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ABSTRACT

Energy Storage Systems (ESSs) play a pivotal role in the evolving landscape of electrical generation,
distribution, and consumption worldwide. As these systems are increasingly developed and deployed across
diverse applications, the need for effective and efficient modeling has become more critical. This work

ElyWheels dai provides a comprehensive overview of key Energy Storage Technologies utilized in electrical applications,
B::;ri:se aw highlighting their strengths, limitations, and roles across various use cases. The review offers in-depth analysis
Hydrogen and commentary on the current state of energy storage modeling, addressing the challenges and opportunities
Supercapacitors within this research domain, and providing a novel resource for researchers in this field. To assist researchers in
selecting appropriate modeling approaches, this paper explores three levels of modeling complexity, examined
through the lens of five prominent energy storage technologies. By evaluating the trade-offs of different
approaches and their suitability for various applications, the study serves as a state-of-the-art resource for
researchers pursuing new energy storage studies. Furthermore, it examines trends in software and hardware
adoption, including case studies and hardware-in-the-loop implementations, while identifying research gaps
and opportunities for innovation. The review concludes with insights into future challenges in the field and

proposes avenues for advancing energy storage modeling and application research.
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Nomenclature

AM
BESS
BM
CAES
CCGT
CF
COE
DER
DOD
DT
ECM
EM
ERM
ESM
ESS
EV
FESS
H,ESS
HIL
HVS
0&M
P2G
PEM
PHS
PM
PMSM
PV
RFB
RTS
SC
SMES
ol
SOH

Application Modeling

Battery Energy Storage System
Bucket Model

Compressed Air Energy Storage
Combined Cycle Gas Turbine
Capacity Factor

Cost of Energy

Distributed Energy Resource
Depth of Discharge

Digital Twin

Equivalent Circuit Model
Electrical Model

Energy Reservoir Model
Energy Storage Modeling
Energy Storage System

Electric Vehicle

Flywheel Energy Storage System
Hydrogen Energy Storage System
Hardware-in-the-loop
Hardware Verification Study
Operation and Maintenance
Power to Gas

Power Energy Model

Pumped Hydro Storage
Physical Model

Permanent Magnet Synchronous Motor

Photovoltaic

Redox Flow Batteries
Real Time Simulation
Supercapacitor

Superconducting Magnetic Energy Storage

State of Charge
State of Health

TES Thermal Energy Storage
™ Technology Modeling

UK. United Kingdom

VSHP Variable Source Heat Pump

1. Introduction

With the deployment of ESSs increasing rapidly in order to meet
net-zero targets across the world, accurate modeling and simulation of
such systems is a crucial area that is receiving extensive research and
development. In the United Kingdom (UK) achieving ‘Net Zero’ carbon
emissions by 2050 has been declared as a major target, and in order to
reach this target extensive further deployment of ESSs will be required.
The field of modeling ESSs is a rapidly growing research area with
significant advancements having been made in the past decade. The
approach to modeling an ESS can vary significantly depending on the
technology, the objectives, and the equipment available.

ESSs have been a part of the electricity distribution system since
the early 1900s in the form of Pumped Hydro Storage (PHS). This still
dominates worldwide Energy Storage Systems (ESSs) capacity [1]. As
the electricity system has evolved the requirement for a wide variety of
different ESSs has increased, leading to a vast range of different types
of storage as seen in Fig. 1. In fact, ESSs are now becoming so prevalent
that in June 2022, the energy exported to grid over the month in the
U.K. consisted of 1.0% from ESSs, higher than the 0.4% generated from
coal [2].

The scope of this paper encompasses three different model-level
approaches to modeling five different energy storage technologies and
the approach most suitable for different applications. This paper aims
to provide a novel resource to assist researchers in choosing appropriate
modeling techniques based on criteria including storage technology,
application, computational efficiency and the level of detail required
for the parameters in the model.

Through an extensive investigation of the most recent developments
in ESM from the novel viewpoint of an application-centric approach,
this paper allows examples to be drawn from a wide range of stud-
ies to demonstrate how different modeling techniques are applied in
practice for various storage technologies. A commentary on the relative
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Fig. 1. Categorization of different energy storage technologies.

strengths and weaknesses of different approaches for given scenarios is
provided to inform researchers of the potential drawbacks of certain
methods. The paper concludes with an exploration of the future chal-
lenges faced by the field of ESM, presenting an insight into potential
research directions for contemporary researchers. The review presented
here will improve the understanding of the existing and future state of
energy storage modeling and provide a valuable tool for researchers in
this field.

1.1. Energy storage technologies

ESSs can fall broadly into one of four categories as seen in Fig. 1.
Each storage technology has its own advantages, disadvantages and
specific use cases, ranging from second-by-second power response to
long-term seasonal storage of energy. In this section, a brief overview
of selected energy storage technologies is presented to provide context
for the modeling discussions.

In this review, the various methods of modeling are contextualized
for five different energy storage technologies, Battery Energy Storage
Systems (BESSs), Flywheel Energy Storage Systems (FESSs), Hydro-
gen Energy Storage Systems (H,ESSs), Compressed Air Energy Storage
(CAES) and Supercapacitors (SCs). BESSs in the context of this review
are assumed to be Lithium-ion, as the most widely deployed technology
of its type.

These technologies have been chosen to represent the spectrum of
different duration energy storage technologies available, ranging from
very short duration (FESSs and SCs) to seasonal storage (H,ESS and
CAES), as well as the widely explored and deployed BESSs. These
technologies are relatively mature and will likely form the bulk of ESS
capacity over the next 20 years. PHS has been excluded as it is unlikely
that there will be a high demand for modeling of this technology given
its very mature and widely technologically understood status [3].

Since the installation of the first PHS site in 1963, the vast majority
of electrical energy storage capacity in the U.K. has been provided
by four PHS facilities in Scotland and Wales. These assets offer the
grid around 2.8 GW of installed capacity. Since 2016, with growing

penetrations of intermittent forms of renewable generation, there has
been a sizeable upturn in the number of grid-scale BESSs. 1.3 GW of
further storage capacity was installed in the last decade, with a further
1.9 GW under construction as of January 2023 [4]. These installations
have been enabled partly by falling capital costs and an improving
regulatory and market framework for storage [5]. There has been a
modest but growing number of residential battery systems installed in
the UK., currently estimated at 128 MW of total residential storage
capacity [6].

An overview of recent literature discussing energy storage tech-
nologies, their costs, and the roles that they typically play in grid
connected applications is contained in Table 1. Redox Flow Batteries
(RFBs) and Superconducting Magnetic Energy Storage (SMES) have
been included to illustrate the range of technologies that the recent
reviews investigate.

1.2. Technology comparison

These technologies have been chosen due to their varying character-
istics including cycle life, energy storage capacity and power capacity.
In this section, a brief overview of the characteristics of each technol-
ogy is provided to highlight the various advantages and disadvantages
of each technology. Radar plots of the typical values for energy density,
power density, cycle life, efficiency and cost are presented in Fig. 2.

In terms of energy density (Wh/kg), BESSs are the best-performing
of the ESS technologies selected. This is one of the main criteria that
has led to them being widely deployed in energy storage applica-
tions [28]. Flywheels can often have a high energy density, although
this is dependent on the material used and many FESSs have very low
energy densities [29]. CAES and SCs have traditionally lower energy
densities although this can vary from system to system [13]. Generally,
applications where energy is required to be stored in bulk and for
longer durations require a higher energy density, for example trans-
ferring peak loads from one period of time to another (peak shifting)
or seasonal storage services.
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Table 1
Recent literature reviewing energy storage technologies, costs and applications.
Ref Year Li-Ion FESS SC H,ESS CAES SMES RFB Technology Cost Application
BESS overview overview overview
[7] 2019 v 4 v v v v v 4 v v
[8] 2019 v 4 v v v v
[9] 2019 4 v v v
[10] 2019 v v v v v v v v v v
[11] 2020 v 4 v v v v v 4 v
[12] 2020 v 4 v v v v v 4 v
[13] 2020 v v v v v v v v
[14] 2020 v v v v v 4 v v
[15] 2020 v 4 v v v v 4 v v
[16] 2021 v v v v
[17] 2021 v 4 v v v 4 v
[18] 2021 v v v v v
[19] 2021 4 v v v v v 4 v
[20] 2021 v v v v v
[21] 2021 v 4 v v v v v 4
[22] 2021 v 4 v v v v v 4 v
[23] 2022 v 4 v v v v v v v v
[24] 2022 v 4 v v v v v v v
[25] 2022 v 4 v v v v v 4 v v
[26] 2022 v v v v v v v v v
[27] 2022 v 4 v v v v v 4 v
Energy Energy Energy
Density (Wh/kg) Density (Wh/kg) Density (Wh/kg)
100000 100000 100000
10000 10000 10000
1000 1000 1000
Cycle Life power  Cycle Life Power  Cycle Life Power
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Supercapacitors

Compressed Air Energy Storage

Fig. 2. Radar plot of the characteristics of each energy storage technology discussed in this paper showing each technologies energy density (Wh/kg), power density (W/kg), cycle

life, efficiency and cost ($/kWh).

SCs have the highest power density (W/kg) among the technologies,
with values significantly higher than many other technologies [30].
This is followed by FESSs, which are again capable of being constructed
to meet a wide range of power densities. BESSs are also capable of
relatively high power densities in certain conditions, whilst H,ESSs
and CAESs both have lower power densities. A high power density is
useful in applications where short bursts of high power are required,
for example in frequency regulation or grid resilience.

In terms of efficiency, SCs, BESSs and FESSs can all achieve high
levels of efficiency with quoted values reaching 95% and above for all
three technologies [12]. Conversely, H,ESSs and CAESs both experi-
ence very low levels of efficiency. Whilst CAES systems can achieve
slightly higher levels of peak efficiency than H,ESSs, they are still

both regularly quoted in the literature as having efficiencies below
50% [26].

Finally, both SCs and FESSs are able to withstand significant lifetime
cycles before reaching end-of-life [30,31]. They are often stated to be
able to perform over 100,000 cycles over the course of their usable
lifetime with some estimates reaching 1,000,000 cycles. The main
drawback of BESSs is illustrated in this metric, where they are generally
able to perform the lowest number of total cycles before reaching end-
of-life. For certain applications where there are minimal daily cycles
required, for example, peak shaving, cycle life is not a significant
variable. However, in applications (for example frequency regulation)
where multiple cycles may be performed hourly, this metric becomes
increasingly important. These disparities in technical characteristics
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make the chosen technologies ideal when comparing modeling tech-
niques and can provide insight into when similar modeling approaches
may not be suitable for all ESSs.

1.2.1. Li-ion batteries

The International Energy Agency stated that Li-ion BESS systems
consisted of 93% of the total annual installed capacity of non-PHS
storage in 2018 [32]. Whilst Li-ion systems are the dominant ES tech-
nology, alternative types of BESS are either being actively developed
or deployed.

Fig. 3 shows a diagram of a typical Li-ion BESS. The basic config-
uration consists of a positive (cathode) and negative (anode) electrode
within a liquid electrolyte with a porous separator in between. The
anode will typically be made of a carbon-based material (for exam-
ple graphite), whilst the cathode will be constructed from a metal
(for example Cobalt, Nickel or Manganese). During charging, ions are
transferred from the cathode to the anode through the application of
a potential difference across the terminals, and the discharging process
is this reaction in reverse [33].

Li-ion batteries offer an excellent level of energy density (up to
200 Wh/kg specific energy density [34]) along with a good power
density (up to 2000 W/kg [21]). These two factors combined, result
in a highly versatile ESS suited to a wide range of applications when
compared to other ESSs. They are also commonly characterized as
having low self-discharge rates, with most systems generally suffering
a loss of state of charge (SOC) in the region of 0.2%-5% of per day
depending on the specific design of the system.

