly the life
expenditure. Equation (28) can be established with the goal
of maximizing the benefit of shared energy storage.

FBAT = Cre
BAT + Cfr

BAT − Clife
BAT 28

In the formula, FBAT represents the benefit of shared
energy storage. Cre

BAT is using cost of shared energy storage
paid by renewable energy cluster. Cfr

BAT is the revenue of par-
ticipating frequency control ancillary service market. Clife

BAT is
the cost of life expenditure.

Cre
BAT = 〠

nRE

i=1
Cbat
RE,i = 〠

nRE

i=1
〠
T

t=1
ps,i

Pbat,d
RE,i t

ηd + ηcP
bat,c
RE,i t

Δt ,

Clife
BAT = plife 〠

T

t=1
Pc,re
BAT t + Pd,re

BAT t Δt + 2βPfr
BAT t

29

In the formula, plife is the life expenditure cost coeffi-
cient. β is the ratio of the actual power quantity consump-
tion to the power declaration when shared energy storage
participating in frequency regulation during Δt, which can
be calculated from historical AGC signals. Pfr

BAT t is the
power declaration for shared energy storage at time t in
the frequency control ancillary service market.

4.2. Capacity Pricing Model. The construction condition of
shared energy storage power stations on the power supply
side is convenient, and the energy storage power station
has excellent regulation performance. For now, China’s pol-
icymakers are indicating that shared energy storage partici-
pates in the electricity market as much as possible for
profit. On the one hand, it is to provide energy storage leas-
ing services for renewable energy cluster and obtain an inter-
est in leasing, which is currently the core source of revenues
for shared energy storage. On the other hand, by being dis-
patched to participating frequency control auxiliary service
in the electricity market, shared energy storage can obtain
service fee, which mainly takes provinces such as Shandong,

Qinghai, and Gansu as representatives. This section refers to
Refs. [29, 30] and develops a capacity pricing model for
shared energy storage leasing service. Based on the life cycle
cost of energy storage, shared energy storage sets initial
capacity prices for renewable energy cluster, and each station
purchases initial energy storage capacity services according
to their own needs. The leasing service should be provided
by shared energy storage to renewable energy cluster accord-
ingly. For shared energy storage, the revenue of renting
capacity to renewable energy cluster can ensure the recovery
of investment cost. Based on the operation strategy of the
renewable energy cluster in the scheduling period, capacity
price is optimized to encourage renewable energy cluster
using shared energy storage to assist in tracking the power
generation plan. This is to shorten the payback period of
shared energy storage investment through price advantages.
The initial capacity price and its optimization process ensure
the willingness in shared energy storage investment and
renewable energy cluster using shared energy storage and
can maintain a healthy development of the supply and
demand relationship between shared energy storage and
renewable energy cluster. The comprehensive explanation
of the technique employed to optimize capacity pricing
and allocation can refer to Refs. [29, 30], and the process
of building the capacity pricing model is as follows.

As the purchaser of capacity services, the renewable
energy cluster needs to evaluate the life cycle cost of energy
storage before determining the purchase price of capacity
services. According to parameters such as kinds of energy
storage, charge and discharge power, and installed capacity,
the annual investment cost of energy storage is shown in
the following:

Cic
BAT,0 =

pbat,pP
max
BAT + pbat,eE

max
BAT τ 1 + τ y

1 + τ y − 1
30

In the formula, Cic
BAT,0 is the annual investment cost of

energy storage. pbat,p is the cost coefficient of energy storage
power, taken as 0.11 to 0.206 million dollars/MW. Pmax

BAT is
the upper limit of charge and discharge power for shared
energy storage. pbat,e is the cost coefficient of energy storage
capacity, taking 0.206 to 0.315 million dollars/MW. Emax

BAT indi-
cates the installed capacity of shared energy storage. τ is the
annual discount rate. y is the service life of energy storage.

For shared energy storage, the revenue of renting
capacity to renewable energy cluster should cover the
investment cost of energy storage. Therefore, Eq. (30) is
used to calculate the initial capacity price of shared energy
storage corresponding to renewable energy station i, as
shown in the following:

ps,i,0 =
ps,reP

max
RE,i

∑nRE
i=1P

max
RE,i

,

ps,re =
Cic
BAT,0
T0

31
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In the formula, ps,re is the initial capacity price designed by
shared energy storage for renewable energy cluster. T0 is the
annual operating hours for shared energy storage.

