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Abstract. An optimization model is proposed in this paper to allocate shared energy storage within
multi-microgrids (MMGs). The model comprehensively considers system operation costs, energy
storage allocation costs, and incorporates tiered carbon trading costs into the optimization objective,
aiming to minimize overall system costs while maximizing carbon reduction benefits. Additionally,
the Big-M method is employed to transform nonlinear constraints into a linear form, and case
studies of specific MMGs systems are analyzed to validate the significant economic and
environmental advantages of shared energy storage stations compared to individually allocated
storage for each microgrid. Furthermore, the paper provides an in-depth discussion on the optimal
configuration schemes, economic costs, and the impacts on carbon trading under varying scales of
renewable energy integration. These findings offer theoretical insights for the optimal deployment of
shared energy storage in the future development of power systems.
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1. Introduction

With the continuous development of the global economy, the depletion of traditional fossil fuels
and the intensifying environmental pollution have emerged as increasingly critical concerns. These
issues not only pose a significant threat to the global ecosystem but also hinder sustainable
economic growth. Consequently, clean and renewable energy sources, including wind and solar
power, have emerged as crucial forces driving the shift toward more sustainable energy systems,
owing to their environmentally friendly properties and limitless availability. However, the inherent
variability and unpredictability of these renewable resources add substantial complexity to the
operation of microgrid (MG) [1-2]. MG, which is a self-sufficient energy system integrating
distributed generation, energy storage, and load, offers notable flexibility and adaptability. This
system improves energy efficiency by utilizing locally generated renewable energy. Despite this, a
single MG faces limitations in fully integrating renewable energy and achieving a balanced energy
supply and demand, making the task of optimizing power distribution challenging. To overcome
this, the multi-microgrids (MMGs) concept has been proposed. By enabling the collaborative
operation of several microgrids, MMGs enhance the overall reliability of power supply and
optimize energy utilization across the system [3-4].

Furthermore, energy storage technology plays a vital role in mitigating renewable energy
generation fluctuations and improving system flexibility, thereby supporting the integration of
renewables into the grid. However, the substantial costs involved in establishing standalone energy
storage systems pose a major barrier to their widespread adoption in grids with significant
renewable energy penetration [5]. Recently, the concept of the sharing economy has been
introduced and rapidly developed. Relying on internet and information communication technologies,
the sharing economy innovatively separates the ownership and usage rights of resources. Through
models such as leasing and borrowing, the usage rights of resources can flow flexibly between
different participants, thereby maximizing resource utilization efficiency [6-7]. This sharing model
helps reduce resource idle time, effectively control usage costs, and, in turn, drives the diversified
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development and innovation of the social economy. This concept has been successfully integrated
into the energy storage sector, leading to the emergence of shared energy storage systems. It not
only lower the capital costs of energy storage installation but also improve the operational
efficiency of the system. Hence, both theoretically and practically, exploring the energy storage
needs of multi-microgrid systems and optimizing the allocation of shared energy storage resources
is crucial. Such research holds the potential to significantly boost renewable energy utilization while
lowering the overall operational costs of the system [8].

In recent years, the optimization and economic aspects of shared energy storag systems have
been explored by many researchers. Reference [9] tackles the uncertainties associated with
renewable energy generation and load demand, determines the optimal storage capacity
configuration by employing multi-stage stochastic programming (MSP). Reference [10] uses
genetic algorithms to optimize energy storage capacity while enabling the sharing of surplus
electricity and storage resources among community users. Reference [11] considers both storage
capacity and power, proposing a non-cooperative game approach for optimal storage allocation.
Reference [12] presents the concept of "cloud energy storage" and provides a comprehensive
analysis of its key business models, investment strategies, and operational methods. Additionally,
Reference [13] examines the control methods, communication technologies, and operational
principles of cloud energy storage, validating its economic and technical viability through an
analysis of Ireland's power system. Reference [14] presents a novel energy-sharing cloud
mechanism for smart microgrids, which combines energy storage and renewable energy features to
support energy-sharing services between multiple parties using virtual producer-consumer
relationships. Reference [15] investigates battery lifespan and demand response in microgrids and
proposes a hybrid energy storage optimization method that significantly lowers power supply costs
in remote areas. Reference [16] develops a distributed robust game-based optimization method for
scheduling microgrid clusters with shared energy storage, enhancing system economics while
ensuring privacy and security. Reference [17] introduces a framework for coordinating different
energy storage systems, utilizing shared energy storage stations to alleviate transmission network
congestion and improve distribution grid economics. Reference [18] focuses on energy storage
allocation and operation in electricity-hydrogen hybrid energy storage multi-microgrid systems,
using the grey wolf-sine cosine optimization algorithm to validate the model. Finally, Reference [19]
constructs an energy trading system for a neighborhood network comprising shared energy storage
providers, non-dispatchable generation users, and electricity retailers, aiming to maximize shared
energy storage providers' profits and minimize social costs at the user level through demand-side
management.