The major drawback of Li-ion batteries is their limited operational
lifetime under high cycling applications, where the lifetime is reduced
by both cycle based degradation and calender degradation. It is for this
reason that Li-ion systems are often specified with narrow tolerances for
operational regions where operating the system outside of these zones
will result in a rapidly decreasing lifetime of the BESS. Factors including
C-Rate, temperature, energy throughput, Depth of Discharge (DOD),
and SOC have all been shown in the literature to have significant
impacts on battery lifetime [35,36]. BESSs are generally considered to
reach the end of life when their capacity falls to 80% of the original
capacity.

1.2.2. Flywheels

FESSs fall under the category of ‘mechanical energy storage’. At
their base level, they primarily consist of a rotating mass that can be
accelerated (charged) or decelerated (discharged). This is achieved by
using a bi-directional electrical machine connected to the rotor that can
be used as a motor to spin the flywheel faster, or that can be driven

Journal of Energy Storage 109 (2025) 115057

by the flywheel rotor as a generator when discharging. Detailed FESS
overviews are found in [37-39].

Fig. 4 shows a diagrammatic representation of a flywheel, with the
key elements consisting of the rotor, the housing (or containment), the
electrical machine and the bearings. The representation in Fig. 4 is of a
horizontal axis FESS which are more common than vertical axis FESSs.

On a fundamental level, the operation of a flywheel is governed
by a set of equations. In Eq. (1), the energy density of the flywheel
is determined where E is energy in joules, V is the volume of the
flywheel, K is the shape factor of the flywheel and ¢,,,, is the maximum
hoop stress in megapascals.

£=KO'

7 = Ko m

The primary positive characteristic of FESSs is their resistance to
cycle-based degradation. Much of the literature quotes the cycle life-
time of flywheels to be anywhere between 10,000 to 1,000,000 full
charge-discharge cycles before failure [31,40,41]. The main method of
degradation within a FESS is the wear on mechanical bearings (where
present) although this is reversible with regular, inexpensive mainte-
nance [29,42]. Another main method of degradation occurs within the
Motor/Generator, with increased heat causing the windings to degrade.
In terms of calendar lifetime, a figure of 20 years is the most often
quoted statistic but this can vary based on manufacturers’ specifications
and warranties.

Magnetic bearings represented a significant advancement in the
viability of flywheels for an increased range of applications. Whilst
they offer a much-decreased level of self-discharge along with increased
lifetime and higher speeds, they also represent a significant increase in
the costs of the overall system primarily due to the complexity of design
and control [29,37]. They are mainly utilized for high-speed flywheels.

Another commonly discussed feature of FESSs is their high levels
of self-discharge, often referred to as spinning losses. A flywheel will
typically lose between 20%-100% of its stored energy over the course
of a day [43,44]. It is for this reason that flywheels are generally most
suited to applications where there will be frequent charge/discharge
operations enabling them to minimize time spent in an idle state.

1.2.3. Supercapacitors

The main ESS medium that competes in a similar space to FESSs
is Supercapacitors (SCs), also sometimes referred to as Ultracapacitors.
They generally consist of two metal plates with a thin separator be-
tween them but differ from traditional capacitors in the fact that the
plates are contained within an electrolyte which allows them to create
a small ‘double layer’ of charge between the two plates, thus allowing
them to store more energy due to vastly increased surface area. The
basic construction of a supercapacitor is shown in Fig. 5.

SCs operate over a similar range of power ratings to flywheels with
both capable of exceeding 1 MW of output power. Supercapacitors
share many features with FESSs, primarily in the fact that they are
mostly resistant to cycle-based degradation with potential cycle limits
in the hundreds of thousands [13] and are also often quoted as having
high-efficiency levels exceeding 95%. The caveat of this cycle life is that
whilst they are capable of significant numbers of cycles, they generally
store less energy than other ESSs (for example BESSs). They are there-
fore highly suited to high-cycle intensive, short-duration applications
like frequency support.

However, there are also drawbacks to using Supercapacitors, one
being another feature shared with FESSs, the significantly high self-
discharge rates which have been quoted throughout literature in the
region of 40% loss of charge per day [43,44]. Eq. (2) shows how the
energy stored within a supercapacitor is calculated where Fygg is the
energy stored within the supercapacitor, C is the capacitance and V is
the voltage. It can be seen that the energy is proportional to the square
of the voltage, with the voltage range for most Supercapacitor modules
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Fig. 5. Diagrammatic representation of a supercapacitor showing charging and dis-
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covering 25-125 V where 25 V represents full discharge and 125 V
represents full charge.
L2
Epss = 5CV ®))

As the supercapacitor is discharged, the voltage will fall linearly.
Therefore, to extract the same amount of power at lower SOCs, the
associated current will become larger. This results in significant losses
when operating at lower voltages, as well as additional copper require-
ments and increased component sizes to account for this characteristic.
To access all of the energy stored, the entire voltage range needs to be
utilized, meaning this issue is unavoidable and cannot be circumvented
by connecting further SC modules as the limits of the Power Conversion
System will be reached, which would in turn lead to further costs.
SCs are generally used in applications where short high-power loads
are present, and in cycle-intensive applications that do not require
significant stored energy. Overview articles for SCs can be found in [45—
471.

1.2.4. Hydrogen energy storage systems

Hydrogen Energy Storage Systems (H,ESSs) in the context of this
research refer to systems where the energy transfer is two-directional,
i.e where electricity can be converted to Hydrogen which can sub-
sequently be converted back to electricity, as opposed to some areas
of research which focus on Power-to-Gas (P2G) which is subsequently
used for alternative purposes. An overview of the basic processes of a
grid-connected H,ESS is shown in Fig. 6.

AC/DC AC/DC

Converter Converter

e N N N
Fuel Cell Hydrogen Electrolyser
Storage

J

Fig. 6. Basic process of a power-to-power H,ESS with respect to its interaction with
the grid.

in The storage of energy over long periods of time (i.e. seasonal stor-
age) offers interesting challenges and opportunities for both engineers
and policy-makers alike. The possibility of hydrogen energy storage
systems (H,ESS) provides arguably the most promising and flexible of
options in this regard.

Importantly, H,ESS is much less restricted by the geographic con-
straints that limit the deployment of other alternatives (e.g. PHS).
Although free hydrogen (H,) does not exist in significant quantities in
nature it can be produced from a number of naturally abundant sources.
With respect to electrical energy storage, hydrogen produced from
water, via the process of electrolysis is of interest. A single electrolysis
cell is comprised of two electrodes (an anode and a cathode), separated
by a central ion-conducting membrane. Fundamentally, the electrolyzer
cell draws on a power supply to split water molecules into gaseous
hydrogen and oxygen [48].

Individual cells are sized and stacked to achieve a targeted power
capacity. There are a number of types of electrolyzers available on the
market (e.g. alkaline, solid oxide, PEM). A good overview of these is
found in [49]. Once hydrogen is produced it can be stored in gaseous
form (e.g. tanks, vessels or caverns), in liquid form (i.e. cryogenic
tanks), in alternative chemical carriers (e.g. ammonia, NH3) or dis-
solved in solids (e.g. metal hydrides). The supply of hydrogen can
then be drawn on to produce power during periods of deficit. This can
be achieved electrochemically (i.e. reversing the electrolysis process
in a fuel cell) or via combustion (e.g. H,-CCGT). In some cases, bi-
directional fuel cells are also possible (i.e. a single device to perform
both the electrolysis and fuel cell steps).

Currently, the round-trip efficiency for power-to-gas-to-power
(P2G2P) is generally specified in the region of 30%-50% [21] which
is the main drawback to utilizing this storage technology at grid scale.
Further research and development will need to be undertaken to allow
this technology to become an active part of the electrical network.
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Perhaps most importantly for seasonal energy storage, and unlike
conventional BESS technology, energy and power capacity can be de-
coupled via the employment of H,ESS. In basic terms, the size of the
energy store is limited only by the size of the vessel into which the H,
is stored whilst the power capacity can be separately determined by the
electrolyzer sizing. This is a trait shared with RFBs, which also feature
the ability to de-couple the power and energy capacities, as discussed
in [50].

1.2.5. Compressed air energy storage

Compressed Air Energy Storage (CAES) is mechanical energy stor-
age and includes three main stages, compression (charging), com-
pressed air storage, and expansion (discharging), seen in Fig. 7. During
compression, ambient air from the atmosphere is compressed using
one or more compressors, which are driven using electricity. The com-
pressed air is stored in a pressurized environment, for large-scale CAES
this is normally in underground salt caverns, while for smaller-scale
CAES, pressurized tanks may be used. During expansion, the stored
compressed air is passed through one or more turbines, which are used
to generate electricity.

A key challenge with CAES is the fundamental inefficiencies of
compression and expansion. During compression, the air temperature
increases, and waste heat is generated, while during expansion, the air
temperature decreases and so heat is required. For large-scale CAES
(>50 MW), a combustion chamber using natural gas is often used before
the expansion stage [51]. To reduce these inefficiencies, multistage
compression and expansion are used, where the air is allowed to cool
or warm back to ambient in between the stages. An ideal CAES facility
would be isothermal, meaning heat would need to be continuously
removed from the air during compression and continually added during
expansion [52]. The efficiency of CAES can also be improved by in-
cluding thermal storage, to store the heat from compression to be used
during the expansion stage, known as adiabatic-CAES (A-CAES) [53].

Two large-scale CAES plants are operational in the world: Huntorf
Germany, 321 MW, 2 h discharge, operational since 1978 [54] and
MclIntosh USA, 110 MW, 26 h discharge, operational since 1991 [55].
These large-scale plants both store the compressed air in underground
salt caverns at around 70 bar. Each has high storage capacity and
long cycle lives, however both require natural gas to operate meaning
the round trip efficiencies are quoted as low as 30% [56]. Smaller
scale, more efficient, up to 70%, demonstrators are being developed
using isothermal or adiabatic CAES, however, the technology is not yet
deployed commercially [56].
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1.3. Review contribution

This paper provides a detailed overview of Energy Storage Modeling
(ESM). For the first time, a model-centric review is presented covering
a wide range of modeling techniques for a variety of different energy
storage technologies and focusing on providing a resource for re-
searchers to select appropriate modeling approaches for future studies.
The innovation provided by this review is in the assessment of ESM
techniques through the perspective of application based modeling, and
the framework produced for assisting researchers in determining the
most suitable approach for different types of ESS studies.

The work provides commentary on different approaches for mod-
eling ESSs for application-specific studies and the software most com-
monly utilized for these works. It also provides a first-of-its-kind re-
view on real-time simulation and hardware implementation, giving
an overview of multiple different ESSs rather than focusing on one
technology.

1.4. Review methodology

The literature review has been conducted by focusing on recent
studies where the modeling of energy storage and its applications are
the main objectives of the research. This rules out studies where the
modeling of energy storage is minimal, or incidental as part of a larger
study that focuses on non-storage elements of electricity generation,
distribution, and consumption.

Studies conducted prior to 2018 have not been included in order
to concentrate on the recent advancements in this research area. Oc-
casional reference may be made to studies conducted prior to 2018 if
they encompass foundational aspects of energy storage modeling.

In Section 4, the methodology concentrates only on studies where
the energy storage system being researched is an active part of either
the real-time element or the hardware element. Studies where the
energy storage is not modeled in real time, or included as hardware
in the loop, are not considered.