For renewable energy station, the using cost of shared
energy storage should be lower than the cost of self-built
energy storage. On the basis of the initial capacity price, fully
considering the difference between cooperation mode and
noncooperative mode, the reduction value of the deviation
penalty is returned to each station according to the Shapley
value model shown in Eq. (18). It can ensure that the benefit
exceeds the self-built energy storage, reflect the principle of
distribution according to work, and help to promote the
cooperation enthusiasm of each station.

The capacity price of shared energy storage correspond-
ing to renewable energy station i during the scheduling
period is shown in the following:

ps,i = ps,i,0 −
X−1
i

∑nRE
i=1X

−1
i

〠
nRE

i=1
Cd
RE,i − Cd

RE,i,0 32

4.3. Revenue Model of Frequency Regulation. Shared energy
storage participating in the frequency control ancillary ser-
vice market not only fully utilizes energy storage capacity
to improve the frequency regulation effect of the power grid
but also can increase its own benefit. When energy storage
participates in frequency regulation, frequent actions can
affect the operation life of shared energy storage. Therefore,
shared energy storage makes power declaration hourly in the
frequency control ancillary service market, as shown in the
following:

Pfr
BAT t =min Pm1

BAT t , Pm2
BAT t , Pm3

BAT t × 1 − q ,

Pm1
BAT t = Pmax

BAT −max PBAT t ,

Pm2
BAT t = Smax

BAT −max KS t
Emax
BAT
Δtfr

,

Pm3
BAT t = min KS t − Smin

BAT
Emax
BAT
Δtfr

33

In the formula, Pfr
BAT t is power declaration of shared

energy storage in the frequency control ancillary service
market at time t. Pm1

BAT t is the upper limit of shared energy
storage charging and discharging power at time t based on
Pmax
BAT. P

m2
BAT t is the upper limit of shared energy storage

charging and discharging power at time t based on Smax
BAT.

Pm3
BAT t is the upper limit of shared energy storage charging

and discharging power at time t based on Smin
BAT. q is the

reserved ratio, taken as 5%. Pmax
BAT is the upper limit of shared

energy storage charging and discharging power. Smax
BAT and

Smin
BAT represent the upper and lower limits of shared energy
storage SOC, respectively. PBAT t is the optimization results
of the shared energy storage power sequence at time t. KS t
is the optimization result of the SOC sequence at time t.
Emax
BAT is the installed capacity of shared energy storage. Δtfr

is the time interval of power declaration of frequency
regulation.

Revenue of shared energy storage participating in the
frequency control ancillary service market is shown in Eq.
(34), such as in Ref. [15] and Refs. [31, 32].

Cfr
BAT = 〠

T

t=1
cic + cipdAGC Pfr

BAT t 34

In the formula, cic is the capacity price. cip is the mileage
price. dAGC is the mileage coefficient, which is the hourly his-
torical average of mileage, calculated from historical AGC
signals.

4.4. Constraints

4.4.1. Energy Storage Capacity Constraints. The charging and
discharging power constraints and residual capacity con-
straints of energy storage are shown in Eqs. (35)–(40). In
the sharing mode, Papaefthymiou and Dragoon proposed
the shared energy storage power and installed capacity con-
straints in Ref. [33], which are shown in Eq. (42). Equation
(44) described the charging power equal to the discharging
power during the scheduling period, which can ensure that
the shared energy storage can still return to its initial SOC
at the beginning of the next scheduling period.