In summary, research on SES is still in its infancy. Current research primarily concentrate on the
configuration strategies and business models of SES systems, there is a lack of comprehensive
analysis regarding the charging and discharging behaviors, as well as the role of SES in carbon
reduction and carbon trading within multi-microgrids (MMGs). To address this gap, this paper
introduces an optimization model for the allocation of shared energy storage in MMGs. The model
considers system operation costs, energy storage allocation costs, and integrates tiered carbon
trading costs into the optimization objective, with the goal of minimizing costs and maximizing
carbon reduction benefits. In addition, the Big-M method is employed to transform nonlinear
constraints into a linear form, and studies of specific MMGs are also provided to highlight the
distinct economic and environmental advantages of shared energy storage stations over individual
storage systems for each MG. Additionally, the paper discusses the optimal SES configuration,
economic costs, and the effects on carbon trading for varying levels of renewable energy integration.
These findings offer theoretical insights for the optimal deployment of shared energy storage in the
future development of power systems.
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2. Multi-Microgrids with Shared Energy Storage Stations

The energy storage services are offered by the SES station to MMGs within the same distribution
grid. Each MG can leverage this shared resource to fulfill its charging and discharging requirements,
effectively overcoming the time and capacity limitations of standalone storage systems. The
structure of a multi-microgrids (MMGs) system with SES comprises the distribution network, the
MGs, and the shared storage facility, as depicted in Figure 1.

In this system, the primary units connected to both the distribution grid and the shared energy
storage (SES) station are the MMGs. Each MG consists of wind turbines (WT), photovoltaic panels
(PV), and micro gas turbines (MT), with all MGs relying on a single SES unit. When renewable
energy production within the MMGs is insufficient to meet demand, can restore balance by either
discharging the SES, purchasing power from the distribution network, or utilizing MT. Conversely,
when individual MGs generate excess renewable energy, it can be used to charge the shared storage,
thus improving the overall utilization of renewable energy.

Distribution Grid
MG 1 MG 2 MG 3
N M N M “N

@ PV @ PV @ PV @j SES

MT =] M ] mT

0-0r 0-0

Fig. 1 System architecture of MMGs with SES

The SES station captures excess electricity generated by the MG and provides discharge services
as needed. It makes use of any residual energy within the station to support discharging for
microgrids and can transfer surplus electricity from microgrids with charging needs to others
requiring discharge. Evaluating the load demand of each MG during the operational cycle, the
station determines the required storage capacity and the maximum charge/discharge power. Once a
cycle is completed, the storage level resets to its initial state, ensuring readiness for the next cycle.
This flexible scheduling of the SES enhances energy utilization efficiency within the MMGs while
ensuring that each microgrid’s load requirements are met.

3. Model Construction

3.1 Objective Function

(1) Total cost of the MMGs

The objective function of the model is to minimize the total cost of the MMGs. The operating
costs of the MMGs include the operating cost of the MT, the purchase cost of electricity, the
operating cost of the SES, the investment costs of the SES, and the carbon trading costs.

minF =F, +F, +Fgc+F +F. (1)

Where F represents the total cost of the MMGs; F,,, denotes the operating cost of the MT;
F

s, Tepresents the cost of electricity purchased by the system; Fg;; is the operating cost of the

SES station; £, denotes the investmen cost of the SES station; and F. represents the carbon
trading cost of the MMGs.
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(2) Operating cost of the MT

P,

-y @

=1 i=l 77MT i

Where T represents the scheduling time; N denotes the number of MT; P, is the output of MT i
in time period #, 7, represents the efficiency of the MT; H is the higher heating value of
natural gas; and y, is the unit price of natural gas in time period ¢.