2. Energy storage modeling

When considering which method of ESM is most appropriate for
the study being conducted, there are a number of different aspects
to consider in order to choose the most suitable method. Firstly, the
purpose of the study is paramount when choosing a modeling approach.
Within this review, the two main purposes for modeling ESSs have
been divided into two categories; ‘Technology Modeling’ (TM) and
‘Application Modeling’ (AM). The first of these, TM, covers all studies
where analysis of the ESS technology itself is the goal of the study, for
example when investigating a new method of modeling a FESS [57] or
representing the degradation rates of certain Li-BESS chemistries [58].

The second of these purposes, AM, covers the studies where the ESS
is being deployed for a specific application and the objective is to assess
its technical, economic, or techno-economic performance. Examples of
this could include assessing an SC/BESS hybrid for electric vehicle
applications [59], or the feasibility of deployed CAES for wind gener-
ation support [60]. The other main aspect for determining a modeling
approach is to ensure it is appropriate for the intended duration of the
simulation. In this review, the durations of simulation are categorized
as follows;

+ Short Duration — 0 to 60 s
* Medium Duration — 60 s to 1 day
 Long Duration — Longer than 1 day

The simulation duration is essential in choosing the correct model-
ing approach, as using a computationally intensive approach to simu-
late a long-duration application may result in prohibitively long simu-
lation times. For this reason, there are trade-offs between advantages
and disadvantages for each modeling approach [61,62]. In this section,
each approach will be introduced in detail, with examples of existing
literature discussed and commentary provided on what scenarios may
suit the approach best.
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Table 2
Different methods of modeling and simulation of ESSs.
Type Description Use Case Advantages Disadvantages Ref
Bucket This method represents the ESS as a Long-duration studies where the Simplicity, Fast computational Is not technology specific in [63-69]
(Power/Energy) ‘black box’ where the bucket is physical operation of the ESS is not  speed, Easy parameter control, base form, Minimal data on
(Energy reservoir) either filled or emptied (charged or  studied. This method is most Ability to introduce additional the response of ESSs to
discharged) according to set limits. effective when considering complexities as required, Fast instantaneous events
larger-scale applications and where adaptation to different
the ESS in question is a known applications
quantity with easily identifiable
parameters.
Electrical This method seeks to represent a Investigations, where the electrical Increased complexity, Ability = Longer computational times, [68,70-74]
(Equivalent given ESS as an electrical circuit, operation of the system is of interest, to analyze response to More specific parameter
circuit) modeling the system overall in terms for example for fault, ride through, instantaneous events, Required identification is required,
of voltages and current to and from voltage drop, transient harmonic for certain types of study Slower to switch between
the ESS and a given application. distortion and short-duration different applications due to
frequency response analysis. need for specific electrical
system information
Physical When discussing a BESS, this method Investigations where the specific Very high accuracy, Significantly longer [70,75-79]
(Electrochemical)  is referred to as an ‘Electrochemical operation or degradation of the ESS  Degradation and other computational times,
(Concentration model’. For a BESS, this would itself is of interest. This could consist mechanisms are more easily Parameter identification
based) represent modeling the specific of studies into the ageing of different modeled, Essential in scenarios required to be extensive, Will

chemical reactions that take place
within the battery. For a FESS, this
method would consist of modeling
the mechanical kinetic operation of
the flywheel.

battery chemistries or in the design
of different flywheel form factors.

often need to be combined
with other methods if
application specific
information is required

where analysis is needed at
the pre-fabrication stage

2.1. Types of energy storage modeling

The field of ESM and simulation can be categorized into three
distinct types of approaches, as detailed in the following sections.
In Table 2, an overview is given of Bucket, Electrical and Physical
modeling approaches including use cases as well as advantages and
disadvantages.

2.1.1. Bucket model

The first of these is referred to in this work as the ‘Bucket Model’
(BM) approach, although it is also commonly referred to as an ‘Energy
Reservoir Model’ (ERM) and the ‘Power-Energy Model’ (PEM). The
basic approach to this method is to model the ESS as an ideal unit,
where the energy currently stored within the ESS is based upon either
adding or subtracting energy from that which was stored at the pre-
vious time step. This method of modeling can be made more complex
by introducing other aspects (for example efficiencies, degradation and
self-discharge rates) [63,64].

In practice, this is achieved through modeling the energy storage
using Eq. (3), where SOC; is the SOC as a % of overall capacity at time
t, St.1 is the SOC as a % of overall capacity at the previous timestep, L,
is the storage losses due to self-discharge, Eggg is the energy capacity
of the ESS, 7., and ng; is the charging and discharging efficiency
respectively, P, is the charging power delivered over the timestep ¢
and Py;, is the discharging power delivered over the timestep . Further
exploration of this modeling approach can be found in [65,67,80,81].

L P — PNy
SOC, - SOC,,l _ t + ( chMleh dlsndls) 3)

Egss Egss

The main benefit of this method is when seeking to perform system-
level studies that will be performed over significant periods of time.
As it removes the requirement for more complex calculations, the
computational requirements are lower and hence long periods of time
can be simulated rapidly. This method also lends itself to studies where
the performance of storage in regard to specific applications is being
assessed, rather than the technical response of the storage itself. It
also benefits from not requiring detailed knowledge of the parameters
of the ESS being studied and therefore can be utilized as a generic
representation of all types of ESS. This model also provides an easier
base from which to easily modify the study for different applications.
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Fig. 8. First-order equivalent circuit model of a BESS.

However, the drawback remains that the method as a whole is
the least technically detailed of the three methods presented in this
review. Whilst complexities can be added to the model to create a more
representative system, the lack of modeling of the mechanisms of the
ESS means that certain studies are not possible, or inadvisable from a
technical standpoint, to be undertaken using this model. For example,
whilst voltage and current can be implemented in the BM approach
through appropriate conversions, it is less accurate than modeling these
characteristics from the start in an Electrical Model.

2.1.2. Electrical model

The second category of ESS modeling is referred to in this work
as the ‘Electrical Model’ (EM) although it is also commonly referred
to as an ‘Equivalent Circuit Model’. This approach consists of repre-
senting the ESS from an electrical point of view, where the electrical
characteristics of both the system as a whole and the ESS are modeled,
usually with the main variables being studied within the application
being Voltage and Current. There are many different levels of EM, from
a basic simplified model to complex electrical representations.

Electrical models can be implemented in a number of ways, but the
most common approach in the literature is to represent the system as an
equivalent circuit. A first-order equivalent circuit approach to modeling
a BESS is shown in Fig. 8. The governing equations and approaches to
using this model can be found in [82-84]. This example is for a BESS
EM, examples of EM for other technologies can be found throughout
the literature including for a FESS [57], SC [85], H,ESS [86] and
CAES [87].
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Fig. 9. Diagrammatic representation of a physical (concentration based) model of a
BESS.

The main advantage of utilizing this method is the ability to study
transient events from an electrical perspective, for example when mod-
eling power quality applications or instantaneous frequency response.
This method offers greater detail than the BM, although that comes
with the requirement for more detailed knowledge of the parameters
of the ESS being modeled. The electrical characteristics are required
to provide an accurate model, and in some cases, further information
will be required. The electrical distribution characteristics of the system
being modeled are also required, which can make switching between
different applications from the same base model more difficult.

It should also be noted that the individual short-term electrical
behavior of the ESS being modeled is ‘hidden’ behind the power con-
verter, and hence from the viewpoint of the electrical interface with
the ESS, the majority of different technologies will operate identically
through the power converter.

2.1.3. Physical model

The final category of ESS modeling discussed in this work is referred
to as the ‘Physical Model’ (PM). In the context of BESSs, these are
often referred to as an ‘Electrochemical Model’ or ‘Concentration Based
Model’. For this approach, the physical or chemical characteristics of
the ESS are modeled. They are primarily used when the objective of
the study is to simulate the inherent properties of specific ESS types,
such as a particular Li-Ion cell or a new type of steel for a FESS.
It also encompasses scenarios where the degradation of an ESS is
being modeled, and where the application is of limited impact on the
study.

Fig. 9 shows a diagrammatic representation of the concentration-
based model approach for a BESS, and detailed explanations of the
governing equations and approach to utilizing this modeling approach
can be found in [88-90]. This example is for a BESS, but examples of
physical modeling for other storage technologies can be found through-
out the literature including for a FESS [91], SCs [92], H,ESS [86] and
CAES [93].

The key advantage of this model is its high degree of accuracy and
very detailed level of output. It is critical to understand the design
and operation of the ESS itself when utilizing this type of model. It
also enables new materials to be simulated prior to fabrication, and
can also be used to characterize different types of ESS. These models
require extensive knowledge of the specific ESS being modeled, such
as material type, cell chemistry or other proprietary knowledge. They
also often require significant simulation durations. They should only
be utilized when the ESS being used is well-defined with detailed
information on its construction.
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Table 3
Qualitative assessment of modeling approaches considering different design factors.
Bucket Electrical Physical

Grid interaction Low High Low
Computational requirements Low Moderate High
Degradation modeling Moderate Low High
Flexibility for different applications High Moderate Low
Efficiencies Moderate High Moderate
Sensitivity analysis High Moderate Low

2.2. Selecting a modeling approach

This section explores the different aspects that affect the choice of
modeling approach for the storage technologies discussed. It consid-
ers factors including computational speed, degradation requirements,
system complexity, efficiencies and the ability to perform sensitivity
analyses. This section aims to provide researchers with the information
needed to select the most appropriate approach for a given study with a
qualitative assesement of the different approaches presented in Table 3.

This review paper focuses on grid-scale application of storage tech-
nologies, and as such it is important to consider what modeling ap-
proaches are best suited for studies where the storage technology is
directly interacting with the grid on an electrical basis, for example
when modeling voltage support or frequency response. For these types
of studies, regardless of the energy storage technology, the electrical
model is the most appropriate as it can model the interconnection
between grid characteristics and energy storage. This has been shown
in applications including grid resilience [94], power quality [95] and
frequency regulation [96].

Should the study be conducted to focus on the storage technology
itself, then the BM approach can also be useful. This will generally be
utilized when there is no requirement for the ESS to impact the grid op-
eration, for example when modeling a frequency response service [67,
97]. If the effect of ESS operation on the electrical characteristics of
the grid is not required, then the BM can be a more computationally
efficient means of analyzing a system.

A key consideration of modeling is the computational resources
required to run the developed models. However, it should not be a
primary driver to minimize this, some cases will inevitably lead to
high computation resources to achieve the desired study outcomes, for
example in complex degradation studies. However, it is important to
note this selection criteria as it can place restrictions on the speed at
which studies can be completed, and the equipment required to run
these studies.

The PM approach can lead to high computational requirements due
to complex equations and very small timesteps being utilized [61,64].
However, in some scenarios, the EM approach will also require sig-
nificant computational power, including scenarios where entire grid
systems are being modeled [98] or where different electrical systems
are interfacing with small time steps [99]. Of the three approaches,
the BM method is the least computationally intensive as it usually
represents a simplified version of an ESS and can be run over higher
time-steps [80,100].

Analyzing the degradation of a given storage technology for various
applications is a fundamental part of many research activities within
the field of energy storage. It is often complex, with multiple variables
that need to be considered. Each ESS technology discussed in this
paper has different degradation mechanisms, and the external factors
which affect degradation are also variable depending on the technol-
ogy chosen. It is often the PM approach that is utilized to produce
accurate degradation due to the focus on governing equations and
highly detailed storage models [77-79]. If assessing the degradation
mechanisms of a system is the primary objective, then the PM approach
is recommended to capture the correct level of detail.

