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Energy storage solutions are strategically important for achieving carbon neutrality
and carbon peaking goals. However, high installation costs, demand mismatch, and
low equipment utilization have prevented the large-scale commercialization of
traditional energy storage. The shared energy storage mode that relies on sharing
economy can effectively overcome these problems and has recently attracted
widespread attention. In this mini-review, firstly, the concept of shared energy
storage is discussed and its application in different countries is illustrated.
Second, two core issues in the shared energy storage research—optimal energy
scheduling and rational profit distribution—are sorted out and the common
modeling approaches and solving algorithms are summarized. Additionally, the
dilemma of balancing energy efficiency with distribution fairness faced by the
practical application of shared energy storage is pointed out. On this basis,
blockchain technology is pointed out to solve the above dilemma of shared
energy storage and key directions are given for future research.
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1 Introduction

As the timeline for targets of reaching the carbon peak and carbon neutrality is nearing, the
global energy structure is becoming cleaner and more diversified (Yang et al., 2016; Hou et al.,
2021). The global consensus is that active renewable energy development is one of the main
ways to transform the current energy industry to a clean and low-carbon type (Yang et al.,
2018). To accelerate the development of renewable energy, countries have developed their
action plans, stipulating the development goals of renewable energy (Energy research Centre of
the Netherlands, 2011). In May 2021, the European Union promulgated the “European Climate
Law,” raising the target of renewable energy in primary energy by 2030 from 32% to 40%
(Council of the European Union, 2021). In October 2021, the Japanese government released
“The Sixth Strategic Energy Plan,” to increase the share of renewable energy in electricity
generation from 22%-24% to 36%-38% by 2030 (Ministry of Economy, Trade and Industry,
2021). In February 2022, the United States Department of Energy (DOE) released the “Offshore
Wind Energy Strategy,” proposing that the installed capacity of offshore wind power should
reach 30 GW by 2030 in the United States, achieving a CO, emission reduction of 78 million
tons (United States Department of Energy, 2022). In May 2022, China’s National Energy
Administration released the “Implementation Plan on Promoting the High-Quality
Development of New Energy in the New Era,” which sets the target for the total installed
capacity of wind and solar power to reach more than 1.2 billion kilowatts by 2030, accelerating
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the construction of a clean, low-carbon, safe, and efficient energy
system (National Development and Reform Commission et al,
2022b). In August 2022, South Korea’s Ministry of Trade, Industry,
and Energy (MOTIE) released a draft long-term energy plan, which
sets a goal for renewable energy to account for 21.5% of the country’s
electricity generation by 2030 (South Korea’s Ministry of Trade,
Industry, and Energy, 2022).

As one of the key areas to help achieve the goal of “carbon
neutralization and carbon peaking”, the primary task is to promote
the transformation of low-carbon energy (Parthan et al, 2010;
Andrews-Speed, 2016) and to build a new power system with new
energy as the main body (Li et al., 2022c). In recent years, new energy
represented by wind power or photovoltaic power has attracted a wide
range of attention worldwide (Chen et al, 2007; Li et al, 2013).
According to the estimation from International Energy Agency (IEA),
the annual global wind-power production will reach 1282 TW-h by
2020, a nearly 371% increase from 2009. By 2030, that figure will reach
2182 TW-h, almost doubling the year 2020 production (International
Energy Agency, 2021). However, the volatility and inconsistency of
wind and photovoltaic power generation cause many problems, such
as supply and demand imbalance, insufficient absorption capacity, and
frequent abandonment of wind and light (Tang et al, 2018;
Erdiwansyah et al, 2021). These issues can be solved with battery
energy storage, which is widely used in various scenarios, such as peak
and frequency regulation of power systems, mitigation of renewable
energy output fluctuations, demand-side response, and auxiliary
services (Yang et al., 2022).