Pc,total
BAT t =

Pc,re
BAT t + βPfr

BAT t
Δt

, 35

Pd,total
BAT t =

Pd,re
BAT t + βPfr

BAT t
Δt

, 36

0 ≤ Pc,total
BAT t ≤ Pmax

BAT, 37

0 ≤ Pd,total
BAT t ≤ Pmax

BAT, 38

EBAT t =
EBAT t − 1 + uBAT t ηcP

c,total
BAT t + uBAT t − 1 Pd,total

BAT t
ηd

,

39

SBAT t =
EBAT t
Emax
BAT

, 40

0 1 ≤ SBAT t ≤ 0 9, 41

Pmax
BAT = γ〠

nRE

i=1
Pmax
RE,i , 42

Emax
BAT

Pmax
BAT

= 2, 43

〠
T

t=1
Pd,total
BAT t = 〠

T

t=1
Pc,total
BAT t 44

In the formula, Pc,total
BAT t represents the total charging

power of shared energy storage. Pd,total
BAT t is the total dis-

charge power for shared energy storage. EBAT t is the resid-
ual capacity of shared energy storage at time t. uBAT t is the
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charging and discharging state of shared energy storage, which
is a 0-1 variable. uBAT t = 1 represents shared energy storage
charging. uBAT t = 0 indicates shared energy storage discharge.
SBAT t is the SOC of shared energy storage at time t. Emax

BAT indi-
cates the installed capacity of shared energy storage. γ is the
capacity proportion of energy storage, which gives service to
renewable energy cluster, taken as 10%, and the duration of
energy storage charging and discharging is set at 2 hours.

4.4.2. Energy Storage Frequency Regulation Performance
Constraints. When energy storage is participating in fre-
quency regulation, a high or low value of SOC for shared
energy storage may result in energy storage not being able to
respond to the frequency regulation instruction in a timely
manner. Therefore, the frequency regulation performance
index of shared energy storage can be expressed as a seg-
mented function of SOC variation, as shown in Figure 2.

The frequency regulation performance index of shared
energy storage at time t is shown in the following:

γBAT t =
1, Smin

BAT + ΔSBAT ≤ SBAT t ≤ Smax
BAT − ΔSBAT

σ, others
,

ΔSBAT = Smax
BAT − Smin

BAT h

45

In the formula, γBAT t is the shared energy storage fre-
quency regulation performance index at time t. ΔSBAT is the
allowable deviation SOC value. σ is the frequency regulation
performance coefficient, taken as 0.5. When SOC is at the
median value, σ = 1. h is the allowable deviation percentage
of SOC from the median value.

In order to maintain the efficiency and performance of
shared energy storage participating in frequency regulation,
this model takes the average value of γBAT t during the fre-
quency regulation period as the indicator for measuring the
frequency regulation performance of energy storage in the
operation model, as shown in the following:

γBAT = mean γBAT t uBAT t = 1 ,

γBAT t ≥ γmin
BAT

46

In the formula, γBAT is the average value of γBAT t . γmin
BAT

is the lower limit of γBAT.

5. Solution of Grid-Connected Operation Model

This paper conducts research on the grid-connected opera-
tion mode between renewable energy cluster and shared
energy storage and builds a two-layer energy management
framework. The upper layer is a capacity pricing model for
shared energy storage, with the goal of maximizing the ben-
efit of shared energy storage. The lower level is a cooperative
game model for renewable energy cluster, which optimizes
the operation strategy of renewable energy cluster and uses
the Nash negotiation model to allocate cooperative benefit
among renewable energy stations. This section uses a combi-
nation of YALMIP+ CPLEX+ MOSEK to solve the grid-
connected operation model. Among them, YALMIP is
mainly used to define the standard form of the optimization
model, CPLEX is mainly used to solve the optimization
model, and MOSEK is mainly used to verify and analyze
the solution results. The solution process of the grid-
connected operation model is shown in Figure 3, which is
briefly described as follows.

Step 1. Input known parameters define the operation
decision variables of all parties as Eq. (1), calculate the initial
capacity price of shared energy storage, and set the maxi-
mum number of iterations Z and the current number of iter-
ations z = 1.

Step 2. Based on the initial capacity price of shared
energy storage, the benefit model of renewable energy cluster
is constructed based on the Nash negotiation model, consid-
ering the power selling revenue, using the cost of shared
energy storage, power deviation penalty, and a rational
mechanism for apportioning cluster power deviation pen-
alty, as shown in Eq. (6). By using the improved particle
swarm optimization algorithm in Section 3.5 to solve the
benefit model, the optimal operation strategy for renewable
energy cluster can be obtained.

Step 3. Based on the charge and discharge demand of
renewable energy cluster, with the goal of maximizing the
benefit of shared energy storage as shown in Eq. (28), opti-
mize operation strategies such as energy storage capacity
pricing, capacity allocation, and participation in frequency
regulation auxiliary service market.

