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ABSTRACT: The escalating global challenges have driven
significant shifts toward cleaner energy solutions, many of which
rely on energy storage technologies. However, there is currently no
single energy storage technology that meets all of the application
requirements. To address this, hybrid energy storage systems,
which combine two or more types of storage devices, have emerged
as a promising solution. To support the sustainable implementation
of hybrid energy storage systems, this work provides a
comprehensive overview of metrics and factors that influence
their financial and environmental impacts. In addition, the article
discusses the challenges, recommendations, and future directions in
conducting sustainability analyses.

1. INTRODUCTION
Climate change, global warming, and energy crises are among
the major challenges facing the world today.1,2 As a result of
rapid consumption of fossil fuels, which are considered the
primary origin of global warming due to the greenhouse effect
and rising concentration of greenhouse gases (GHGs) in the
atmosphere, a new energy revolution is coming, accompanied
by the intensive development and use of renewable energy
sources (RESs) and rapid development of new energy
vehicles.3−7 One of the advantages of renewable energy is
the possibility to produce it in an environmentally friendly way,
for example, using solar and wind energies.4,8−10

According to current research, clean energy production from
renewable sources could reduce CO2 emissions by 72%
compared to production without the use of renewable
power.1 In addition, the transport sector currently causes
about 14% of world’s GHG emissions.11 Thus, the widespread
use of RESs in the power system and utilization of green
transportation systems will reduce the negative consequences
of climate change.9,11−15 In this regard, various RESs, such as
solar, wind, hydro, wave, geothermal, and bioenergy, are used
in many countries around the world to minimize fossil fuel
depletion for electricity generation.2,3,5,13 In addition to RESs,
modern energy systems now commonly use microresources
such as fuel cells and microturbines.16 These sources are
constantly evolving and expanding due to high energy
demands and the rapid development of electrical technologies
in recent decades.13,16

A further reduction in CO2 emissions could be achieved by
using energy storage technology.17 So, the combination of

renewable energy and energy storage device (ESD) represents
an effective way to achieve deep decarbonization in generation
of power.8,17 The use of ESDs is inevitable due to the sporadic
nature and seasonal variations of RESs.2,10,18 The volatility of
RESs, e.g., wind and solar energies, adversely affects the
production of electricity and thus causes fluctuations in the
power supply to the customer.3,7,10,13 ESDs, which are required
to provide economic feasibility as well as efficient conversion
and safe storage of energy, are essential in electric, hybrid
electric, and plug-in hybrid electric vehicles and could also
add r e s s s ome o f t h e i s s u e s a s s o c i a t e d w i t h
RESs.3,4,6,9,13,14,19−21

Energy storage makes it possible to store excess energy at
times of high production for later use and thereby balance
energy demand and supply at both the grid and smaller scales,
thus minimizing system fluctuations and ensuring energy
security.22,23 Several energy storage techniques based on
mechanical, chemical, thermal, and electrical energy storage
principles were proposed with quite different operating
characteristics and technical parameters (Figure 1).5,24

However, a single energy storage technology has various
limitations regarding efficiency, life cycle, cost, energy and
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power density, and dynamic response and cannot perform all
required operations or solve all problems of RESs.13,25

The basic characteristics of energy storage technology are
power and energy density. Energy density corresponds to the
total energy that a system can store for a given mass or volume.
Power density expresses how quickly the device can deliver
energy.10 Accordingly, ESDs can be grouped as high power
density (HPD) and high energy density (HED) devices. ESDs
with HPD, such as supercapacitors (SCs), superconductors,
and flywheels, exhibit long lifetimes and fast response speed to
high power demands, which are suitable for small-scale
applications where fast charging and discharging are
required.3,11,21,23,27 However, they have limited energy
density.3,23 ESDs with HED such as batteries and pumped-
storage hydro plants usually have a relatively larger storage
capacity but lower lifecycle, slow response speed, and limited
power density.3,21,23,28