(3) Purchase cost of electricity

T N
Fy =2 Ponit?, 3)

t=1 i=l

Where P

Buy,it
price in time period .
(4) Operating cost of the shared energy storage station

represents the purchased power of MG i in time period #; y, denotes the electricity

SES

T N
t=1

(‘Pb,i,t + S, t)5SES (4)
j=1

1

Where F,,, represents the discharging power of the SES used by MG i in time period #; P,

S,i,t
represents the charging power of the SES used by MG i in time period #; O, denotes the unit

operating cost of the SES station.
(5) Investmen cost of the shared energy storage station

Fy = Egg +c, Py (5)
Where Eg, represents the rated capacity of the SES; P, denotes the rated power of the SES;

¢, 1s the unit capacity cost of the SES; ¢, is the unit power cost of the SES.
(6) Carbon trading cost of the MMGs

—c(2+pB)d—c(1+2p)(-2d - E,), E,<-2d
—cd—c(1+B)(-d-E,), -2d<E <-d
cE,, -d<E <0

FC = (6)
cE,, O0<E <d
cd+c(1+B)(E,-d), d<E <2d
c(2+pB)d+c(1+2p)(E,~2d), E,>2d

E =E,-E, (7)
E :ZZ( Xqi ézt+ZBl th) (8)
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r N
Eq = Zz(gg,ipg,i,z + HB,i})B,i,t) 9)

t=1 i=1

Where d is the interval length of carbon emissions; B denotes the growth rate of carbon trading
prices; ¢ is the baseline price for the system's carbon emission trading; £, represents the
system's carbon trading volume; E, is the system's carbon emissions; E_ denotes the system's
carbon allowance; y,, and y,, are the carbon emission coefficients for MT i and grid power
purchases in MG i, respectively; 6,, and 6,, are the carbon allowance coefficients for MT i and

grid power purchases in MG i, respectively.

3.2 Constraints

(1) Power balance constraint

P, . +P +P

PV,it WT i t MT it

+ PBuy,i,t + Pb P i

Lt st

B (10)

Where F,,;, represents the photovoltaic power of MG i in time period #; B, denotes the wind
power of MG i in time period ¢, F, ;, is the load power of MG i in time period ¢.

(2) MT output upper and lower bound constraint

0 < P < PMT,i,max (1 1)

=Lyris =

Where B7im represents the rated power of MT i.
(3) MT output ramp-up constraint

Vi idown < Bur i —Puriia <P iap (12)

Where 7., a0d 7yr g,

represent the maximum ramp-up rate and ramp-down rate of output
of MT i, respectively.

(4) Charging and discharging power constraints for MG using SES stations

0=, <=L, ..U

N byigt N byiomax  blit

0<P U (13)

Nt st N siomax > os,int

Ub,i,t + Us,i,:?}

Where B, . and P represent the maximum discharging and charging power values,

§,i,max

respectively, that MG i can use from the SES station; U, ,, is the discharging status of MG i in

time period ¢, where 0 indicates no discharging and 1 indicates discharging; U_ ., is the charging

S0t
status of MG i in time period ¢, where 0 indicates no charging and 1 indicates charging.
(5) State of charge (SOC) constraints for shared energy storage stations
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P
SES bt
Egg,=Egg, 1+ (nSES,s})SES,s,t - )
Nsesp (14)

O E gy <E g <0, E g

Where Eg, represents the energy of the SES in time period ¢, 7y, and 7y, denote the
charging efficiency and discharging efficiency of the SES, respectively; Py, and Py,

represent the charging and discharging power of the SES, respectively; @, and @, are the

minimum and maximum SOC of the SES, respectively.
(6) Charging and discharging power constraints for shared energy storage stations

0~ SES, bt <~ SESUSES,b,t
0= SES, 5.t < SESUSES,s,t (15)
USES,b,t + USES,x,t?}

Where Ug,, represents the discharging status of the SES at time 7, where 0 indicates no
discharging and 1 indicates discharging; Uy, rtepresents the charging status of the SES at time ¢,
where 0 indicates no charging and 1 indicates charging..