1

�BAT  (t)

SBAT  (t)

�

Smax
BATSmax

BAT
�SBAT–Smin

BATSmin
BAT

�SBAT+

Figure 2: Relationship between frequency regulation performance index and shared energy storage SOC.
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Step 4. Compare the benefits of renewable energy cluster
and shared energy storage and update the current iterative
optimal operation strategy set. As the shared energy storage
and renewable energy cluster interact and respond in order,
the convergence of their operation strategies can be
achieved.

Step 5. Before achieving convergence, it is also necessary
to determine whether z is less than the maximum number of
iterations Z. If z ≤ Z, let z = z + 1 and update the energy stor-
age capacity pricing to return to Step 2. The renewable
energy cluster will be optimized with the new energy storage
capacity pricing to calculate another round of charge and
discharge demand. If z > Z, end the iteration and output
the grid-connected optimal operation strategy between
renewable energy cluster and shared energy storage.

The laboratory computer configuration is shown as fol-
lows. CPU: Intel Core i7-13700KF; main-board: ASUS
PRIME Z790M-PLUS D4; internal storage: KLEVV 32GB
DDR4 3600; graphics card: NVIDIA RTX4070Ti 8G; and
power supply: 800W.

The duration of each simulation in the algorithm is
closely related to the iterations of the improved particle
swarm optimization algorithm, the convergence accuracy
of the grid-connected operation model, and other settings.
According to the initial parameters of the example analysis
in this paper, the duration of each simulation is at the
minute level, not reaching the hour level.

6. Example Analysis

Due to the impact of the construction progress of the dem-
onstration project, this paper contains two examples, striv-
ing to reflect the most authentic data to readers. Example 1
uses wind farm WT1 and photovoltaic power station PV in
northwest China to form a renewable energy cluster REC1
in Section 6.1 in order to illustrate the impact of comple-
mentary characteristics and shared energy storage on cluster
power deviation. Example 2 uses three wind farms WT2,

WT3, and WT4 in northwest China to form a renewable
energy cluster REC2 in Sections 6.2–6.4 in order to illustrate
the operation strategy of renewable energy cluster and
shared energy storage. The proportion of self-built energy
storage capacity for renewable energy stations is 10%, and
the charging and discharging time is 2 hours.

6.1. Power Deviation Analysis in Renewable Energy Cluster.
The renewable energy cluster REC1 includes the wind farm
WT1 with a rated capacity of 100MW and the photovoltaic
power station PV with a rated capacity of 100MW. Based on
this, this section simulated and analyzed the complementary
characteristics of renewable energy station and the impact of
complementary characteristics and shared energy storage on
the power deviation of renewable energy cluster. Under the
same energy storage rated capacity, the complementary
characteristics between renewable energy stations help RE
C1 improve energy storage utilization rate, increase energy
storage usage time, and reduce power deviation of renewable
energy cluster.

The complementary characteristics of WT1 and PV are
shown in Figure 4(a), and the mean absolute percentage
error (MAPE) is used to evaluate the accuracy of prediction.
The MAPE of WT1, PV, and WT1 + PV are 5.56%, 6.15%,
and 4.26%, respectively. WT1 has a high-power output at
night and in the morning, but actual power often exceeds
the prediction power, which results in significant power
deviation. PV do not generate power at night, and actual
power may exceed the prediction power in the afternoon,
which also results in significant power deviation. Therefore,
WT1 and PV have a certain degree of complementarity, the
power deviation will significantly decrease after WT1 and
PV form a cluster, and the charge and discharge demand
for energy storage will also decrease.

In the case of self-built energy storage 10MW/20MWh,
the energy storage is charged when the renewable energy sta-
tion actual power exceeds the prediction power and dis-
charged when the renewable energy station actual power is

Input known parameters

Define the operation decision variables of all 
parties as Eq.1

Set the maximum number of iterations Z, and the
current number of iterations z = 1

Calculate the initial capacity price of shared
energy storage

Use the improved particle swarm optimization
algorithm of Section 3.5 to solve the cooperative
game model of renewable energy Cluster as Eq.3.

Based on the charge and discharge needs of
renewable energy cluster, calculate benefit and
optimize operation strategy of shared energy

storage as Eq.28

Compare the benefits of renewable energy cluster
and shared energy storage, and update the current

iterative optimal operation strategy set.