However, traditional battery energy storage has shortcomings,
such as high individual installation costs, difficulty matching demand
capacity (Zhao et al., 2020), and low equipment utilization (Lai et al.,
2022). As a result, an effective energy storage profit mode has not yet
been established, and there is a serious issue of storage system idleness
2021),
commercialization of battery storage. In September 2020, the

(Song et al, indicating the urgent need for the
Federal Energy Regulatory Commission issued Order 2222, which
allows energy storage companies to participate in the wholesale
electricity market, laying the foundation for the deployment of
energy storage business (Federal

Commission, 2020). In March 2022, China’s National Development

models Energy Regulatory
and Reform Commission released the “14th Five-Year Plan” New
Energy Storage Development Implementation Plan,” stating that by
2025, the new energy storage will begin its large-scale development
from the initial stage of commercialization and have the conditions for
large-scale commercial application (National Development and
Reform Commission et al., 2022a). The support of national policies
provides a solid foundation for the commercialization of energy
storage.

The sharing economy is the phenomenon of peer-to-peer sharing
of underutilized goods and services, placing utilization and availability
above ownership (Cheng, 2016). As a new paradigm for improving
resource utilization efficiency, the sharing economy provides ideas for
the commercialization of traditional energy storage models (Lombardi
and Schwabe, 2017; Jaeyeon and Jinkyoo, 2020; Henni et al., 2021).
The shared energy storage model uses cost-sharing and economies of
scale to solve the cost inefficiency of the original model. Shared energy
storage enables all users to share its benefits by sharing the costs and
making full use of power load complementarity. At the same time,
because there is no need to build energy storage power stations
independently, the original capital investment is reduced.

Frontiers in Energy Research

10.3389/fenrg.2023.1100214

In recent years, the combination of the sharing economy and the
energy Internet has led to a dramatic increase in the number of studies
on shared energy storage, involving many fields such as economy,
energy, and efficiencies (Hu et al., 2019; Dabbous and Tarhini, 2020).
Dai et al. (2021) reviewed in detail the research related to the concept
of shared energy storage, including the composition forms and
application scenarios of shared energy storage. Yan and Chen.
(2022) focused on the business model and pricing mechanism of
shared energy storage, but there is no literature yet to systematically
sort out the contradictory relationship between shared energy storage
in energy coordination and fair pricing mechanism. The marginal
contribution of this study is to review the common methods and
models in the process of energy dispatch operation and individual
benefit distribution, point out that the core contradiction of shared
energy storage research is the efficiency of energy utilization and
economic fairness, propose that the decentralized peer-to-peer
transaction model based on blockchain technology can effectively
alleviate this contradiction, and suggest the key research directions for
the future.

2 Shared energy storage: Definition and
application

Shared energy storage uses the power grid as a link; energy
resources from independent and decentralized grid-side, power-
side, and user-side energy storage in certain areas are optimized for
the entire network. The power grid performs unified coordination to
promote the full release of energy storage capabilities at all ends of the
source, grid, and load. The direct realization of shared energy storage is
a service provided by a public energy storage device for multiple users
(Tascikaraoglu, 2018; Terlouw et al, 2019). Public energy storage
equipment can be jointly invested in and operated by all users
(Chakraborty et al., 2019) or by a third party (Kang et al., 2017).
The indirect realization of shared energy storage refers to the
installation of a separate energy storage device for each user, who
can only access their energy storage and conduct energy transactions
or share with other users (Rahbar et al., 2018; Wang and Huang, 2018;
Kong et al., 2020).

The separation of ownership and rights to use energy storage is the
core idea of shared energy storage, that is, users of energy storage
facilities lease the right to use idle energy storage resources to service
providers at a certain price. In sharing energy storage, the utilization
rate of the energy storage resources is improved. Consequently, the
owner gains added benefits, thereby shortening the cost recovery cycle.

The United Kingdom, European Union, China, and United States
have successively carried out the pilot and application of shared energy
storage. The UK deployed shared energy storage on the user side in
2012, the EU deployed shared energy storage platforms in
communities in 2016, and the US planned to connect batteries in
Massachusetts by providing incentives to customers in 2019 Yan and
Chen. (2022). The same year, China organized new energy power
generation providers in Qinghai Province to conduct pilot
transactions for shared energy storage peak-shaving auxiliary
services (Dong et al., 2020).