(7) Charging and discharging power balance constraints for shared energy storage stations

N

z (E),i,t - Pv,i,z) = RS‘ES,b,t - PSES,s,z (16)

i=1

(8) Purchased power constraint for MG

O S E?uy,i,t S f;?uy,i,max (17)
Where P, . ... represents the maximum purchased power of MG i.

3.3 Solution Method

By examining all the constraints, it can be observed that constraint (15) is nonlinear. In order to
linearize it, applying the Big-M method is feasible, which can transform it into constraint (18).

I

N SES,b ot Vi SES

b
4

ES,b,t SES bt

- (16)
SESM
—

]
8

~

4

S8,

L

/1

N SES st

g
d

SES bt + SES,s,t
Where M is a sufficiently large constant.

After linearizing the nonlinear constraints, the SES optimization model of the MMGs is
transformed into a mixed-integer linear programming problem. This problem can be solved by
using the commercial solver Gurobi and the Yalmip toolbox in Matlab 2021.
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4. Case Study Analysis

4.1 Introduction to the Case Study System

A case study is conducted using a MMGs system as an example. The MMGs system consists of
three MG (MG1, MG2, and MG3), with the renewable energy output and load curves for each MG
on a typical day shown in Fig. 2-4. The electricity purchase prices and natural gas prices for each
MG are illustrated in Fig. 5. Each MG is equipped with a 50 kW MT, with a ramp-up/down rate of
50 kW/h, an efficiency of 40%, and a calorific value of 9.7 kW-h/m?. The minimum and maximum
SOC for the SES are 0.1 and 0.9, respectively, with an initial SOC of 0.2. The operational cost is
¥ 0.30/(kW-h). The maximum discharging and charging power for the SES station used by each
MG is 1000 kW, with a capacity cost of ¥ 1200/(kW-h) and a power cost of ¥ 1000/(kW). The
maximum electricity purchasing power for each MT is limited to 100 kW. The carbon emission
coefficients for the MT and electricity purchasing are 0.7246 kg/(kW-h) and 1.08 kg/(kW-h),
respectively. The carbon allocation coefficients are 0.424 kg/(kW-h) and 0.728 kg/(kW-h),
respectively. The carbon emission value range length is 360 kg. The carbon trading price growth
rate is 0.5, and the baseline carbon emission rights trading price for the system is ¥ 0.12/kg.
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Fig. 2 Renewable energy output and load curve of MG1
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Fig. 3 Renewable energy output and load curve of MG2
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Fig. 4 Renewable energy output and load curve of MG3
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Fig. 5 Electricity price and gas price curves

4.2 Optimization Results of Shared Energy Storage Station Configuration
Fig 6-8 present the power balance and carbon trading curves for each MG..
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Fig. 6 Power balance and carbon trading curves of MG1
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As shown in Fig 6, during the 3-8h period, MG1’s wind power output exceeds the load, with the
surplus wind energy being stored in the SES. In other periods, the wind power output falls short of
meeting the load. From 2h, 9-14h, and 16-22h, the SES station discharged a significant amount of
power to MG1. The discharge power reached its maximum of 126.325 kW at 19h, when the wind
power output was at its lowest. From 15-22h, the MT generated power, and during 1-2h, 15h, and
22-24h, electricity was purchased from the distribution grid. Additionally, the carbon trading curve
indicates that MG1 purchased carbon allowances during 1-2h and 15-24h. At 24h, the system's
electricity purchasing power peaked at 59.825 kW, and at this time, the highest carbon allowance
purchase amount of 21.0584 kg was also made.
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Fig. 7 Power balance and carbon trading curves of MG2