Energy storage applications can broadly be divided into
power quality applications (short term), bridging power
applications (medium term), and energy management
applications (long term).6 Due to the different characteristics
and performance of each technology, there is no single energy
storage technology that fully satisfies the multiple requirements
of various applications.3,6,21,25,27 An ideal application requires
both HPD and HED. In order to ensure technical
complementarity, a hybrid energy storage system (HESS)
has been proposed.3,6,10,13,21,27 The HESSs integrate two or
more kinds of ESDs with supplementary operating character-
istics: one ESD exhibits HED, e.g., batteries or fuel cells, and
the other ESD possess HPD, e.g., SCs or flywheels.2−6,9,10,13,21

Thus, HESSs effectively combine complementary advantages
of both high-energy storage, which meets the long-term energy
demand and high-power storage, which provides the peak
powers.7,8,10,12,16,19,25,29−31 As a result, HESS can deliver
improved technical performance and environmental sustain-
ability, increased efficiency and reliability, longer lifetime,
reduced costs, and more appropriate design and sizing
compared to a single storage system.2,5,8,13,22,25,32,33

Recently, several promising HESS applications have been
widely studied, e.g., microgrids, wind/photovoltaic power

generation systems, electric vehicles, railway, and maritime
applications, as well as in the field of portable electronics and
other fields.3,5,16,29,30,34,35 The most common HESS consists of
batteries and supercapacitors.3,4,7,8,11,18,28,29,31,32,36 But in-
creased attention has also been paid to hydrogen-battery
HESS.37−45

Although hybrid energy storage systems offer a promising
solution toward achieving a sustainable future,6,45,46 their
implementation does not automatically guarantee improved
environmental performance or reduced costs. For example,
Jiao and Ma ̊nsson21 demonstrated that while adding a
supercapacitor to a battery in wind-power system extended
battery lifetime by 18% or 28%, depending on the battery
chemistry, it also increased the total cost of the energy storage
system over a 30 year project horizon by 674 EUR and 7425
EUR, respectively, relative to a battery-only wind power
system. On the contrary, Bionaz et al.40 found that the HESS-
based system was the most cost-effective option for supplying
electricity to an insular community, but the sea cable scenario
proved more advantageous from an environmental perspective.
These examples highlight the critical need for comprehensive
economic and environmental assessments to determine the
actual benefits of HESS integration. Such analyses allow for the
identification of the most suitable solutions, the pinpointing of
high-impact sources, and assessments of the effects of changes,
guiding improvements and enabling stakeholders to make
informed decisions.22,40,43,47,48

Numerous review articles on HESS have been published in
recent years.49−60 Yet, none provides a systematic overview of
sustainability assessment approaches for HESS. Prior works
primarily focus on technical and operational aspects of HESS,
while economic/environmental analyses are treated narrowly
(see Table S1 in the Supporting Information). For instance,
Hajiaghasi et al.50 and Lencwe et al.58 discuss selected
economic studies only within their sections on capacity-sizing
methods. They do not address economic studies with other
objectives or assess those analyses in detail. Similarly, Reveles-
Miranda et al.59 only identify cases where HESS implementa-
tion yielded financial or environmental benefits (e.g., cost and/
or CO2 emission reductions) but do not analyze the underlying

Figure 1. Classification of energy storage techniques based on the form of stored energy.24,26
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assessments in depth or consider additional metrics. This paper
fills that gap by (i) synthesizing the metrics used to evaluate
economic and environmental performance and the factors that
influence these outcomes and (ii) discussing challenges,
recommendations, and future directions for sustainability
analyses. Because a solid grasp of HESS fundamentals
underpins effective system design, this review begins with an
overview of HESS composition, structure, and operation, with
design considerations integrated into each section.