With the application of shared energy storage in various scenarios
and countries, shared energy storage to absorb renewable energy (Liu
et al, 2021; Tercan et al., 2022), shared energy storage auxiliary
services (Ma et al, 2022; Nagpal et al, 2022), and evaluation
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systems (Qiu et al., 2021; Shi et al., 2021) are all hot topics in research.
However, we believe that the core issue is how to ensure the efficiency
of resource allocation and the fairness of income distribution under
the sharing economy. Many scholars have been concerned about the
trade-off between efficiency and fairness in resource-sharing
(Bertsimas et al, 2012; Joe-Wong et al, 2013). Here, we have
described the main models and methods for the coordinated
optimization of shared energy storage.

3 Efficiency and fairness of shared
energy storage

The operation mode of shared energy storage is a coupling of the
energy system and economic system, involving the issues of energy
allocation efficiency and fair distribution of economic benefits among
the participating subjects. The optimal scheduling of energy storage
modules among multiple entities in a microgrid is key to the efficient
operation of a power system. At the same time, users and shared
energy storage operators, as independent participants, have conflicts
in the distribution of benefits when they pursue the maximization of
interests. The key to the efficient operation of a sharing economy is the
design of a reasonable distribution mechanism.

3.1 Optimal scheduling of energy storage

Optimal scheduling of energy storage is also often referred to as
the capacity sharing problem (Lombardi and Schwabe, 2017), mainly
focusing on the allocation and scheduling of energy storage among
multiple participants.

3.1.1 Single-stage problems

The single-stage model only considers the scheduling problem of
energy storage without accounting for the initial capacity allocation
(Wu et al, 2021). Early research was dominated by heuristic
(2014)
community energy storage schemes with real-time and day-ahead
scheduling using a gradient-based heuristic optimization algorithm,
Sardi et al. (2017a), Sardi et al. (2017b) examined a threshold control
strategy for a shared energy storage operating system based on a

algorithms, Arghandeh et al investigated optimal

genetic algorithm. The drawback of heuristic methods is that they can
only state the relative optimum and cannot give the global optimum.
In recent years, optimization and simulation-based approaches have
become popular. Xie et al. (2019) used an online convex optimization
algorithm to solve the problem of allocating energy storage resources
to multiple household users. Schram et al. (2020) explored the trade-
offs of shared energy storage operation plans based on the
optimization of economic and environmental benefits through
simulations. Walker and Kwon. (2021) used Mixed Integer Linear
Programming (MILP) to discover potential patterns in the optimal
operation of shared energy storage, providing insights for efficient
control of shared energy storage. The use of optimization algorithms
allows operators of shared energy storage to dispatch energy most
efficiently.

3.1.2 Multi-stage problems

The multi-stage problems consider energy storage capacity
installation along with energy allocation and dispatch (Wu et al,
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2021). Common multi-stage problems can be summarized in a two-
layer model, where the upper layer considers the capacity installation
in the grid and the lower layer optimizes the allocation of energy
storage (Long et al., 2018; Cui et al,, 2019; Li et al., 2021; Wu et al,,
20215 Ma et al, 2022; Wang et al, 2022), and such problems are
characterized by trade-offs between the upper and lower layer models
choices, where higher installation costs reduce the dispatch cost, and
conversely, an insufficient initial capacity installation makes the
allocation cost increase. The disadvantage of the model is that it
treats the shared energy storage problem exclusively as an energy
problem and ignores its economic properties. Another multi-stage
problem regarding shared energy storage is to study the minimization
of energy storage cost in the first stage and benefits allocation in the
second stage (Li et al., 2021; Shuai et al,, 20215 Li et al., 2022; Li et al.,
2022b), and such model omits the energy deployment process and
focuses only on the total energy use efficiency and the individual
benefit allocation problem. The drawback is that the model results are
only suitable for macroscopic analysis and not for specific applications
because the details of dispatching are ignored. The common
algorithms for solving multi-stage problems and the advantages of
the algorithms are summarized in Table 1. The linear optimization
algorithm (e.g., MILP) has high modeling requirements, requiring the
model and constraints to all meet linearity, limiting the degree of
freedom of the model, but the solution is faster and can be used to deal
with larger-scale or long-duration scheduling problems. Heuristic
algorithms (e.g., genetic algorithm, water filling algorithm) do not
have linear limitations but the solving speed increases exponentially
with the problem size. NSGA-II is an improvement of the genetic
algorithm and can handle multi-objective optimization problems, but
the solution speed is slower when the problem size is larger.