Update the energy storage capacity pricing

Begin

End

Y

N

Convergence ?

N

Y

z ≤ Z

z = z+1

Figure 3: Solution process of grid-connected operation model.
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lower than the prediction power. Energy storage can assist in
tracking the power generation plan of renewable energy. The
energy storage SOC comparison between self-built energy
storage and shared energy storage is shown in Figure 4(b).
The time of reaching the SOC limit for self-built energy stor-
age is much longer than that of shared energy storage, indi-
cating that the complementary characteristics of renewable
energy stations can help improve the energy storage utiliza-
tion rate and achieve positive interaction to decrease the
power deviation of renewable energy cluster.

Under the same operation strategy, the power deviation
comparison between self-built energy storage and shared
energy storage is shown in Figure 4(c). The black curve rep-
resents the power deviation in shared energy storage mode
with the MAPE of 1.89%, which considers the complemen-
tary characteristics of WT1 and PV. The red and blue curves
represent the power deviation in self-built energy storage
mode for WT1 and PV, and the MAPE of both are 2.18%
and 4.33%, respectively. The green curve represents the
superposition of the WT1 and PV power deviation in self-
built energy storage mode, and the MAPE is 3.69%. Com-
pared with self-built energy storage, shared energy storage
effectively reduces power deviation, thereby reducing the
power quantity deviation penalty. The power quantity devi-
ation comparison between self-built energy storage and
shared energy storage is shown in Figure 4(d). Therefore,
based on shared energy storage and the complementary
characteristics of renewable energy stations, it can effectively
reduce the power deviation of renewable energy cluster and
power quantity deviation penalty.

6.2. Optimal Operation Analysis of Renewable Energy Cluster
and Shared Energy Storage. The renewable energy cluster
REC2 consists of wind farms WT2, WT3, and WT4, with
installed capacities of 45MW, 64MW, and 70MW,
respectively. The power curves of WT2, WT3, and WT4
are shown in Figures 5(a)–5(c). Refer to the electricity
price in northwest China, as shown in Figure 5(d). Taking
1 hour as the scheduling time, and T = 24. When the
renewable energy cluster is connected to the grid, the

power deviation penalty coefficient is 63.12 $/MWh, and
the adjustment coefficient of the improved Shapley
method is taken as 2. The initial capacity pricing for
shared energy storage is 57.63 $/MWh, the energy storage
charging and discharging efficiency is 0.9, and the upper
and lower limits of SOC are 0.9 and 0.1, respectively.
The capacity price of frequency regulation is 1.37 $/MW,
and the mileage price is 1.1 $/MW. The mileage coefficient
is the hourly historical average of mileage calculated from
historical AGC signals, such as in Ref. [31]. The life
expenditure cost coefficient is taken as 6.86 $/MW.

The convergence curve for solving the operation strat-
egy of the renewable energy cluster is shown in Figure 6.
The improved particle swarm optimization algorithm sets
the maximum number of iterations for local convergence
judgment to 30 and the local convergence estimate coeffi-
cient to 0.1. As shown in Figure 6, in iterations of 80-120,
250-280, and others, the particle swarm falls into a local
optimum. By using the speed update mechanism to jump
from the local optimization solution, the next better pop-
ulation can be found, and the fitness gradually increases.
On the latter day of the solving process, the population
occurs multiple velocity mutation, but no better solution
has been found, and the final result stabilizes at the max-
imum value.

The prediction power of the renewable energy cluster is
shown in Figure 7(a). The actual power of the renewable
energy cluster includes the grid-connected power of each
wind farm and charge and discharge power provided by vir-
tual energy storage and shared energy storage. The conver-
gence results of actual power for renewable energy cluster
and wind farms are shown in Figure 7(b).