As shown in Fig 7, during the 9-14h period, the photovoltaic output of MG2 exceeds the load
demand, and the SES station stores a large amount of surplus photovoltaic energy. The SES station
discharged to MG2 during 3h, 6-8h, 16-20h, and 22h. From 15-23h, the MT generated power, and
during 1-2h, 4-7h, 21h, and 23-24h, electricity was purchased from the distribution grid. MG2
purchased carbon allowances during 1-2h, 4-7h, and 15-24h. At 21h, the system's power supply was
entirely met by the MT and electricity purchased from the grid, with the carbon allowance purchase
reaching the maximum value of 47.414 kg for the day.
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Fig. 8 Power balance and carbon trading curves of MG3

As depicted in Fig 8, during 9-14h period, the renewable energy output of MG3 exceeds the load
demand, and the SES station stores a substantial amount of it. During 2-3h, 8h, and 18-21h periods,
the SES station released a small quantity of energy to MG3. During 15-22h, the MT generated
power, and during lh, 4-7h, 17h, and 23-24h, electricity was purchased from the distribution grid.
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Additionally, MG3 purchased carbon allowances during 1h, 4-7h, and 15-24h. At 17h, when the
load was high and the clean power supply was low, the MT output was kept at its maximum, and
the system purchased electricity, which caused the carbon allowance purchase to reach its
maximum value of 18.4145 kg.

Fig 9 illustrates the charge/discharge power and SOC curves of the SES.
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Fig. 9 The charge / discharge power and SOC curves of the SES

As shown in Fig 9, the SES station discharges during 2-3h, with the energy level dropping to
236.702 kW-h. It charges from 4-5 hours and 7 hours, with the energy level rising to 318.785 kW-h.
Later, during the 8th hour, it discharges again, and the energy level drops to the lowest point of the
day, 191.067 kW-h. During 9-14 hours, the SES remains in a continuous charging state, storing the
excess renewable energy from the MMGs. The maximum charging power occurs at 12 hours,
reaching 424.287 kW, and the energy level rises to its maximum of 1719.6 kW-h by 14 hours. From
16-22 hours, the station is in a continuous discharging state. The maximum discharging power
occurs at 19 hours, reaching 282.368 kW, and the energy level decreases to the minimum value of
382.133 kW-h by 22 hours. The SOC keeps the initial value of 0.2 during 22-24h, allowing the SES
system to enter the next operating cycle.

By treating MG1. MG2 and MG3 as a whole, the power balance and carbon trading curves of
MMGs can be obtained, as shown in Fig 10.
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Fig. 10 Power balance and carbon trading curves of MMGs

As shown in Fig 6 to 10, the power distribution of SES in the MMGs system is balanced
throughout the day. By flexibly adjusting the charging and discharging power according to the
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renewable energy output and load characteristics of each MG, SES promotes renewable energy
consumption while maintaining the power balance of each MG.

4.3 Analysis of Different Energy Storage Station Configuration Schemes

Two scenarios are considered for comparative analysis in order to evaluate the economic and
environmental benefits of SES stations:

Scenario 1: Each MG configures its own energy storage system independently;

Scenario 2: The MMGs share a common energy storage system.

In Scenario 1, each MG prioritizes the utilization of its renewable energy generation based on its
internal load demand characteristics, while also factoring in micro gas turbine generation and
electricity purchases from the distribution network. They independently configure their own energy
storage capacity and rated power. Presented in Table 1 are the results of the independent energy
storage configuration for each MG, with the associated configuration costs detailed in Table 2.

Table 1. The independent energy storage planning results for each MG

Category Energy Storage Capacity (kW-h) Rated Power (kW)
MGl 259.2906 71.125
MG2 2052.1781 421.5
MG3 343.0183 79.6625
MMGs 2654.487 572.2875
Table 2. Independent Energy Storage Planning Cost for MMGs Unit: ¥
Total Cost MT Electricity Carbon Energy Storage | Energy Storage
Operating | Purchase Cost | Trading Cost | Operating Cost Investment
Cost Cost
3760455.0159 551.4535 832.0265 112.6919 1286.9066 3757671.9375

In Scenario 2, shown in Table 3 are the SES configuration results in Scenario 2, with the
configuration costs presented in Table 4..