2. COMPOSITION OF HESS
The main components of a HESS are ESDs. Generally, HESS
consists of at least two electrically connected separate ESDs
that are combined to create a system with enhanced

features.51,61,62 Typically, two ESDs are employed: whereas
one of these devices has HED and meets long-term energy
requirements, the other one has HPD and meets short-term
power demands.57,63 Figure 2 shows a comparison of different
ESDs in terms of volumetric energy and power densities
(Figure 2A), and gravimetric energy and power densities
(Figure 2B). An overview of the properties of different ESDs
can be found in ref 24, 26, and 54.
As a wide variety of ESDs with distinct features exist, many

different HESS can be assembled.50,53,54,57,61,62 In the process
of selecting the most appropriate ESDs combination for a
particular application, several factors must be considered. First
of all, the chosen ESD combination should be able to fulfill
energy storage needs related to a particular use

Figure 2. Comparison of different ESDs in terms of (A) volumetric and (B) gravimetric energy and power densities. Reprinted from ref 67 under
the terms of the Creative Commons Attribution 3.0 Unported (CC-BY 3.0) license (https://creativecommons.org/licenses/by/3.0/); CAES�
compressed air energy storage, Li-ion�lithium-ion battery, NaS�sodium−sulfur battery, NiCd�nickel−cadmium battery, PHS�pumped
hydroelectric storage, PSB�polysulfide bromine flow battery, SMES�superconducting magnetic energy storage, TES�thermal energy storage,
VRB�vanadium redox flow battery, ZnBr�zinc bromine flow battery.
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case.6,50,51,53,54,61,62,64 Besides, other aspects concerning ESDs
such as their energy efficiencies,53,54,61 impacts on the
environment,6,51,61,64 sizes,50,54,62,65 lifespans,51,53,54,61,64 stor-
age expenditures,50,53,54,61,62,64 technical maturity,53,62 and
safety51,54,61,64 should be considered. Considering the type of
application for which HESS is being designed, additional
factors such as geographical location of the planned energy
storage facility,50,57,62,66 weight of ESDs5,4,57,65 or the complex-
ity of system installation and maintenance necessary to ensure
its proper operation53 may also be relevant. Depending on the
significance of particular characteristic to the intended
utilization, some factors may be prioritized in the decision-
making process.53,61,64

Moreover, safety components need to be integrated into
HESS to protect it from various potential risks, such as
overheating, overcharging, overcurrent, short-circuit, and other
situations that could lead to damage to system components or
pose safety risks.42,51,63,68,69 Apart from that, additional
components, such as power converters, diodes, switches, and
other elements of control system can be part of
HESS.50,55,56,63,69,70

3. STRUCTURE OF HESS
The choice of the suitable HESS structure is a highly
significant aspect when designing HESS. The way the ESDs
are connected in HESS directly impacts its operation,
performance, control complexity, flexibility, energy efficiency,
size, and weight as well as lifespan of ESDs and cost of the
whole system. Therefore, these parameters in context of
particular application should be considered when selecting the
most appropriate structure.49,51,54,56,71,72

The connection of ESDs to the common bus can be
established either directly or via power converters that are
employed to regulate the power exchange,22,30,49 while HESS
can interface with either the AC or DC bus.22,49 Three types of
HESS structures (passive HESS, semipassive/semiactive
HESS, and active HESS) are typically distinguished based on
the method of interconnecting two ESDs to the common
bus.31,55,56 Their description is provided in the Supporting
Information. When more than two separate ESDs are
integrated into a single HESS, additional arrangement options
such as parallel configurations become possible. However,
HESS configurations involving more than two ESDs are
relatively scarce6,22,31,57,69,73−75 and such topologies can
basically be regarded as extensions and/or combinations of
HESS designs with two ESDs.31,69,73−75

4. OPERATION OF HESS
Since the fundamental purpose of a HESS is to store and
provide energy, the operation of any HESS includes both
charging and discharging phases. However, various systems
may differ in their operation strategies, which dictate the
allocation of the power between the ESDs and, thus, determine
their utilization rate. As stated in the HESS structure section in
the Supporting Information, the distribution of power in
semiactive and active HESS is actively managed. This is done
by control strategies, which aim to maximize the advantages of
HESS.54,55,65,72,76 To date, a significant number of control
methods have been proposed.50,54,55,65,77 Based on their
applicability for real-time control, these algorithms can be
categorized as either online or off-line (Figure 3).63,78,79

Detailed descriptions of these methods and the challenges
encountered are provided in the Supporting Information.