In [101], the authors present a new method for modeling the whole-
life-cycle SOC prediction in Lithium Ion BESSs. This approach considers
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current, voltage and temperature variations in order to predict the SOC
across the lifecycle of a BESS. The modeling approach is a mathematical
one that operates in between the EM and PM approaches and is accom-
panied by experimental verification. This study highlights that in some
scenarios, the study is not easily bracketed into a specific ESM approach
and this is common when the study considers a combination of different
model types. This approach is also seen in other studies across the
literature including [102] which predicts the remaining useful life of
Lithium Ion BESSs.

For some technologies, primarily BESSs, the degradation mecha-
nisms are widely researched and can be readily implemented into a
variety of different modeling approaches by using defined equations
produced as the result of characterization studies [35]. Similar equa-
tions exist for HyESS [103] and SCs [104], whilst FESSs and CAES
are considered to have minimal degradation characteristics beyond
simple efficiency losses [39,105]. Where such equations exist, they
can be implemented using the BM approach in software (for example
MATLAB/Simulink), presenting an opportunity to consider the effects
of degradation on system performance in studies where the mechanisms
of degradation are not the primary objective [106].

When considering incorporating efficiencies of the storage technol-
ogy itself, multiple variables need to be considered. The efficiencies of a
given storage system can be affected by many different aspects, for ex-
ample, both internal and external temperatures, charging/discharging
rates, state of health and age. All three approaches to modeling can
represent these aspects in different ways. In a bucket model, these
can be represented as modifications to the changes to the SOC of the
ESS at each time step [64]. Many electrical modeling packages will
account for internal efficiencies within pre-set blocks [107,108]. Whilst
this factor needs consideration when selecting a modeling approach, all
three approaches can include good representations of storage efficiency
regardless of the technology chosen.

Separate from storage-specific efficiencies are those related to the
system as a whole. In this context, these efficiencies relate to non-
storage aspects, for example, ancillaries within the containment unit or
power electronics that connect the storage unit to the grid. EM and PM
approaches will often cater for this automatically within the modeling
software chosen or contain mechanisms for including this aspect [109].
For the BM approach, these efficiencies will need to be accounted for
through compensation of the request to/from the ESS to account for
these aspects [67]. System level efficiencies are common across all
storage types, as they will all interface with the grid using similar power
electronic systems that can be accounted for within each approach.

Sensitivity analyses are a useful tool for analyzing how variables
affect the performance of a system. Often, this will involve modifying
one or more variables for each run of a simulation and comparing
the results. This can sometimes involve using optimization techniques,
including genetic algorithms [110,111] which offer good integration
with EM and BM approaches. Due to their relatively low computational
requirements, BMs are an ideal candidate for studies where many
runs of a simulation will be required [66]. More complex models,
particularly using the PM approach, are less suited to large sensitivity
studies but can be utilized in this way with appropriate hardware.

To conclude, the modeling approach selected should be carefully
considered based on the application being modeled and the scale of
study required. Overall, the BM approach is the most flexible and
can usually be adapted to suit most scenarios but at the cost of low-
level detail. When considering detailed electrical characteristics, an EM
approach is likely to be the most appropriate selection whilst for stud-
ies focusing on low-level physics-based interactions or high-resolution
studies a PM approach should be considered. Another important dis-
tinction to make is that the user should ensure that the appropriate
modeling approach is taken to avoid unnecessary over-complex models.
For example, the user should carefully consider whether the benefits
of a higher complexity modeling approach (for example PM) provides
sufficient additional benefit and context to the results produced. This
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should be compared to a simpler approach (for example BM) that could
achieve acceptable results but using fewer computation resources that
could achieve much faster simulation times. Throughout this review,
examples will be given highlighting different modeling approaches for
similar applications to provide commentary on the flexibility of all
three model types.

2.3. Modeling review studies

This section first details the review papers available in the literature.
The majority of previous work in reviewing ESM concentrates on re-
viewing modeling approaches specifically for BESSs, with an overview
of previous works in this area contained in Table 4.

Several different studies provide an overview of the three main
types of models presented in this paper [80,118,120]. This is most
often performed purely from a BESS perspective as in [66] which
provides detailed commentary on the modeling of BESSs (mostly Li-ion
but with some consideration given to other technologies) for electrical
network analysis. It also explores the methods of modeling the network
itself and briefly discusses other energy storage technologies and their
applicability to this application.

In [61], another exploration of approaches to BESS modeling is
presented. This paper provides a more detailed analysis of the dif-
ferent models, with three sub-categories of PM presented, in order of
increasing complexity they are referred to as the ‘Single Particle Model’,
the ‘Pseudo-Two-Dimensional Model’ and the ‘Detailed Electrochemical
Simulation Models’. Significant time is dedicated to the State of Charge
(SOC) modeling and the advantages and disadvantages of different
approaches along with an exploration of thermal and degradation
modeling of Li-Ion BESSs. The paper focuses on providing an analysis of
the effectiveness of the different models with a focus on optimal control
of a physical system.

Another study in [62] performs an analysis of how utilizing different
models affects the SOC and State of Health (SOH) estimations, and how
this subsequently impacts BESS lifetime and financial calculations. It
concludes that the choice of model can have significant impacts on the
results of the study, showing that the BM can lead to oversized plant
and that more detailed BMs which include degradation algorithms can
be a suitable solution.

There are many different subsections of EM in terms of BESS mod-
eling, with [116,117,121] detailing the types of equivalent circuit
models available and commentary on their use cases, advantages and
disadvantages. The work tracks the improvements made in equivalent
circuit modeling over the previous decade and the key challenges for
future research are discussed, highlighting parameter estimation and
machine learning as two key areas.

The wide-ranging study in [121] explores EM for BESSs, H,ESSs
and SCs. It reviews the different simplified electrical models available
for each technology as well as the characteristics and requirements for
using them. The study then explores different practical applications
of the models in the field of power system dynamics and shows that
oversimplification of the models can lead to unreliable results. The
study indicates that areas including the modeling of power converters
and the development of more detailed models as crucial future research
challenges. With respect to H,ESS models, this is particularly important
as the generally lower round trip efficiency plays a significant part in
determining the effectiveness of the system. The work in [122] details
an overview of the ‘Digital Twin’ (DT) approach to modeling and the
state of the literature for different ESSs. The work explains the DT
architecture for a range of different storage technologies and discusses
the main research challenges in this field which center around the
application, ageing mechanisms and system architecture.

[119] provides an overview of degradation modeling of Li-ion
BESSs, exploring the different stress factors that are included in the
modeling process and the approaches that different papers have taken
in representing the ageing of a BESS. Key stress factors include SOC,
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Table 4
Recent literature providing an overview of ESM techniques.

Ref Year Summary

[66] 2019 Presents an overview of the three main models of BESSs, ‘Bucket Model’, ‘Equivalent Circuit Model’ and ‘Electrochemical Model’ but mostly
concentrates on providing commentary on BESSs for use domestically in electricity network improvements

[61] 2019 An extensive review of a wide range of different BESS modeling approaches discussing the ‘Energy Reservoir’, ‘Equivalent Circuit’, ‘Concentration
Based’ and ‘Temperature’ models. Explains the motivation behind utilizing each technique along with the required parameters and how degradation is
implemented into the models.

[112] 2019 Gives an overview of the range of mathematical models available for planning and operation of ESSs exploring both linear and non-linear models and
gives recommendations for their usage

[113] 2019 This study looks into the ‘Equivalent Circuit Model’ and the ‘Electrochemical Model’, with insight given into the different sub-categories of the model
available and the different variables and parameters required. It also looks at how these models are linked together with thermal management,
battery management and control.

[114] 2020 Provides a review of different electrochemical and equivalent circuit approaches to modeling BESSs, with a focus on battery management and state
estimation

[62] 2020 Compares three different types of BESS models, with two Bucket models with varying approaches and an electrical model studied. Shows the effect
that the choice of model can have on the solutions gained from modeling and simulation, and the simulation time required to execute studies.

[115] 2021 Details the electrical and electrochemical approaches to modeling BESSs including an in-depth look at data-driven modeling and State of Health
(SOH) estimation. Also looks at the different machine-learning algorithms available for estimating different BESS parameters.

[116] 2021 Looks specifically at various types of equivalent circuit models with a focus on State of Charge (SOC) estimation. Also discusses the different learning
and optimization algorithms available for the purpose of estimating SOC.

[117] 2021 This review looks at different approaches to modeling BESSs using the ‘Equivalent Circuit Model’ approach, discussing the benefits and drawbacks of
each approach and conducting analysis on the methods with a focus on the state of power estimation for electric vehicles

[118] 2022 Discusses the concepts of three different types of battery modeling techniques, namely the ‘Power-Energy Model’, the ‘Voltage-Current Model’ and the
‘Concentration-Current Model’. Explores the characteristics of each model, the applications they can be used for and how they impact degradation
assessment.

[119] 2022 Concentrates on the degradation aspect of BESS modeling, highlighting the different stress factors that are used to inform each model and the
applications that they are used in

[120] 2022 This article presents a detailed exploration of different approaches to BESS modeling, with a comprehensive overview of how BESS energy
management can be optimized for different objectives and using different approaches.

[80] 2022 Details the ‘Bucket Model’, ‘Equivalent Circuit Model’ and ‘Electrochemical Model’ with a perspective of second life Li-Ion BESSs for stationary
applications. Also discusses aspects of energy management strategies and the advantages of using different approaches.

[121] 2023 Focuses on ‘Equivalent Circuit Models’ for BESSs, SCs and H,ESSs, and the different types of models available within this category. Mainly discusses
the approaches for BESSs, and gives an overview of existing installations.

[122] 2023 Gives an overview of the approaches to utilizing the ‘Digital Twin’ approach to modeling energy storage, discussing it in relation to a range of

different ESS technologies and applications with the benefits and drawbacks of this modeling strategy also presented.

Depth of Discharge (DOD), temperature, operational time, cycle count
and energy throughput. Different models are also shown to approxi-
mate ageing in different ways, for example through rainflow count-
ing [123] or through experimentally verified models [124]. In a similar
study, [115] looks at battery modeling techniques with an emphasis on
the parameterization of BESSs using machine learning algorithms, in
order to efficiently determine the required values. The work concludes
that equivalent circuit modeling represents the best middle ground be-
tween oversimplified models and those requiring extensive parameter
input.

Overall, the majority of literature reviews already conducted in this
area focus primarily on BESS modeling with very little previous work
conducted that considers other technologies that are considered in this
work, including FESSs, CAES and H,ESS. To expand the discussion in
this field, the following section performs an overview of the modeling
of 5 different ESS technologies discussing the methods used when
considering a range of applications.

3. Application of energy storage modeling

This section explores the literature available for different ESS tech-
nologies including the simulation duration, the modeling objective, the
model utilized and the software used to carry out the simulation. An
overview of the literature review as part of this study is contained in
Table 5.

First, some statistics from the literature review are analyzed. In
Fig. 10(a) the proportion of times that each model type is used in
literature for each technology is presented. Note that in some studies
multiple approaches are used. From this data, it can be seen that the
approach utilized is highly dependent on the storage technology being
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researched. For example, a FESS is modeled using the BM method in
only 8.8% of the literature surveyed whilst it is utilized in 41.9% of
BESS studies reviewed. Another key aspect to note is that modeling of
an SC is most commonly conducted using the EM approach with 75%
of literature utilizing an electrical model.

Whilst H,ESS and BESS studies contain high proportions of BM
approaches, there are no studies utilizing this approach for CAES and
less than 10% for both FESSs and SCs. This suggests that there may be
an opportunity for future studies to develop these models to provide a
greater range of tools and subsequently flexibility for the study of these
technologies.