Table 3. SES configuration results for MMGs

Category Energy Storage Capacity (kW-h) Rated Power (kW)
MMGs 1910.6667 424.2875
Table 4. SES planning cost for MMGs Unit: ¥
Total Cost MT Electricity Carbon Energy Storage | Energy Storage
Operating Purchase Cost | Trading Cost | Operating Cost | Investment Cost
Cost
2719052.3915 | 722.127 488.8898 108 645.8122 2717087.5625

A comparison between Table 3 and Table 1, as well as Table 4 and Table 2, reveals that after
integrating the SES station, the MMGs total installed storage capacity decreased by 28.02%, and the
configured power dropped by 25.86%. Moreover, the total investment cost for energy storage was
reduced by 27.69%, resulting in an overall system cost reduction of 27.69%. This demonstrates the
considerable economic benefits of adopting SES..

In terms of system energy cleanliness, although the integration of the SES led to a 30.95%
increase in the operating cost of MT, while the cost of purchasing electricity decreased by 41.24%,
easing the load on the main grid. This also resulted in a 12.47% reduction in the cost of using
non-clean energy. Additionally, considering tiered carbon trading, the carbon trading cost decreased
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by 4.16%. This demonstrates that SES can lower the overall carbon quota required by the system,
supporting energy conservation, emissions reduction, and improving system cleanliness.

4.4 Analysis of Shared Energy Storage Configuration Costs under Different Renewable
Energy Penetration Scenarios

As the economy and society progress, the share of renewable energy installations continues to
grow, making the shift toward cleaner power generation structures in the electricity system more
apparent. To assess the configuration costs of SES stations at varying levels of renewable energy
integration, the renewable energy installed capacity for each grid is increased by 5%, 10%, 15%,
20%, and 25%, creating five distinct scenarios for analysis. Figures 11 and 12 illustrate the SES
configuration and operational costs for the MMGs across these scenarios.
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Fig. 11 The configuration of SES station capacity and rated power under different renewable energy
penetration improvement ratio

As shown in Fig. 11, as the proportion of renewable energy installations rises, both the
configured capacity and power of SES increase, indicating a positive correlation. This is due to the
greater fluctuations in renewable energy output, which lead to a larger peak-to-valley difference in
the system's net load. Consequently, more energy storage is required. The power distribution
between microgrids must be coordinated according to each microgrid's source-load characteristics
to ensure system-wide power balance.
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Fig. 12 Operation costs of MMGs under different renewable energy penetration improvement ratio

As shown in Fig. 12, with the increase in renewable energy installations, the operational costs of
MMGs decrease significantly. Specifically, costs related to micro gas turbines, electricity purchases,
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and carbon trading all decline, with the micro gas turbine operating cost reaching zero when
renewable energy penetration increases by 25%. This is due to the high costs and carbon emissions
associated with micro gas turbine generation and electricity purchases, which negatively affect the
system's economic and environmental performance. In contrast, renewable energy, being low-cost
and clean, can effectively replace these sources.

At the same time, the operational cost of the SES station rises. This is because while the
operating cost of energy storage is lower than that of MT and electricity purchases, and it does not
generate carbon emissions, its usage increases. To maintain power balance across the MMGs, the
SES's charging and discharging power is utilized more intensively, resulting in a rise in its
operational cost.

5. Summary

This paper develops an optimized configuration model for SES in MMGs. Using a MMGs
composed of three MG as a case study, a detailed analysis is conducted. The research findings are
as follows:

(1) The proposed model can determine the optimal configuration and charge/discharge strategy
for SES in MMGs, as well as the charge/discharge strategies for each MG, micro-turbine operation
schemes, electricity purchase plans from the distribution grid, and carbon trading strategies. By
considering the source-load characteristics of each MG, the model ensures the economically
efficient operation of the MMGs.

(2) When compared to configuring independent energy storage for each MG, implementing SES
stations in MMGs reduces the capacity and rated power requirements for energy storage. This not
only enhances the system's economic performance but also reduces reliance on non-clean energy,
thereby contributing to enhance the system cleanliness.

(3) With an increase in renewable energy integration within MMGs, the required capacity and
power of SES also grow, enhancing the efficient utilization of renewable energy and allows for
more effective power distribution through optimized charging and discharging.
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