When designing or choosing the suitable control method,
there are several aspects to consider, such as the objective of
employing HESS,50,72,77,80 the kind of system that HESS will
be part of,50,51,55,72,80 the response time of the control
method50,51,74 and its complexity,51 its cost,50 the selected
ESD comb i n a t i o n , 5 0 , 8 1 a nd t h e s t r u c t u r e o f
HESS.50,55,56,72,74,77

5. ECONOMIC ASSESSMENTS: METRICS AND
INFLUENCING FACTORS

Given the critical role of pricing in industrial applications, the
financial viability of HESS alone, as well as systems integrating
HESS, has been extensively investigated. The results of these
evaluations have been used to identify the most suitable
solution and/or to analyze how different factors affect
economic feasibility.9,18,21,39,40,42,44,47 Despite extensive re-
search, methodological differences in HESS-related economic
evaluations make cross-study comparisons difficult and may
lead to divergent economic conclusions.
To address these methodological disparities, the following

subsections review the main approaches used in HESS-related
economic assessments, focusing first on metrics commonly
employed to evaluate financial viability and then on factors
influencing the overall system cost.
5.1. Metrics Employed in Economic Analyses
A wide range of economic metrics has been employed to assess
the economic performance of HESS and power systems
containing HESS. These metrics differ considerably in their
definitions, scope, and comprehensiveness, reflecting the

Figure 3. Classification of control strategies employed in hybrid
energy storage systems based on their applicability for real-time
control.50,54
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diverse approaches used to evaluate the cost-effectiveness of
HESS. Economic metrics used in HESS studies can be grouped
into four conceptual categories, each representing a distinct
perspective on system economics:
(i) simple cost metrics (capital, operational),
(ii) life cycle-based metrics (life cycle cost, total annual cost,

daily cost, net present cost),
(iii) levelized metrics (levelized cost of energy, levelized cost

of storage, normalized HESS cost), and
(iv) profitability metrics (net present value, annual profit,

return on investment, (simple) payback period, internal
rate of return).

Tables 1 and 2 summarize the principal net cost economic
metrics and profitability metrics, respectively, used in HESS-
related assessments, outlining their cost components, defi-
nitions, applications, strengths, and limitations.
As shown in Table 1, several economic metrics share similar

definitions but appear under different names across studies,
reflecting a lack of standardized terminology in HESS-related
economic analyses. Despite partial overlap among terms such
as life cycle cost, overall cost, and total cost of ownership, their
underlying formulations differ across studies, underscoring the
need for standardized terminology. This overlap creates
ambiguity and complicates the cross-study comparison.
Beyond terminology, substantial variation also exists in how
cost components are defined and included. Even for widely
used approaches such as levelized cost metrics (LCOE/COE)
and life cycle-based metrics, cost boundaries remain incon-
sistent across studies, hindering comparability. Consistent
comparison is, by contrast, enabled by capital costs; however,
because they omit essential life cycle costs, conclusions derived
from such analyses may differ from those based on more
comprehensive metrics. For instance, in91 a battery−super-
capacitor−flywheel solution required a 2.6% higher initial
investment than a battery-only microgrid design yet achieved a
1.96% lower overall cost over its lifetime. Profitability-oriented
metrics such as net present value (NPV) or internal rate of
return (IRR) provide complementary insights into investment
attractiveness; however, their scope also varies across studies
(Table 2). Collectively, the identified inconsistencies point to
the need for unified methodological standards to strengthen
the validity and comparability of future HESS-related
economic evaluations.
5.2. Factors Influencing the Cost of HESS
As discussed in the preceding section, a diverse range of
economic metrics have been employed to evaluate the cost-
effectiveness of HESS technologies. While these metrics differ
in formulation and scope, their reliability ultimately depends
on how cost components are defined, quantified, and
integrated into the underlying economic models. As shown
in Tables 1 and 2, capital investment and operation and
maintenance (O&M) expenses represent the cost elements
most frequently included across various metrics used to assess
the financial viability of HESS, whether alone or as part of
power system. Several studies, however, extend this baseline by
incorporating additional expenditures such as replacement,
salvage value, or life cycle-related expenditures, thereby
providing a more comprehensive but not necessarily consistent
representation of HESS economics.
The total cost of a HESS is highly sensitive to the selection