The duration of the simulations within the literature, according to
the ESS technology being studied, is shown in Fig. 10(b). Again there
are some immediate conclusions to be drawn from this figure, notably
that for CAES and H,ESS the general trend is for mostly long-duration
simulations with some medium-duration simulations. Due to both these
technologies being considered long-duration assets, it is unlikely that
short-duration studies would be required unless the focus of the study
is on the operation of the ESS itself. Short-duration simulation is
prominent for SCs and FESSs which is to be expected considering their
position as limited energy capacity assets. The versatility of the BESS
is illustrated in the fact that the duration of the simulation is spread
fairly evenly across all three durations.

Finally, the software that has been utilized for each study is shown
in Fig. 11. MATLAB/Simulink dominates the software distribution with
57 out of 94 studies analyzed utilizing this software. Other than MAT-
LAB/Simulink, the software HOMER and DigiSELENT Power Factory
are both used in several studies whilst an algorithmic modeling ap-
proach is used in 7 studies. Some other packages (for example Python
or Aspen Plus) are used occasionally, but it is apparent that MAT-
LAB/Simulink dominates the software approach to ESM.
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3.1. BESSs

The application of BESS models spans many different purposes
and approaches. Multiple different models have been proposed and
utilized for modeling the physical mechanisms of BESSs, with a wide
range of models discussed in literature concentrating on modeling the
degradation of a BESS. This is a key aspect of BESS operation; therefore,
it is important that the models utilized are accurate, which often leads
to significant complexity.

In [73] a complex life cycle model which utilizes a combination of
equations and electrical modeling to expand a BESS model to include
a cycle-life calculator. This model also incorporates thermal aspects
and power loss and utilizes equivalent cycle counting to predict the
maximum number of cycles that a BESS can withstand at different
DODs. This work is an example of developing and applying a BESS
model with a specific application-neutral approach where the focus is
on modeling the technology itself.

A similar approach is taken in [126] which includes an assessment
of the single particle method of modeling. In this work, the degrada-
tion of a BESS is modeled for different ageing parameters, with the
effectiveness of the three model types (PM, EM and BM) compared
for this application. The single particle model is shown to be the most
accurate, with accuracy decreasing with decreasing model complexity.
This further illustrates the need for detailed physical modeling when
attempting to simulate the technical characteristics.

A combination of EM and PM is utilized in [58] where the outputs
of an equivalent circuit model are used as an input to the battery
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degradation model that uses experimental data, literature models, and
datasheets to estimate battery lifetime. This combined approach is
effective in accurately modeling the degradation of the BESS and shows
the ability of different models to be used together to provide a more
effective result.

EM is utilized in a significant number of studies within the lit-
erature, with many varied approaches for model development and
deployment. In [129] two different approaches to modeling BESSs, a
detailed and average electrical model. Small modifications are made
to the detailed model to reduce computational demand and the two
models are then used to simulate the same frequency response events.
Whilst it is shown that in many cases the two models are equivalent,
there are certain scenarios in which the two models diverge, showing
that it is imperative to utilize the correct model for the application
being simulated in order to avoid erroneous results.

Elsewhere in [157] a complex electrical model is proposed for grid
fault analysis, including detailed converter models and control strategy.
The model is then utilized in a case study, again comparing an average
value model with a detailed model showing the average model is
accurate for usage in this application with only minimal differences
between the two.

EM is also used across the literature when considering control strate-
gies, as in [188] which models the BESS as a controlled voltage source
behind a resistance, implemented to investigate control strategies based
on BESS SOC and wind turbine output power. In these cases, an EM
approach is the most appropriate as such control studies are generally
predicated on using aspects such as voltage and power to implement
control loops.

Many studies utilize EM with a generic BESS element that has
been previously developed and included as a pre-installed unit within
software (for example MATLAB/Simulink or DigiSILENT PowerFac-
tory). An example of this is seen in [141] which uses the DigiSILENT
PowerFactory BESS model within a larger electrical islanded microgrid
model. This approach is often utilized in optimization studies like
this one where the operation of the BESS itself is not critical to the
objectives of the analysis.

The BM method is also used extensively throughout the literature
representing an effective method for fast application-specific studies.
In [177] this approach is used to simulate capacity degradation in
an arbitrage study, an example of introducing additional complexity
to a bucket model to achieve the objectives required whilst avoiding
over-complication of the model.

Another study that utilizes the BM approach is [192], where the pa-
per investigates dispatch optimization of BESSs with a consideration for
degradation effects. Each operation of the BESS is given an associated
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Table 5
Summary of literature discussing ESM.
Ref Year  Technology  Application  Short Medium Long Bucket Electrical Physical BESS FESS SC CAES H,ESS Software
modeling modeling duration duration duration
[74] 2018 v v v v v v DSATools
UDM
[76] 2018 v v v v v v MATLAB
[85] 2018 v v v v v v MATLAB
[125] 2018 v/ v v v v HOMER
[126] 2018 Vv v v v v v Algorithmic
[91] 2019 v v v v v v MATLAB
[127] 2019 v v v v v v MATLAB
[81] 2019 v v v v MATLAB
[128] 2019 v v v v v MATLAB
[129] 2019 Vv v v v v MATLAB
[130] 2019 Vv v v v v Bespoke
[92] 2019 v v 4 v 4 MATLAB,
COMSOL
[60] 2019 v v v v Aspen Plus
[87] 2019 v 4 v v v v MATLAB
[131] 2019 v v v v v HOMER
[132] 2019 v v v v v HOMER
[133] 2019 Vv v v v MATLAB
[134] 2019 v 4 v v v HOMER
[135] 2019 v v v v v v MATLAB
[136] 2019 Vv v v v MATLAB
[137] 2019 v v v v gPROMS
[138] 2019 v v v v Not stated
[139] 2019 v v v v v MATLAB
[140]1 2020 v v v v MATLAB
[71] 2020 v v v v v MATLAB
[73] 2020 v v v v v MATLAB
[141]1 2020 v v v v v Power
Factory
[142] 2020 v v v MATLAB
[143] 2020 Vv v v v v v MATLAB
[144] 2020 Vv v v v v v v MATLAB
[145] 2020 v v v v v Power
Factory
[146] 2020 4 v v v v MATLAB
[147] 2020 v v v v v HOMER
[148] 2020 Vv v v v v v MATLAB
[149]1 2020 v v v v v MATLAB
[150] 2020 v v v v MATLAB
[151] 2020 v v v v MATLAB
[152]1 2020 v v v v Algorithmic
[153] 2020 Vv v v v MATLAB
[154] 2020 v v v v Not stated
[155] 2020 v v v v Not Stated
[59] 2021 4 v v v v v MATLAB
[156] 2021 Vv v v v v v RT-LAB
[157] 2021 v v v v EMTP
[58] 2021 v/ v v v MATLAB
[158] 2021 Vv v v v v MATLAB
[93] 2021 v v v 4 MATLAB,
EES
[159] 2021 v v v MATLAB
[160] 2021 v v v v GAMS
[161]1 2021 v v/ 4 v v Power
Factory
[162] 2021 Vv v v v MATLAB
[163] 2021 v v v v Not stated
[164] 2021 v v v v Power
Factory
[165] 2021 Vv v v v MATLAB
[166] 2021 v v v v Python
[167] 2021 v v v v v v Not stated
[57] 2022 v/ v v v MATLAB
[168] 2022 v v v v v MATLAB
[169] 2022 Vv v v v MATLAB
[170] 2022 v v v v v v v MATLAB
[171] 2022 v 4 v v MATLAB
[172] 2022 v v v v MATLAB
[86] 2022 v v v v v v v SimSES
[173] 2022 v v v v v MATLAB
[174] 2022 v v v v v MATLAB
[175] 2022 v v v v v v MATLAB

(continued on next page)
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Table 5 (continued).
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[101] 2022 v v
[176] 2023 v v

[177] 2023 v 4
[102] 2023 v v
[178] 2024 v v
[179] 2024 v v
[180] 2024 v v

[181] 2024 v v

[182] 2024 v v v

[183] 2024 v v

[184] 2024 v v

[185] 2024 v

[186] 2024 v v
[187] 2024 v

[188] 2024 v v

[189] 2024 v

[190] 2024 v v v
[191] 2024 v v
[192] 2024 v v
[193] 2024 v v
[194] 2024 v v
[195] 2024 v v

[196] 2024 v v

[197] 2024 v v
[198] 2024 v v

[199] 2024 v v
[200] 2024 v

[201] 2024 v

[202] 2024 v v

[203] 2024 v v v

[204] 2024 v v

[205] 2024 v v

[206] 2024 v v
[207] 2024 v

Not stated
MATLAB,
RT-LAB
Not stated
Algorithmic
MATLAB
GAMS
MATLAB
MATLAB
PSCAD
MATLAB
MATLAB
MATLAB
Algorithmic
MATLAB
MATLAB
COMANDO
Python
PSOPT

Not stated
Algorithmic
MATLAB
Not stated
Not stated
Python
MATLAB
MATLAB
MATLAB
Algorithmic
MATLAB
MATLAB,
Sim Power
Systems
MATLAB
MATLAB
MATLAB
Algorithmic

ANANEN
SN
AN

AVANE NN

AN NN NN
AN
AN
ANANRNE N

AN

capacity loss value based upon a range of variables including depth
of cycle, number of equivalent cycles and C-rate. This study is a good
example of introducing additional complexities to a simple BM model
to achieve the study objectives.

In many studies, the BM approach is adopted as a result of the ESS
operation being incidental to the studies goals. In these studies, such
as [189], the BESS is considered in terms of power and energy with
minimal additional complexities. However, as the physical operation of
the BESS is not of relevance to the study being conducted, this approach
allows the remainder of the model to be more complex and still
achieve the research objectives. This approach is more common with
technologies, such as BESSs, that are well-understood on a technical
level and can be assumed to operate as expected.

A range of different techniques are used when implementing a BM,
for example in [153] where a memory block within MATLAB/Simulink
is used to represent the BESS current state of energy. An alternative
approach is shown in [171] where an integrator block, again in MAT-
LAB/Simulink, is used to track the current state of energy. Both studies
show effective implementation of these approaches without additional
complexities.

3.2. FESSs

Referring back to Fig. 10(a), it is clear that the majority of FESS
models reviewed here are of EM or PM types with limited usage of
the BM method. However, there are some instances of BM usage for
example in [160] which concentrates on primary frequency support
in an algorithmic model, representing the FESS using simple state of
energy equations. As with BESSs, this approach is focusing on the
deployment of a FESS rather than its individual operation.

The BM approach is also utilized in [134] where the flywheel is
modeled using the generic library model within the HOMER library,
with the focus of this study being on designing a microgrid for the
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highest renewable penetration. Many studies across the literature uti-
lize generic blocks such as these, where pre-loaded blocks within a
simulation package have previously been developed and verified.

Elsewhere in [181], a BM approach is presented with a modular
system built in MATLAB/Simulink incorporating additional complexi-
ties such as spinning losses and converter efficiencies. This model is
then demonstrated with a techno-economic study into the delivery of
frequency response services by FESSs. In this scenario, the BM approach
is suitable to maintain computational efficiency for long simulations
with small time steps.

Far more common for FESSs is the EM approach seen in a significant
number of studies within the literature. Often, this comes in the form
of representing the FESS using a permanent magnet synchronous motor
(PMSM) block in MATLAB/Simulink, which can be seen in [57]. This
study aims to accurately model the FESS motor speed and current for
usage in future microgrid simulations. Additionally in [149] the same
approach is used within MATLAB/Simulink as part of a wind-diesel
power system, with the objective of controlling excess active power.