3.2 Benefit distribution mechanism

The scheduling problem of shared energy storage addresses the
question of how a limited amount of energy should be used among
multiple participants but does not address the distribution of sharing
the consequential benefits and costs. Therefore, there is a further need
to solve the problem of the optimal distribution of benefits, since a
reasonable mechanism can ensure that participants do not leave the
system. This kind of problem is known as the pricing mechanism for
shared energy storage (Yan and Chen, 2022).

3.2.1 Allocation based on cooperative games
Cooperative games use negotiations and alliances to achieve
efficient benefit distribution at a lower total cost. Common
mechanisms are the Shapley value allocation approach (Li et al,
20215 Gao et al,, 2022; Jiang et al., 2022), and the Nash bargaining
method (Cui et al., 2021b; Chen et al., 2022; Huang et al., 2022; Liu
et al,, 2022). The Shapley method values the marginal contribution of
the individual, whereas Nash bargaining focuses on maximizing
individual returns. Jiang et al. (2022) proposed a cooperative game
model under the framework of energy cells, using the Shapley value to
allocate benefits and costs. Li et al. (2021) considered the Shapley
values and individual differences to design the optimal allocation. The
advantage of this method is fairness but the drawback is that the
alliance is unstable and the participants may leave the large alliance
and form a small alliance. Huang et al. (2022) constructed a multi-
entity cooperative operation model based on the Nash negotiation
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TABLE 1 Common solutions to multi-stage problems of shared energy storage optimization.

Research content Literature

Long et al. (2018)

Solving method

Constrained non-linear programming optimization with a rolling horizon and rule-based
control

Wu et al. (2021); Cui et al.
(2019)
Long-term capacity configuration and short-term scale-

optimized operation Wang et al. (2022)

Use of Karush-Kuhn-Tucker (KKT) conditions to transform the lower model into
constraints for the upper model, combined with MILP

Robust optimization algorithm

Ma et al. (2022a)

Nested genetic algorithm

Li et al. (2021b)

MILP

Li et al. (2021a)

Non-dominated Sorting Genetic Algorithm (NSGA-II) and Fuzzy membership function

Li et al. (2022a)

Operational optimization and cost allocation
Shuai et al. (2021)

Li et al. (2022b)

Bi-objective optimization of non-inferior solutions

Heuristic algorithm and game theory

Chen et al. (2022b)

Water filling algorithm and game theory

TABLE 2 Common solution methods for the optimal benefit distribution of the shared energy storage systems.

Research Literature

content

Solving method

(2021a)

Jiang et al. (2022); Li et al.

NSGA-II

Based on the Shapley assignment

mode Gao et al. (2022)

Use KKT conditions to transform the lower model into constraints for the upper
model, combined with the Big-M method

Cooperation game
(2021b)

Based on the Nash bargaining

distribution method Liu et al. (2022)

Huang et al. (2022a); Cui et al.