of ESDs, as some technologies differ markedly in their
expenditures (Figure 4).21,47,57,62,83,93,116 Comparative studies T
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of Gbadegesin et al.62,84 and Torkashvand et al.36 indicate that
supercapacitor−lithium-ion battery HESS are generally more
economic than supercapacitor−lead acid battery systems.
However, the magnitude of this advantage differs not only
among studies but also within the same analysis when key
economic or technical assumptions are modified, which
underscores the high sensitivity of HESS cost assessments to
modeling assumptions and methodological frameworks.
Beyond technology selection, the total HESS expenditure is

strongly influenced by the sizing of individual ESD
components.42−44,93,97,101,104,106,116 Reported sizing methods
range from simple analytical estimates based on energy and
power requirements to optimization-based approaches that
determine component capacities by optimizing one or several
objective functions. These strategies typically aim to reduce
value of some cost metric, energy consumption, or ESD
degradation while satisfying technical and operational require-
ments.21,47,50,54,79,87,89,106,117,118 Commonly applied algorithms
include genetic algorithms, particle swarm optimization (PSO),
and multiobjective evolutionary techniques such as the
nondominated sorting genetic algorithm II, which enable
trade-off analysis between conflicting objectives such as cost
and battery degradation.54,97,118 While optimization-based
approaches provide a systematic framework for exploring the
design space, their results are not always consistent. For
instance, Wang et al.100 reported that quantum-behaved PSO
achieved smaller optimal ESD capacities (7807.84 kWh for
batteries and 1985.16 kWh for ultracapacitors) and a lower
daily cost (5902.36 USD) than traditional PSO (9084.26,
2196.52, and 6708.83 USD). In contrast, Qu and Yuan34

obtained nearly identical outcomes using PSO and the mixed
integer linear programming. These contrasting findings
indicate that optimization-derived sizing is highly sensitive to
algorithm type, underscoring the need for standardized and
validated optimization frameworks in HESS economic
analyses.
The capacities of ESDs are also affected by system-level

parameters such as the combination of storage technolo-
gies,6,21,33,93 system architecture,47,79 and control strat-
egy.18,21,104,106,117 Since HESS sizing and control are
interdependent, many studies employ co-optimization frame-
works that jointly determine both sets of variables to achieve

overall system optimality.47,54,58,104 The combined optimiza-
tion problem can be generally expressed as

J X U t t tminimize ( , ( ), ( ), )
X U s c s c

, ,
s c (1)

subject to

= =h X U t t i m( , ( ), ( )) 0, 1, 2, 3, ...e i s c, (2)

=g X U t t j n( , ( ), ( )) 0, 1, 2, 3, ...ine j s c, (3)

where Js,c is the joint objective function for sizing and control
optimization, Xs and Uc represent the set of the sizing and
control variables, respectively, and ξ denotes the set of input
parameters. The functions he,i and gine,i define the ith equality
and jth inequality constraint, respectively, while m and n are
the corresponding numbers of constraints. This generalized
formulation is highly flexible and can accommodate various
objective functions depending on the intended optimization
goals and system requirements.54,119 However, the lack of
standardized objective functions and constraint formulations
across studies limits the comparability of the reported results.
Beyond sizing, the interconnection topology of ESDs also

has a substantial impact on overall HESS cost.51,56,72,79 In
systems incorporating power converters, the converter type,
required input-to-output voltage ratio, and peak power
throughput are key determinants of converter-related
cost.20,47,61,79,90 However, these expenses are frequently treated
simplistically or omitted entirely from cost mod-
els.14,40−42,46,89,105,106 Such omissions may lead to systematic
underestimation of total system expenditure, particularly in
configurations that employ multiple converters or operate
under a high power demand.
Operational duration also exerts a significant influence on

total HESS expenditure. As the operational period increases,
cumulative O&M costs rise correspondingly.40,62,66,83,94,106