A reduced order model using the EM approach is presented in [182],
implementing the FESS as a rigid additional single mass coupled to
an induction machine. In this case, the EM approach is the most
appropriate due to the study objectives of investigating electromag-
netic transients, with the reduced order element aiming to improve
computational efficiency. The model is initially implemented offline in
PSCAD before being implemented in RSCAD for usage with the RTDS
hardware.

The work in [91] combines the PM and EM approaches, modeling
the FESS in terms of aspects including rotor speed, electromagnetic
torque and stator currents and linking this with a larger electrical
microgrid model for power quality applications. This approach is also
taken in [127] where the FESS is modeled as an equation for rotating
mass linked to a PMSM and subsequently implemented in an electric
rail transport system and in [146] where the FESS is modeled with a
series of equations within a wind turbine system for power smoothing.
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When modeling the physical operation of a flywheel the approach
most commonly taken is to develop a series of equations to represent
the technical characteristics of the system. This approach is taken in
both [164,167]. Firstly, in [164], the model is developed in a step-by-
step process taking into account torque, mechanical power, rotational
frequency and inertia before being implemented in a Combined Heat
and Power Plant model. The model is also validated with field tests
showing a good correlation between the model and real-world tests.

In [167] the model is also validated with an experimental set-up
as part of a study looking to optimally size the FESS for a frequency
regulation application. The FESS is presented as a series of linearized
integrated transfer functions accompanied by a closed-loop control
system. The non-linear and linear models are then compared under
various scenarios followed by experimental verification.

[195] discusses the design and development of a 0.5 kWh FESS,
from initial modeling through to experimental verification. The FESS
is initially modeled with the PM approach as a series of equations,
followed by some EM implementation with respect to the charging and
discharging control of the FESS. This study is a good example of the
level of detail required when modeling for experimental construction
purposes, and as such this study could only be executed by primarily
using the PM approach.

An interesting implementation of a FESS model that combines el-
ements of BM and PM modeling is seen in [194], with basic physical
equations utilized to model the speed of the FESS which is then im-
plemented as part of a larger study that also considers H,ESS storage.
In this study, the ESSs being investigated are incidental to the overall
goal of optimizing a system, so are modeled using basic tools that allow
complex system simulation.

3.3. SCs

EM is the most prevalent type of SC modeling within the literature
presented in this review. Despite this, there are some instances of the
use of the PM and BM techniques. In [175] the SC is represented using
a set of equations governed solely by the energy contained within the
SC, the SOC limits, and the available power, showing an equation-
based representation of the BM. As has been the case for other storage
technologies, this approach is used in an optimization study of the size
and control of a hybrid system.

In terms of PM, the work in [92] combines an electrical model with
a thermal model that approximates the physical state of the SC thermal
characteristics during operation. The thermal model is split into a heat
generation and heat transfer model, which feeds back into the electrical
model. It also gives an overview of the varying complexities of different
types of electro-thermal models for SCs.

Numerical approaches are also used in literature, for example
in [135] which concentrates on modeling for electric vehicles. The
model includes a thermal element, and tests are undertaken to simulate
a hybrid BESS/SC system for different driving profiles.

An extensive review of the different equivalent circuit models avail-
able for representing SCs is conducted in [85]. This study looks at
7 different types of EM and analyses their effectiveness for modeling
energy storage applications, concluding that of the techniques with a
reported accuracy level, the ‘Classical Equivalent Circuit II’ is the most
accurate.

In [204] the authors present a simplified SC model using three basic
electrical components to represent the SC, namely the capacitance of
the SC, a series resistor, and a dielectric leakage resistor. This model
is implemented alongside an electrical model of a DC/DC converter in
order to investigate providing constant active power and inertia control
for a wind power system.

An alternative approach to EM implementation is seen in [205],
which derives mathematical models for a BESS and SC from equivalent
circuits in the Laplace domain and further derivation of Thevenin
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equivalent circuits. This paper presents the models as part of an exper-
imental verification process involving pulsed charging in a wind power
system.

Another study that looks at a range of different SC EM models
is [161]. This work was conducted with the objective of reducing the
complexity of the model to a point that the requirements were readily
available from datasheets, whilst retaining the required accuracy. This
results in scenario-based recommendations where the effectiveness of
different models varies based on the application being modeled.

[162] proposes a new EM for SCs utilizing MATLAB/Simulink us-
ing a simplified equivalent circuit approach. The SC is modeled by
performing simple charge/discharge cycles and follows this with an ex-
perimental set-up to verify the model showing good agreement between
the datasheets, model and experimental test system.

SC deployment for voltage sag minimization is investigated in [203].
The SC is implemented using an EM approach, with other approaches
being unsuitable due to the electrical nature of the study. This example
again highlights the dominance of EM approaches throughout the
literature, which is driven by the fact that SCs are generally deployed
for short-duration power-based applications where their impact on the
electrical characteristics of a system is the primary objective.

3.4. CAES

Due to the nature of its operation, CAESs often require the modeling
of both physical (air flow, recuperator, expander etc.) and electrical
elements. Referring back to Fig. 10(a) none of the studied literature
utilized the BM method, with a majority of modeling using the PM
method. A common approach to modeling CAESs is mathematical,
where a significant number of operational equations can be linked
together to form a complex model of the physics behind the operation
of the system. This approach is taken in [137,138,155]. In [138] a
mathematical model is presented for analyzing the charging and dis-
charging characteristics, with verification undertaken against literature
and experimental results.

An implementation of the PM approach that also contains aspects
of a BM approach is seen in [201], which investigates optimal energy
scheduling. Whilst elements such as the compressor and expander are
modeled using an equation-based approach, the energy store itself is
modeled using a simple constrained SOC approach common in BM stud-
ies. This approach is taken to computationally simplify the study due
to the high number of simulations conducted as part of the algorithmic
optimization process.

Another study that combines elements of two approaches, in this
case EM and BM, is seen in [199]. The primary implementation of the
model in this case is EM, but it also uses a constrained SOC represen-
tation of the energy store itself. The model is utilized to investigate
the capabilities of CAES in supporting an off-grid heating and power
network with electric vehicles.

The work in [137] presents another mathematical model including
operation strategy, this time with the objective of designing a hybrid
CAES and wind turbine system for managing power fluctuations. [155]
uses the same approach to develop a micro-CAES which is verified
through extensive experimental tests. The range of different mathemati-
cal models available for this technology shows that they are an effective
method for modeling CAES, and can be deployed for a range of different
applications.

In [60], the model is implemented using a combination of Aspen
Plus for the compressor and turbines, whilst Microsoft Excel is used to
model the cavern itself. This study once again looks at the implemen-
tation of CAES for wind power support and shows a different approach
to the mathematical model for the same application.

A numerical PM approach is taken in [197] with each component
of the CAES model being realized as a series of equations. The model is
calibrated for an experimental setup and the paper claims precision and
reliability based upon comparisons between the experimental setup and
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model. As is often the case throughout the literature, this combination
of in-depth modeling and experimental verification is undertaken with
a focus on the technology itself rather than a specific application.

Finally, [87] provides another mathematical that is executed in
MATLAB/Simulink. It develops separate control algorithms for charg-
ing and discharging modes and follows this up with a simplified model
which is implemented in a case study of the model following different
step change profiles. The study shows the extensive knowledge of the
system characteristics required to model the system accurately with
a significant number of parameters stated to inform the case study
from both a control and a system perspective. It highlights that when
considering the modeling of a CAES, the complexity of the system often
requires a more detailed level of the model than other technologies
discussed in this review.

3.5. H, ESSs

The software package HOMER is used throughout the literature for
H,ESS studies, including in [125,131,132,147]. The HOMER package
has pre-designed blocks for use in power studies that enable the H,ESS
to be effectively studied without the requirement for comprehensive
system knowledge and is primarily used in economic studies.

In [125] this approach is utilized to demonstrate the potential of
H,ESSs as long-term storage for high renewable penetration. The H,ESS
presented consists of an electrolyzer, fuel cell and hydrogen tank, with
the study concentrating on calculating economic benefits from the
deployment of a hybrid BESS/H,ESS system.

Another use of HOMER for a H,ESS economic analysis is presented
in [147] where a techno-economic analysis is performed for a rural
electrification study using a hybrid BESS/H,ESS system. Again, this
approach to application modeling for H,ESSs is focused on exploring
economic benefits for different scenarios and providing insight on the
optimum configurations under varying operating conditions. The fact
that this approach is found commonly in the literature suggests it is a
robust method of H,ESS modeling for this type of study.

Another PM approach is outlined in [179] as part of a bi-level
optimization study in the planning of microgrids. Like other studies
discussed here, the model is composed of three distinct components,
the electrolyzer, fuel cell and storage tank.

A detailed presentation of a PM approach modeled in MATLAB is
discussed in [183], which investigates the sizing of seasonal H,ESS.
The model considers a wide range of parameters such as temperature,
degradation and safety. This study is unique in its analysis of the
application of H,ESS from both an economic and safety perspective.

[190] implements a H,ESS model utilizing the PM approach. The
overall model consists of separate electrolyzer, storage tank and fuel
cell modules and is implemented using Python. The mathematical
approach is subsequently experimentally verified for peak shaving
applications. Whilst Python is not extensively used in ESS studies, its
usage is growing as additional packages are developed and made freely
available and this study is a good example of the versatility it can
provide when modeling complex systems.

Equation-based modeling of a H,ESS system is presented in [142]
where the development of a seasonal storage system using hydrogen
storage within salt caverns is discussed. In this case, the modeling of the
H,ESS in this way is driven by the complexity of modeling the dynamics
of the salt cavern and the long durational nature of the simulation.
Through this approach, the significant complexities can be accurately
modeled for the given application.

A simulation framework (SimSES), which also includes models for
Li-BESSs and RFBs, is presented in [86]. This framework involves in-
terconnected electrical and thermal models, with an integrated techno-
economic analysis model. The hydrogen package is split into four
modules, a management system, a fuel cell model, an electrolyzer
model, and a storage model. The input to the model is power, with a
range of analytical outputs available. This package represents a good
example of a fully self-contained modeling suite enabling different
applications to be studied easily and effectively.
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4. Real time simulations and hardware driven studies

So far, most of the works that have been discussed have focused on
the offline simulation of ESSs, where the simulated system is purely
digital. However, there is a growing area of research utilizing ‘Real
Time Simulation’ (RTS) and ‘Hardware-in-the-loop’ (HIL). Additionally,
this section considers some studies where a physical system is deployed
to verify the results of a simulation, referred to here as a ‘Hardware
Verification Study’ (HVS). Fig. 12 shows an example of a HIL study.
This represents a typical experimental setup, but there are a number
of different approaches that can be taken when implementing these
studies. Typically, the system consists of four elements;

1. Firstly, problem formulation must be performed. This can often
be achieved by developing a model (e.g for a microgrid), in an
appropriate software package and then using the data generated
(for example, this could be in the form of a power profile for the
system to follow or a dispatch schedule) as the input for the ESS
(whether physical or simulated) to react to.

2. The ESS in this example is represented by a physical asset,
although there are instances where emulators can be used to
simulate a physical asset. The ESS will respond to the control
requests and provide an output, usually in the form of voltage
and current.

3. This output is then used in real-time in conjunction with either
a physical system or a simulated system. A continuous feedback
loop is formed between the ESS and the system being studied
until the study is terminated.

4. The results of the study are most often recorded in real-time and
can subsequently be analyzed on a host PC.

Compared to purely simulation-based studies, those that involve
hardware are generally restricted to smaller-scale experiments where
the ESS being studied can be built and analyzed within a laboratory
environment, although there are occasions where larger systems are
integrated, for example in [208] where multiple BESSs and an SC
in separate geographic locations were integrated within an ethernet
connected network investigating communication delays for aggregated
assets. For this reason, studies, where the ESS is generally a large
physical system, are not as common. The majority of studies requiring
hardware focus on BESSs or other ESSs that are able to be built on small
scales, like FESSs and SCs.