Alternating Direction Method of Multipliers (ADMM)

Linear approximation of power flow

Chen et al. (2022a)

Alternating direction method of multipliers with a warm start and dual update
accelerated iteration strategies (ADMM-W-D)

et al. (2016)

Shuai et al. (2022); Tushar

Heuristic algorithms and linear programming

Stackelberg game model

Mediwaththe et al. (2020)

Huang et al. (2022b)

Two-step iteration algorithm

Use KKT conditions to transform the lower model into constraints for the upper
model

Kuang et al. (2020)

Distributed Algorithm

Brijs et al. (2016)

Non-cooperation
game

Zaidi et al. (2018)

Mixed complementarity method

Heuristic algorithm

Auction model Sun et al. (2020)

Wu et al. (2022)

MILP

Greedy algorithm based on resource scarcity degree

Zhong et al. (2020)

Zheng et al. (2022)

Polynomial-time approximation methods

MILP

Other models Cui et al. (2021a)

Xiao et al. (2022)

ADMM

ADMM with heavy ball method

theory and proved its effectiveness. Liu et al. (2022) used the
generalized Nash bargaining method to establish a cooperation
model that can overcome the “benefits increase” problem under the
general method. The strength of this method is stability but the
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weakness is the need to know the negotiation rupture point of each
participant. The common modeling approaches and solving methods
are listed in Table 2. Since the revenue allocation problem involves
multiple participants and usually has a large model size, studies often
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use the Alternating Direction Method of Multipliers (ADMM)
algorithm in addition to the linear and heuristic optimization
algorithms mentioned above. The characteristic of this algorithm is
that the problem can be split into multiple subproblems for solving, so
it is often chosen to improve the solution efficiency when facing large-
scale solution problems. However, the problem is that the convergence
speed is slow and the parameters in the convergence condition are
difficult to determine.

3.2.2 Allocation based on non-cooperative games

The theoretical basis of non-cooperative games is individual
rationality, where the interests of the alliance cannot constrain
individual decisions. The main goal of non-cooperative games is to
solve the Nash equilibrium, and common modeling methods include
master-slave games (Tushar et al,, 2016; Mediwaththe et al., 2020; Kuang
et al, 2020; Huang et al., 2022; Shuai et al., 2022), auctions (Brijs et al.,
2016; Zaidi et al., 2018; Sun et al., 2020; Wu et al., 2021; Wu et al., 2022),
and other models (Cui et al., 2021a; Xiao et al., 2022; Zheng et al., 2022).
The master-slave game describes the optimal strategy between the shared
energy storage operator (master) and participant (slave). Shuai et al.
(2021) proved that the master-slave game model can achieve a win-win
situation between microgrid operators and user aggregators. Huang et al.
(2022) gave the energy framework for the shared energy storage trader
based on the master-slave game and showed that everyone can benefit
from it. Auction depicts competitive bidding among multiple users. Brijs
et al. (2016) proposed a periodic auction mechanism for shared energy
storage and demonstrated that the mechanism can reduce the overall risk.
Sun et al. (2020) proposed a two-way auction mechanism that can break
the monopoly drawbacks of one-way auctions and formed a mechanism
where buyers and sellers share social benefits equally. The common
modeling approaches and relevant solution methods are presented in
Table 2. The distributed algorithm proposed by Kuang et al. (2020) can
protect the privacy of participants, but is not scalable and cannot handle
large-scale problems. The greedy algorithm based on resource scarcity
used by Wu et al. (2022) allows for fast solving in polynomial time on
large-scale problems, but with a slight loss in economic allocation
efficiency. Polynomial time approximation methods proposed by
Zhong et al. (2020) can solve the NP problem in the auction but may
violate the resource supply constraint by allocating more resources to
users than are sold in the auction. The non-cooperative game satisfies the
maximization of individual interests, but the final equilibrium result will
deviate from the social optimum and fail to maximize social welfare
because of the conflict of interests between each other.

4 Discussion

The above analysis shows that existing research on shared energy
storage faces a dilemma between efficiency in resource scheduling and
fairness in revenue distribution. More information disclosed by the
participants would improve the efficiency of resource dispatching, but
this would affect the interests of individuals. Conversely, a fair
distribution among individuals would affect the overall energy
dispatching efficiency because everyone does not want to suffer losses.