The self-built energy storage rated power of WT2, WT3,
and WT4 of the renewable energy cluster in noncooperative
mode is 4.5, 6.4, and 6.9MW, respectively, and the charging
and discharging time is 2 hours. The renewable energy
power curtailment situations of cooperation mode and non-
cooperative mode are shown in Figure 8. As shown in
Figure 7(a), the prediction power of the renewable energy
cluster during this period is greater than the power limit of
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PCC. Therefore, the wind power curtailment condition
occurs frequently between 1:00 and 8:00. Figure 7(b) shows
the actual power of the renewable energy cluster in the opti-
mal operation, which is consistent with the power limit of
PCC during 1:00-8:00 and in line with the actual situation.
In the cooperation mode, each wind farm actively utilizes
shared energy storage, and compared to noncooperative
mode, the wind power curtailment decreases by 19.2%.

The charging power of energy storage is positive, and
the discharge power is negative. The charging and dischar-
ging histogram and SOC curve of shared energy storage in
the optimal operation are shown in Figure 9(a). The
scheduling trend of shared energy storage is to charge first
and then discharge, and finally, the SOC recovers to 0.5.
As shown in Figure 9(a), during the period of wind power
curtailment, shared energy storage is charged. When the
actual output of the renewable energy cluster is less than
the prediction power, the energy storage is discharged,
which assists in tracking the power generation plan of
renewable energy. In the optimal operation, the variation

range of shared energy storage SOC is 0.45-0.9, indicating
that the shared energy storage capacity actual required by
renewable energy cluster is less than the rated capacity.
Therefore, there is residual capacity in the shared energy
storage system, it can participate in the frequency control
ancillary service market.

As shown in Figure 9(b), the charging and discharging
demands from multiple renewable energy stations will bal-
ance each other at some times. The balanced amount can
be directly interconnected through virtual energy storage,
with no operating losses. Compared to Figure 9(b), the
actual charging and discharging power of shared energy
storage is smaller in Figure 9(a). The charge and discharge
power of virtual energy storage is much greater than the
actual charge and discharge power of shared energy storage.
The balanced power is not provided by shared energy stor-
age but directly provided and used by wind farms, greatly
reducing the power loss and operating cost of shared energy
storage. At the same time, the balanced power between mul-
tiple renewable energy stations has to some extent reduced
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the capacity demand for shared energy storage, which helps
to reduce the using cost of shared energy storage capacity
paid by renewable energy cluster.

6.3. Benefit Analysis of Renewable Energy Cluster. The direct
power selling revenue, indirect power selling revenue, and
using cost of shared energy storage for each station of the
renewable energy cluster in the optimal operation can be
directly calculated, according to the grid-connected power,
as well as the charge and discharge power of shared energy
storage and virtual energy storage. The improved Shapley
value method is used to build a rational mechanism for
apportioning cluster power deviation penalty, and the power
deviation penalty of each station can be calculated. The ben-
efits of the cluster and each wind farm in the optimal oper-
ation are shown in Table 1.

As shown in Table 2, compared with the noncoopera-
tive mode, the benefit of each wind farm in cooperation
mode has been effectively improved. In terms of various
revenue, the direct power-selling revenue of each wind

farm in the noncooperative mode is slightly higher than
that of the cooperation mode, but the total power-selling
revenue in the cooperation mode is higher. In the cooper-
ation mode, each wind farm actively utilizes energy storage
assisting in tracking the power generation plan of renew-
able energy, and the charging and discharging demands
from multiple wind farms will balance each other through
virtual energy storage, which can effectively improve the
indirect power selling revenue of each wind farm. Among
them, WT4 has the highest rated capacity, with higher pre-
diction power and power selling revenue than other WT2
and WT3. The benefits of WT2 and WT3 are still higher
than those of noncooperative mode, and they can also
benefit from the cluster.

The improved Shapley value method is used to build a
rational mechanism for apportioning cluster power devia-
tion penalty, and the power deviation penalty of each wind
farm is shown in Table 3. Because WT4 has the minimum
power uncertainty, and its power deviation and other wind
farms are weakly positively correlation, the power deviation
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penalty received by WT4 is also the smallest, which is in line
with objective reality.

As shown in Table 1, the indirect power-selling revenue
of the cluster is generated by the discharge of virtual energy
storage and shared energy storage leased by each wind farm.
The using cost of shared energy storage is much lower than
the indirect power selling revenue. The benefits obtained
from the cluster in the cooperation mode are mainly
reflected in the following two points.