This is illustrated in Fig. 13(a) where a significant proportion of
the studies focus on BESSs, followed by FESSs. This can be primarily
attributed to the scale of the storage systems being analyzed. Whilst it
can be straightforward to produce laboratory-scale BESS, FESS and SC
systems at a cost achievable by research institutes, the generally large
scale and specialist nature of H,ESS and CAES systems restrict their
deployment in this way. This suggests that developing smaller scale
systems for laboratory based analysis could be a future priority for this
research area.

This review section is organized by application, looking at the
different objectives for utilizing this approach with commentary on
the software and hardware used in the studies. The distribution of
applications within the literature can be seen in Fig. 13(b), where
Microgrid applications are most prominent followed by Power quality
and Testing purposes. However, it should be noted that the applications
seen here span a significant range of smaller scale local grid studies
(for example when considering degradation modeling or battery man-
agement) to large scale grid emulation (for example when considering
power quality or frequency regulation), showcasing the flexibility of an
RTS/HIL approach. Table 6 shows an overview of the literature studied
in this category, highlighting the software and hardware used in each
study along with a description of the work undertaken.
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Fig. 12. Example overview of a HIL experimental set up showing the various stages of hardware and software interaction.
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Fig. 13. Number of times in reviewed literature an RTS/HIL study is used to investigate (a) a specific ESS technology (b) a given grid-scale application.

4.1. Frequency regulation

The work in [209] presents a HIL simulation on frequency regula-
tion, deploying a Variable Source Heat Pump (VSHP) and a BESS on a
laboratory scale. It utilizes MATLAB/Simulink and LabVIEW as a direct
load controller and uses a pre-defined frequency data set. The imple-
mented set-up allows a range of complex experiments to be performed
allowing comparison between the developed model and the experimen-
tal results. Elsewhere in [210] a laboratory scale FESS is implemented
in a HVS using MATLAB/Simulink, for the purposes of frequency
control of a university microgrid. Different scenarios are assessed with
the simulation being verified against real-world implementation.

[96] uses a combination of the OPAL-RT RTS platform with four
Raspberry PI units to control the frequency of a microgrid. The Rasp-
berry PI units are used to represent ESSs whilst the OPAL-RT operates as
the system control unit. This is a good example of using RTS without the
presence of physical ESSs, instead relying on emulating them through
the use of other technology.

4.2. Testing and digital twins

In the context of this review, ‘Testing’ generally refers to studies
where the primary objective is to develop systems that will allow
further testing to be performed. This could refer to the development
of a ‘Digital Twin’ (DT) asset or the foundational work of developing a
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HIL system without focusing on the application it will be deployed for.
A review of DTs for a range of different ESS technologies can be found
in [122] which discusses BESSs, H,ESSs, SCs, PHS and Thermal Energy
Storage (TES), highlighting that BESS studies into DT deployment
significantly outnumber other technologies.

A good example of this is found in [214] where a HIL simulation
facility is developed for testing the performance of grid-connected ESSs.
This study focuses on Li-BESSs and utilizes an RTDS and dSPACE real-
time platform. The system is verified using step-change power profiles,
analyzing the latency experienced by the system as it responds includ-
ing the communications latency. The verification of this approach then
gives the foundation for further experimental works to be performed
using this system.

RTS is used in [212] to compare the performance of SCs and FESSs
when performing charge and discharge operations. This study is fo-
cused on the parameterization of the ESSs being studied, using Simulink
Real-Time to act as a controller instructing the ESS to charge or
discharge. A significant contribution to the field is found in [229] which
focuses on Li-BESS cell degradation analysis. The main advancement in
this work is the use of time-scaling to accelerate a HIL cell degradation
experiment in tandem with an electro-thermal Li-BESS model. It utilizes
the dSPACE real-time simulator running MATLAB/Simulink and using
a battery emulator, subsequently comparing the results obtained with
experimental parameter extraction.

The work in [222,235], and [230] all consider the development of
DTs of Li-BESSs. The purpose of using a DT in [222] is to develop a
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Table 6

Literature review of real time simulation and hardware-in-the-loop studies.
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Ref

Year

ESS

Application

Software

Hardware

Notes

[209]

2018

Li-BESS

Frequency
regulation

LabVIEW,
MATLAB

Li-BESS

Implements multiple different hardware for the study,
rather than focusing on a simple component. Aims to
develop a scheme for grid frequency regulation to
reduce frequency deviations through direct load
control.

[211]

2018

Li-BESS?,
SMES?

Power quality

RSCAD

RTDS

Uses a system built in RTDS representing a BESS and
SMES to develop a control method that extends the
battery lifetime when compensating for power
fluctuations in a microgrid

[212]

2018

FESS, SC

Testing

MATLAB

FESS, SC

Performs testing on a FESS and an SC to determine
their capabilities for islanded microgrid operation, and
the corresponding drawbacks that are associated with
each device.

[213]

2018

FESS*

Power quality

MATLAB,
Hypersim

OPAL-RT

Uses real time HIL to validate the design of a high
speed FESS for LV power quality applications,
comparing offline simulations with real time
simulations.

[214]

2019

Li-BESS

Testing

MATLAB

Li-BESS, dSPACE,
RTDS

Outlines the testing done on a PHIL simulation facility
looking at latency for responses to certain power
signals, showing that the system can be used for
analysis frequency regulation with high accuracy.

[96]

2019

Li-BESS*

Frequency
regulation

OPAL-RT

OPAL-RT, Raspberry
Pi

Uses a laboratory set up with a real-time simulator on
a physical communication network with the aim of
using a group of ESSs to restore frequency and
voltage in the event of disturbances.

[215]

2019

Pb-BESS

Energy
management

PSIM

Pb-BESS, Solar panels

Implements four different sets of hardware represented
different aspects of an islanded microgrid, for the
purposes of testing different energy management
strategies and reducing reliance on expensive fuels

[210]

2019

FESS

Frequency
regulation

MATLAB

FESS

Uses a laboratory based FESS as hardware in the loop
to simulate different scenarios when supporting a
diesel generator to limit frequency variations due to
sudden load changes

[216]

2019

Li-BESS*

Energy
management

MATLAB

Typhoon HIL, Solar
panel

Implements a nano grid in MATLAB/Simulink
integrated with Typhoon HIL, with the objective of
managing transactive energy exchanges between
different parts of the nano grid through optimization
and control.

[217]

2019

Li-BESS?,
H,ESS

Energy
management

MATLAB

RT-LAB

A hierarchical energy management control method is
developed focusing on minimising costs in an islanded
microgrid which is then tested with a real time
simulation.

[94]

2019

RFB*

Grid resilience

RSCAD

RTDS

Designs a flow battery ESS in an advanced
distribution grid (two interconnected microgrids) for a
range of operational metrics including resilience and
reconfiguration. Uses physical Flow batteries in a HIL
setup for real time simulation.

[218]

2019

H,ESS?

Power quality

OPAL-RT

OPAL-RT, MATLAB

Presents a solar, wind and Hydrogen Fuel Cell
microgrid and explores the control strategies to
improve power quality, following this with a HIL
analysis using OPAL-RT to validate the study.

[219]

2019

Li-BESS*

Power quality

MATLAB

OPAL-RT, KEPCO

Outlines the modeling and real time simulation of a
BESS using a HIL approach, for the purpose of
analyzing the effect on the electrical grid and for
providing ancillary services, reducing consumer
spending and peak shaving.

[220]

2019

Li-BESS*

Energy
management

MATLAB

RT-LAB

Utilizes RT-LAB to model a microgrid in real time
consisting of a BESS and solar for development of an
inverter control strategy for microgrid applications

[221]

2019

Li-BESS?,
SC

Electric vehicles

MATLAB

SC, dSPACE

Explores energy management strategies for a
Li-BESS/SC hybrid system for an electric vehicle. It
implements a HIL real time simulation where SCs are
used to emulate Li-BESSs.

cloud battery management system that can be used to estimate the
SOC and State of Health (SOH) of a physical asset. This is achieved by
integrating a hardware system consisting of a battery tester and battery
system with a Raspberry Pi that communicates with the cloud-based

18

(continued on next page)

DT. Elsewhere in [235] the system is implemented over a physi-
cal connection rather than the previous cloud-based solution. This
study focuses primarily on temperature prediction and degradation
analysis, with the DT modeled using an equivalent circuit approach.
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Table 6 (continued).
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[222] 2020 Li-BESS, Battery Python Li-BESS, Develops a battery management system in tandem
Pb-BESS management Pb-BESS, with a digital twin. The aims of the study were to
Raspberry Pi improve computational power, data storage and
management reliability. It also compares the estimated
SOC and SOH through the use of different algorithms.

[223] 2020 Li-BESS? Electric vehicles MATLAB MicroLabBox Presents a SOC estimation and parameter optimization
study for electric vehicles using a MATLAB/Simulink
simulation, followed by a HIL real-time study to
verify the results

[224] 2020 Li-BESS, SC Energy OPAL-RT OPAL-RT, Introduces an algorithm that will maximize the use of

management Li-BESS, SC, different ESSs in a standalone microgrid, with a study
Solar conducted using HIL real time simulation of physical
assets

[225] 2020 Li-BESS Energy OPAL-RT, OPAL-RT, Looks at different scenarios for controlling a microgrid

management MATLAB Li-BESS, Solar consisting of a BESS, solar, electric vehicles, an office
emulator building and emergency generator using real time
simulation.

[226] 2021 Li-BESS? Testing RT-LAB, MATLAB Opal-RT, Firstly implements a Li-ion BESS simulation on the

Typhoon HIL OPAL-RT real time simulation platform before moving
it to Typhoon HIL and verifying the response, showing
identical results across the two different platforms.

[95] 2021 Li-BESS* Power quality OPAL-RT OPAL-RT Models a virtual ESS integrated with a grid based on
real world data with the objective of minimizing costs
based on an optimization framework whilst increasing
power quality

[227] 2021 FESS Peak shaving MATLAB, FESS, Solar Performs an initial simulation on energy management

FIWARE, Python panels of a flywheel for peak shaving before following this
up with a HIL experimental validation

[228] 2021 Li-BESS Testing RT-LAB, MATLAB Li-BESS, Real time simulation of a BESS with a focus on

OPAL-RT modeling the control and protection elements of the
system to provide a platform for BESS development

[229] 2021 Li-BESS Testing MATLAB Li-BESS, dSPACE Develops a scaled electro-thermal model of a Li-BESS
for use in testing cells in accelerated experiments.
Utilizes HIL to enable rapid testing for energy
management in microgrids.

[230] 2022 Li-BESS Testing MATLAB, Python Li-BESS Proposes a digital twin of a Li-BESS for estimating the
SOC through use of three different algorithms whilst
driving a small motor

[231] 2022 FESS, Power quality RT-LAB FESS, Li-BESS Presents a hybrid FESS/Li-BESS experimental set up

Li-BESS for performing HIL testing to explore improving
frequency response in a microgrid after disturbances.

[232] 2022 Li-BESS?, Electric vehicles MATLAB MicroLabBox Proposes a hybrid Hydrogen Fuel Cell and Li-BESS

H,ESS? system for electric vehicles, which is then verified
using HIL

[233] 2022 Li-BESS?, Energy MATLAB FESS Implements a microgrid test bench with a physical

FESS management FESS for real time simulation of an islanded microgrid
with the objective of improve BESS lifetime in the
hybrid system.