Moreover, the service lifetimes of individual ESDs in hybrid
energy storage systems play a critical role in determining the
total system cost, as replacement frequency and degradation
dynamics directly affect life cycle expenditures. However, the
approaches used to incorporate lifespan into economic metrics
vary across studies, reflecting a lack of methodological
consensus. Some analyses consider only the lifetimes of

Figure 4. Comparison of various ESDs in terms of annual operation and maintenance costs and capital cost. Reprinted from ref 67 under the terms
of the Creative Commons Attribution 3.0 Unported (CC-BY 3.0) license (https://creativecommons.org/licenses/by/3.0/); CAES�compressed
air energy storage, NaS�sodium−sulfur battery, NiCd�nickel−cadmium battery, PHS�pumped hydroelectric storage, SMES�superconducting
magnetic energy storage, VRB�vanadium redox flow battery.
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components shorter than the system’s intended operational
period,21,39,47,62,90,93,104 while others account for longer-lived
c omp o n e n t s t h r o u g h s a l v a g e v a l u e e s t i m a -
tion.41,43,46,81,94,104,120 A few works11,33,105,106 adopt a more
integrated approach by embedding the lifespan of all ESDs
directly into their economic formulations. Nevertheless, most

of these assessments rely on generalized lifetime values for all
of the components. As illustrated by Roy et al.,33 such
assumptions may deviate from actual lifetimes under the
specified operating conditions, producing substantial cost-
estimation errors. Incorporating reliable lifetime-prediction
models into cost assumptions is therefore essential.

Figure 5. Comparison of LCOE values for various systems integrating renewable energy sources and hydrogen-battery energy storage system,
calculated using cost inputs from the literature and REMOTE project (green), across four different demonstration sites: (A) Ginostra, (B)
Agkistro, (C) Ambornetti, and (D) Froan over different time horizons. Reprinted from ref 44 Copyright (2020), with permission from Elsevier;
LCOE�levelized cost of energy, RES P2P�renewable energy sources coupled with power-to-power storage systems.

Figure 6. Impact of an annual 8% decrease in storage prices on LCOHESS. Reprinted from ref 62 Copyright (2019), with permission from
Elsevier; HESS�hybrid energy storage system, HFC�hydrogen fuel cell, LCOHESS�levelized cost of hybrid energy storage systems, Li�
lithium-ion battery, Pb�lead acid battery, SC�supercapacitor.
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The service lives of ESDs within HESS depend on multiple
interacting factors, including the type of ESDs,21,33,47,106,121

specific conditions of system use,31,33,73 sizes of
ESDs,18,47,72,79,118 control strategy,18,72 and system architec-
ture.118 When a power converter is included in the HESS
structure, its conversion efficiency also affects the degradation
rate of individual storage components.47 These complex
interdependencies highlight the need for integrated technoe-
conomic models that explicitly couple operational, structural,
and control parameters with cost and lifetime projections. Such
holistic modeling approaches are essential to accurately capture
degradation dynamics and to improve the reliability of
economic evaluations.
Besides, the outcomes of economic analyses may vary

considerably depending on the data sources used (Figure 5),
which is due to the high variability of production costs of
emerging technologies and differences in technical and
economic assumptions. Since financial analyses typically
account for both current and future expenditures, variations
in projected future costs can substantially influence the results
(Figure 6). For instance, future expenditures associated with
HESS may be influenced by fluctuations in electricity costs
driven by carbon taxation or shifts in energy sources.
Furthermore, variations in prices may result from increased
production and usage, technological advancements, or tax
rebate and incentives designed to promote these technolo-
gies.22,37,44,62,116