Firstly, the charging and discharging demands from
multiple renewable energy stations can balance each other
through virtual energy storage. Balanced power does not
need to consider the power loss and operation cost of shared
energy storage. Compared to the self-built energy storage by
each wind farm, the using cost of shared energy storage has
significantly decreased, and the benefits obtained from
shared energy storage have significantly increased, as shown
in Table 2. From Table 2, it also can be seen that each wind
farm does not consider the balanced power in noncoopera-

tive mode, each wind farm rarely uses energy storage, in
order to control the using cost of energy storage. Compared
with the noncooperative mode, the using cost of energy stor-
age in cooperation mode decreased by 51.26%, and the indi-
rect power selling revenue of the cluster increased by 141.3%
by using virtual energy storage.

Secondly, when the renewable energy cluster is con-
nected to the grid, the charging and discharging demands
from multiple renewable energy stations will balance each
other at some times. As shown in Table 2, the power devia-
tion penalty of the cluster has been reduced by 18.44% com-
pared to the noncooperative mode, and the effect of tracking
the power generation plan of renewable energy has been
effectively improved.

6.4. Benefit Analysis of Shared Energy Storage. Shared energy
storage can cover the life cycle cost by renting capacity to
renewable energy cluster and generate benefits. As shown
in Figure 9(a) of Section 6.2, the shared energy storage
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Figure 8: Wind power curtailment condition of wind farms in the optimal operation.
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capacity actual required by renewable energy cluster is less
than the rated capacity. Therefore, there is residual capacity
in the shared energy storage system, and it can participate in
the frequency control ancillary service market. It can
increase the benefit of shared energy storage and can help
shorten its cost-recovery cycle. Shared energy storage makes
power declaration hourly in the frequency control ancillary

service market, as shown in Figure 10. It can be calculated
that the mileage revenue of frequency regulation for the
day is $3779.38, and the capacity revenue is $256.58. The
total revenue obtained from the frequency control ancillary
service market was $4035.96. As shown in Table 1, it can
be seen that shared energy storage renting capacity to renew-
able energy cluster can generate a revenue of $2285.46.
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Figure 9: Charge and discharge curve of energy storage.

Table 1: Revenue of each wind farm and renewable energy cluster.

Name
Direct power selling

revenue
Indirect power selling

revenue
Using cost of shared energy

storage
Power deviation

penalty
Benefit

WT2 59053.06 3153.32 1194.14 496.30 60515.94

WT3 77413.35 4133.73 522.35 149.44 80875.29

WT4 100387.47 5360.5 568.97 -112.42 105291.42

REC2 236853.88 12647.55 2285.46 533.32 246682.65
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Taking into account both providing capacity services and
participating in the frequency control ancillary service mar-
ket, the life expenditure cost of shared energy storage is
$1176.28. According to Eq. (28), the benefit of shared energy

storage can be calculated as $5145.14. Therefore, in addition
to providing capacity services to cover the life cycle cost,
shared energy storage can also have certain frequency regu-
lation revenue to improve the economy.

Table 2: Benefit comparison of wind farms between cooperation mode and noncooperative mode.

Operation mode
Member of
cluster

Direct power selling
revenue

Indirect power selling
revenue

Using cost of shared
energy storage

Power deviation
penalty

Benefit

Cooperation
mode

WT2 59053.06 3153.32 1194.14 496.30 60515.94

WT3 77413.35 4133.73 522.35 149.44 80875.29

WT4 100387.47 5360.5 568.97 -112.42 105291.42

Noncooperative
mode

WT2 59171.24 987.12 1629.29 261.78 58267.29

WT3 78304.38 1499.87 1096.80 392.11 78315.34

WT4 101925.62 2754.34 1963.27 0.00 102716.69

Table 3: Marginal deviation penalty of wind farms.