Blockchain, as a decentralized and de-trusted computer
technology, can provide effective support for building an efficient,
multi-party trusted, transparent, and open trading platform, which
can reasonably allocate revenue under the premise of guaranteeing
that each entity has sufficient energy storage resources. Existing
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studies on blockchain and shared energy storage mostly focus on
how to improve the efficiency of energy distribution under the P2P
model (Long et al., 2018; Cao et al., 2021; Zheng et al., 2022), and how
to design mechanisms to enhance the service capacity in the field of
ancillary services (Luo and Shen, 2022; van Leeuwen et al., 2020; Xie
et al,, 2022; Zhang and Lu, 2022). The existing literature has still not
fully exploited the advantages of blockchain-enabled technology in
shared energy storage. Future research directions should make full use
of the advantages of decentralization, information disclosure,
automatic execution of smart contracts, and traceability of
details of energy
deployment and benefit distribution in the actual process in the

transaction records, and consider more
model. Specific feasible research directions include the following

topics.

(1) Whether existing participants of shared energy storage should
accept blockchain. Although a decentralized transaction model
can reduce transaction costs and avoid the moral hazard of central
operators, it also reduces transaction efficiency due to

counterparty matching problems. Smart contracts in

blockchain can solve this shortcoming, then how to design

reasonable smart contracts to improve the deployment
efficiency and benefit distribution so that the participants can
accept the decentralized model is an important research content.

(2) The shared energy storage platform based on blockchain
technology can record and disclose every transaction between
users, making it possible to model as a dynamic game under
incomplete information. Users can update their beliefs about the
remaining nodes and adjust their optimal decisions based on the
historical transaction information and the reputation of the
transaction nodes.

(3) The manager of the shared energy storage platform can evaluate
the creditworthiness of the nodes in the network based on the
traceability of transaction information in the blockchain, and
punish the nodes with a lower reputation in the future
transaction process, such as lowering the transaction priority
or increasing the transaction rate. What kind of regulation can
reduce the default rate and improve the overall service quality is

worthy of in-depth study.

5 Conclusion

Shared energy storage use can promote the consumption of
renewable energy, improve the stability of power grid operation,
reduce user installation costs, and achieve carbon neutrality and
peaking. This study presents the concept and summarizes the
current application scenarios for shared energy storage. From the
discussion of the efficiency and fairness of shared energy storage, we
conclude that methods that can effectively provide the optimization of
the system to incentivize its use are lacking. Based on this finding, we
propose that research should focus on the incorporation of blockchain
technology within shared energy systems, owing to its valuable
characteristics, including decentralization, data traceability, and
transaction transparency.

Shared energy storage can promote the consumption of renewable
energy, improve the stability of power grid operation, reduce user
installation costs, and achieve carbon neutrality and peaking. This
study presents the concept of shared energy storage, summarizes the
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current application scenarios, discusses the efficiency and fairness of
shared energy storage through two themes-energy dispatch and
benefit distribution, and concludes the following: 1) Energy
dispatch emphasizes overall energy utilization efficiency while
ignoring individual utility, and benefit distribution emphasizes
economic efficiency among individuals while ignoring energy
efficiency, with few articles jointly considering both economic and
energy aspects. 2) The cooperative game in benefit distribution is fair
and efficient but lacks stability, while the non-cooperative game is
stable but often fails to achieve Pareto optimality. 3) The centralized
role of the energy storage regulator in shared energy storage will
improve the overall operational efficiency but increase the cost of each
participant, and the decentralized operation mode can effectively solve
this problem. Based on these, we point out that the features of
blockchain technology can be used to solve the dilemma of energy
efficiency and benefit distribution and give three perspectives from
designing rational transaction mechanisms, adjusting gaming
behavior under information disclosure, tracking nodes’ reputation,
and providing feedback in transactions that can continue to be studied
in depth.

Author contributions

SK proposed a topic and ideas for the minireview. DX and YW
collected the relevant papers and sorted out the models and algorithms
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