[234] 2022 Li-BESS? Energy MATLAB TRIPHASE, BESS Presents a strategy for aggregating different services

management emulator to be provided by an ESS in a grid connected
microgrid, which is modeled and validated using HIL
real time simulation

[235] 2023 Li-BESS Degradation MATLAB Li-BESS, Uses a digital twin alongside a cell cycler and a

modeling Digatron MCT temperature controlled environment to perform real

ME, Binder MK
240

time temperature prediction with a focus on modeling
the degradation of the cells

2 Denotes that the ESS being studied is simulated rather than present as hardware.

Finally, [230] concentrates more on the computing power and storage
aspects of DT implementation.

4.3. Power quality and grid resilience

A virtual ESS is described in [95] which is simulated in real-
time using the OPAL-RT platform. This study looks at both technical
and economic objectives (voltage regulation and cost-effective power
sharing), and uses three case studies in its assessment. The virtual
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system consists of 22 distribution nodes, 8 photovoltaic installations, 4
BESSs, and a range of flexible and inflexible loads. This highlights the
complexity that can be achieved with this approach, allowing a large
system to be simulated in real-time in a techno-economic study.

In [231] physical BESS and FESS units are used in a HIL analysis
for improved control of a microgrid, with the RTS being carried out on
the RTDS platform. The simulation aspect is responsible for providing
the instantaneous frequency events for the physical systems to react
to as controlled by the microgrid controller. The FESS utilized is a
containerized unit whilst the BESS is laboratory scale.
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An example of a purely RTS-based approach without hardware
implementation is shown in [213] which develops an RTS model as
the foundation for future HIL studies. The RTS model is developed for
a high-speed FESS and tested providing frequency and voltage support
in an LV distribution network. The real-time model is validated against
the non-real-time model.

A H,ESS is emulated using an OPAL-RT system in [218] for improv-
ing the power quality of a renewable system. The model is developed in
MATLAB/Simulink before being compiled in RT-LAB for execution on
the OPAL-RT platform. This again shows the benefits of the RTS hard-
ware as it allows emulation of ESS technologies that may be difficult to
deploy on a laboratory scale. Another example of the emulation-based
approach is shown in [211] which uses the RTDS platform to emulate
a BESS/SMES system, with the objective of extending BESS lifetime in
a microgrid setting.

4.4. Microgrid management

RTS and HIL approaches are effectively deployed for microgrid
applications across the literature, as it enables the microgrid system to
be simulated in real-time without the requirement of a large-scale phys-
ical system. The microgrid is often emulated on a real-time platform
with physical assets (for example a BESS) being connected as HIL. An
example of this is seen in [225] which utilizes an OPAL-RT to represent
a microgrid connected with physical assets consisting of a PV emulator
and BESS.

As with other applications, there are some studies that emulate the
ESS rather than deploy a physical asset, for example in [216,234].
In [234] a physical microgrid is used with a battery emulator connected
via an AC/DC converter, with a simulated network integrated using
a TRIPHASE real-time simulator. This approach allows the system to
act as if it were connected to a real distribution network, with the
simulated network providing the input to the physical system. In [216]
the battery is emulated using the Typhoon-HIL platform connected to
a physical nano-grid to allow real-time simulation.

Power management of a hybrid ESS is explored in [224] which
combines physical SC, BESS and a PV array with real-time simulation
in LabVIEW. The objective is to introduce a novel control algorithm for
optimal utilization of the two ESSs, and the hardware implementation
is used to verify the offline simulation. A similar power management
study is detailed in [220] where RT-LAB is used to emulate the pro-
posed system. Finally, in [233] a physical FESS is deployed for a HIL
microgrid simulation, with the BESS element part of the simulation.
This highlights the different approaches that can be taken for very sim-
ilar studies, utilizing physical ESSs, using emulation and a combination
of both.

4.5. Electric vehicles

Studies concerning Electric Vehicles (EVs) are ideal candidates for
utilizing RTS/HIL modeling approaches as the energy storage involved
is often laboratory-scale and easily integrated into experimental se-
tups. Li-BESS SOC estimation is a significant area of research for
electric vehicle applications and one in which HIL plays a key role.
In [223] an adaptive model is developed for estimating the SOC in
MATLAB/Simulink, which is then tested and verified in a laboratory
setup. This setup uses a MicroLabBox which is used to simulate the
system as an emulator but does highlight the limitations of this method,
indicating that the experimental results are difficult to compare with
the simulated results.

Another HIL study is shown in [232] for fuel cell electric vehicles
following the same process of model development and simulation
offline, before being implemented on a real-time basis again using
the MicroLabBox. This study also notes the requirement for further
experimental work utilizing real assets to expand the research.
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A BESS/SC hybrid system is implemented in [221] in an EV energy
management study. The HIL experimental validation is performed using
a physical SC, with the traction and BESS modeled as software on a
dSPACE system. The offline simulation is compared with the experi-
mental results produced in real-time. Finally, in [59] another BESS/SC
system is analyzed, this time with an ageing model implemented for
the BESS. In this study, both the SC and the BESS are implemented as
hardware and simulated as a HIL system in real-time using LabView.

5. Conclusions

This work has presented an extensive and novel overview of the
existing state of ESM and provides a comprehensive guide for assisting
researchers in selecting a modeling approach for their studies. Five
different energy storage technologies have been considered, with their
advantages and disadvantages discussed and considered in the context
of modeling approaches.

A detailed overview of three prominent types of ESM for analyz-
ing ESSs has been presented, discussing BM, EM and PM approaches
and outlining the fundamental differences between each, advantages
and drawbacks, and providing a resource for understanding the most
suitable approach when beginning a study. An important aspect of this
overview is the distinction that multiple methods of modeling may be
possible for a given application, and the user should therefore consider
carefully what elements of the system they wish to concentrate on. For
example, low-level electrical modeling methods may require significant
resources whereas a simpler power/energy model may suffice.

This aspect was further explored through guidance on selecting
a modeling approach according to a range of different factors, these
include system attributes to be included (for example degradation and
efficiency) to computational power and resources available for the
simulation. This guidance allows researchers to understand how these
aspects are incorporated within the different ESM approaches. A key
conclusion from this section is to ensure that all aspects of a proposed
system are considered prior to developing a model. Aspects including
whether the model is required to affect the distribution grid, or simply
be affected by it, are important distinctions to make.

Following this, an application-based assessment was conducted,
presenting examples of how different models are applied in practice
for a range of storage technologies and model types. Commentary was
provided to analyze the effectiveness of these approaches and offers
practice when considering conducting similar studies. This revealed
interesting trends within the literature, highlighting that some ESS
technologies (for example CAES and FESSs) have minimal available
literature describing BM approaches, a factor that could be developed
further to provide a wider range of available tools. On a similar note,
EM or PM approaches for H,ESS systems are under-represented within
the literature.

The final section of the paper considers RTS and HIL studies, identi-
fying trends in hardware and software utilized for different applications
and providing commentary on literature to provide an overview of the
current research landscape. This section identified that a significant
proportion of studied literature using RTS/HIL focuses on BESS studies,
suggesting possible research gaps in utilizing other storage technolo-
gies. The distinction between deploying physical ESSs for HIL studies
and the emulation of these ESSs was also highlighted, where in some
scenarios emulation is preferable due to an ESSs physical dimensions
making it difficult to deploy on laboratory scale.

The work presented here is an innovative assessment of the existing
research landscape of energy storage modeling, with a new perspective
of application-based modeling approaches providing new insight into
the decision making process of modeling energy storage technologies.

Overall, this paper provides a state-of-the-art review of ESM, and
acts as a comprehensive guide to researchers which will provide a
starting point when considering modeling options for new ESS grid
applications studies. Throughout the paper, insight has been provided
into the different approaches available as well as why and how these
approaches should be utilized.
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6. Future challenges

Based upon the trends highlighted and discussed, the following
points are presented as future challenges and recommendations for the
future of this research area;

6.1. Generic modeling

As has been discussed extensively in this review, there is a clear
distinction between detailed modeling that requires in-depth knowl-
edge of the operational characteristics of a given ESS, and the more
generic modeling that treats the ESS as a simple approximation of the
technology as a whole.

The generic approach presents many advantages, for example the
ability to model a system without the requirement of datasheets or
operational characteristics, and the commonly faster computational
time of the simpler models. However, as the field of ESS research
continues to expand, the difference between different subcategories
of technologies tends to become more noticeable. For example, the
difference between modeling a Li-BESS of two particular chemistries,
or a carbon-fiber high-speed flywheel and a steel-based low-speed
flywheel.

The challenge that faces the field of ESM is how to appropriately
account for these low-level differences whilst retaining the benefits of
the generic models. Additionally, some of the assumptions made at
the creation of models that are heavily relied upon throughout the
literature may need revisiting as the research and technologies advance.

Finally, it is important to note that different applications can in-
crease or decrease sensitivity to model parameters (for example effi-
ciency), which further emphasizes the requirement to carefully select
the appropriate generic model if that approach is utilized. It illustrates
that whilst generic models are highly effective in certain situations, to
be effectively applicable to a range of scenarios they will need to be
easily tuned for specific requirements as needed.

6.2. Distributed storage

When considering system-level studies, storage is often aggregated
together for simplicity. However, as Distributed Energy Resources
(DERs) grow in popularity, the challenge presented is one of defining
what distributed storage means, and how this affects the models that
are used. Significant focus is now being placed not only on how ESSs
are deployed but on the location in which they are deployed as well. It
is therefore important that geographical elements are incorporated into
existing models, giving consideration to the effects that ESS deployment
will have on the future transmission network.

In addition to this, it is crucial that the role of DERs is suitably
identified, and a key research objective going forwards should be to
appropriately define the boundaries of what a DER is, along with the
most appropriate modeling framework to represent them correctly as
part of an agile future electricity network.

6.3. Digital twins

DTs are being readily developed and deployed for Li-BESSs due
to their well-known and easily measurable characteristics, along with
their suitability for laboratory-scale experiments. However, this field
needs further exploration of other storage technologies discussed in
this study. This presents a significant challenge for technologies that
are not easily deployable on a laboratory scale and will require more
complex studies to be undertaken potentially in tandem with existing
installations that can be utilized for research purposes. DTs are valuable
tools for analyzing the performance of various storage technologies in
new and experimental applications. It is crucial to apply the knowledge
gained from numerous BESS DTs to the ongoing research of DTs for
other storage technologies.
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6.4. Laboratory scale systems

As discussed in Section 4, whilst BESSs are well-represented in the
field of RTS/HIL studies, the remaining technologies considered within
this review are not regularly deployed in this manner. Considering
the examples given of the range of research being carried out using
laboratory scale BESS systems, the development of similar low-cost
small-scale systems for the remaining technologies should be priori-
tized. Specifically, H,ESSs and CAES are both under-represented in this
field, and whilst challenges are apparent in producing these systems at
a smaller scale, this should be a priority for future research to enable
more detailed operational studies to be conducted.

6.5. Storage technology diversification

The extensive literature review presented in this work has looked
into a range of different storage technologies, however, the conclusion
is reached that BESSs continue to dominate the field of energy storage
research, significantly outweighing the other technologies in terms of
literature available. Whilst BESSs are extensively researched for many
different reasons, particularly their versatility and comparatively low
cost, the significant concentration of studies in this area means that
many of the practices commonly used for modeling BESSs are subse-
quently being used for other technologies. Although it can accelerate
the research of new technologies by building on the groundwork laid by
BESS modeling, it is crucial to acknowledge that other ESSs may require
customized approaches. Whilst there are many benefits to BESSs, there
are also limitations to their deployment. Therefore, research methods
and modeling techniques must be adapted and improved to create
solutions for other storage technologies.
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