Name Description C(S) C(S-i) C(S)-C(S-i)

Cluster containing WT2

WT2 1895.54 0.00 1895.54

WT2 and WT3 1707.44 1471.63 235.81

WT2 and WT4 1351.53 1301.76 49.77

REC2 533.32 1081.31 -547.99

Cluster containing WT3

WT3 1471.63 0 1471.63

WT2 and WT3 1707.44 1895.54 -188.1

WT3 and WT4 1081.44 1301.76 -220.32

REC2 533.32 1351.4 -818.08

Cluster containing WT4

WT4 1296.83 0 1296.83

WT2 and WT4 1351.53 1895.54 -544.01

WT3 and WT4 1081.44 1471.63 -390.19

REC2 533.32 1707.31 -1173.99
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Figure 10: Shared energy storage participating in the frequency control ancillary service market.
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7. Conclusions

In response to the development difficulties, such as power
uncertainty of renewable energy, high life cycle cost of
energy storage on the power supply side, and long cost-
recovery cycle, the research on the grid-connected optimal
operation mode between renewable energy cluster and
shared energy storage was proposed in this paper. The coop-
erative game model based on the Nash negotiation can
achieve a benefit balance among stations and maximize the
cooperation benefit of each station. The improved Shapley
value method can rationally allocate the cooperative benefit
among multiple cluster members. Improved particle swarm
optimization algorithm helps to skip the local optimum
and achieve the global maximum of cooperation benefit for
renewable energy cluster. The capacity pricing and fre-
quency regulation revenue can ensure the willingness in
shared energy storage investment and renewable energy
cluster using shared energy storage and maintain a healthy
development of the supply and demand relationship
between shared energy storage and renewable energy cluster.
A two-layer energy management framework is built in Part
V, the upper layer is a capacity pricing model for shared
energy storage, and the lower level is a cooperative game
model for renewable energy cluster. When the iteration
ends, the grid-connected optimal operation strategy between
renewable energy cluster and shared energy storage can be
output. The above research methods ensure the rationality
of the strategies proposed. Results of Sections 6.2–6.4 can
be employed for evaluating the performance and efficacy of
the strategies proposed, and the quantitative analysis of the
examples ensures the effectiveness of the strategies proposed
accordingly. The main conclusions are as follows.

(1) The Nash negotiation model is introduced into the
optimal operation model of the renewable energy
cluster, the objective function is the maximum of
the product of cooperation benefits among each sta-
tion in the renewable energy cluster, in order to
ensure that the revenue of each renewable energy
station is higher than that of noncooperative mode.
For the complementary characteristics blurring each
member’s contribution to the cluster power devia-
tion, an improved Shapley value method is used to
build a rational mechanism for apportioning cluster
power deviation penalty, in order to reflect the
impact of each station on the cluster power devia-
tion. An improved particle swarm optimization algo-
rithm is used to solve the problem in order to obtain
the optimal equilibrium point of renewable energy
cluster benefit

(2) Compared to the self-built energy storage in nonco-
operative mode among renewable energy stations,
the renewable energy cluster reduces the frequency
of using shared energy storage by virtual energy stor-
age, which can reduce the using cost of shared
energy storage by 51.26% and increase indirect
power selling revenue by 141.3%. In addition to

reducing the energy storage capacity actual required
by renewable energy cluster, the cooperation mode
can effectively encourage each station to fully utilize
shared energy storage, which can reduce the wind
power curtailment by 19.2% and reduce the cluster
power deviation penalty by 18.44%. It enables the
renewable energy cluster to track the power genera-
tion plan while obtaining cooperation benefits

(3) Shared energy storage can optimize capacity prices
based on the charge and discharge demand of renew-
able energy cluster and can effectively assist in track-
ing the power generation plan of renewable energy in
order to reduce the power deviation penalty. In addi-
tion, under the same energy storage rated capacity,
the variation range of shared energy storage SOC is
0.45-0.9, indicating that the shared energy storage
capacity actual required by renewable energy cluster
is less than the rated capacity. Therefore, there is
residual capacity in the shared energy storage sys-
tem, and it can participate in the frequency control
ancillary service market. Therefore, it is more condu-
cive to improving the shared energy storage utiliza-
tion rate, increasing shared energy storage revenue,
and shortening the cost-recovery cycle of shared

Further research will be conducted around capacity
planning, investment efficiency, and capacity price optimiza-
tion of shared energy storage. For the renewable energy clus-
ter, the Shapley value approach will be improved, simplified,
and extended applied for the purpose of allocating coopera-
tion benefit more efficiently, and further improvement of the
Nash negotiation model and swarm intelligence algorithm
will be carried out. This operation strategy will be optimized
to be suitable for the case that the object to be solved is com-
plicated and can accelerate the optimization process and
save calculation time but cannot influence precision.
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from the corresponding author upon reasonable request.
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