6. ENVIRONMENTAL IMPACT ASSESSMENTS:
METRICS AND INFLUENCING FACTORS

In order to choose the most appropriate solution for a specific
use case, to gain a deeper understanding, and to examine the
impact of implementing HESS into system or its environ-
mental effect, several studies have analyzed environmental
impacts associated with either HESS alone6,22,48,61,64,97 or with
systems integrating HESS.6,38,40,45,46,66,83,94,96,108,115,121−123 In
almost all of these studies, quantitative analyses were
performed for these purposes. Within these studies, two
different approaches for assessing the environmental impact of
systems can be distinguished: indirect and direct. Analyses
using the former approach estimated only the emissions arising
from fossil fuel use46,66,94,96,108 and/or grid electricity96,121

while omitting device-level burdens. By contrast, the latter
approach accounts for environmental impacts across the whole
o r pa r t i a l l i f e cyc l e o f the sy s t em ’ s compo-
nents.6,22,38,40,45,48,64,83,97,108,115,122,123 While indirect methods
are simpler, they can yield conclusions that diverge from
component-inclusive evaluations. For instance, in 100%

renewable power systems analyzed by Jiao and Man̊sson,6

GHG emissions from renewable generation were similar across
HESS configurations, yet the life cycle emissions of the
electricity mix provided by these systems differed markedly due
to differences in device manufacturing, their utilization, and
operational losses. Likewise, Le et al.122 found that microgrids
relying almost entirely on solar energy with HESS can be less
environmentally friendly than systems that draw partially on
grid electricity, even when the grid mix has a high share of
fossil fuels.
While essential, component-inclusive HESS-related environ-

mental assessments are performed inconsistently across
studies. The following subsections therefore provide an
overview of the metrics employed in these evaluations and
the factors affecting the environmental outcomes.
6.1. Metrics for Assessing Environmental Impact

As with economic analyses, various metrics were employed for
assessing the environmental impacts of HESS or power
systems containing HESS. Across the literature, two families
dominate: single-indicator climate metrics (e.g., total emis-
sions,83,108 GHG emissions,6 or damage cost due to CO2
emission97) and multicategory life cycle assessment (LCA)
metrics (e.g., human toxicity potential, global warming
potential, fossil depletion potential, and marine and freshwater
eutrophication potentials22). An overview of these metrics with
their general units is provided in the Supporting Information
(Table S2). The selection of metrics in cited studies was driven
by the motivation and goal of the analysis, the assessment tool
selected for study, their global acceptance, utilization in other
studies, recommendations, and relevance of the metric to the
studied system.6,22,38,40,64,83,97,115,122,123

Unlike cost metrics, in most environmental studies,
outcomes are reported per application-specific functional
unit. Vehicle studies typically use impact per kilometer
traveled,48 whereas stationary applications often report impact
per kWh or MWh of delivered energy.6,22,38,40,45,115

Across applications, conclusions may be highly sensitive to
the choice of metrics. Diverse components and life cycle
phases may contribute differently to each impact cate-
gory,38,48,115,122,123 often yielding trade-offs rather than a single
“best” option (see Table S3 in the Supporting Information).
Normalized presentations of category results (e.g., values
expressed relative to the largest footprint among scenarios)
make such trade-offs explicit and aid comparison across
configurations,122 but they are sensitive to the chosen reference
and do not convey absolute magnitudes. Alternatively,
technologies can be compared using a single score environ-
mental index that aggregates multiple impact categories.45

Figure 7. Overview of the main life cycle stages of system.
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However, because such indices depend on the selected
weightings, individual impact category results should be
reported alongside any single score to maintain the trans-
parency.
6.2. Factors Influencing Environmental Impact

As with the cost analysis, environmental outcomes reflect not
only the technology but also the analytical choices behind it.
Results depend on the quality and provenance of inventory
data, the definition of system boundaries (i.e., which life cycle
stages are considered), impact-metric selection, functional unit
and the calculation tools, and their implementation in specific
software−database combination.6,22,45,48,116,123,124 In HESS-
related environmental assessments, these parameters vary
widely across studies, hindering cross-study comparison and
robust generalization. Even when the same environmental
impacts (e.g., acidification, eutrophication, and climate
change) are examined, studies often quantify them using
different metrics (Table S2). System boundaries likewise differ:
many studies include manufacturing, use, and end-of-life
(EOL) phase (Figure 7),22,45,48,108,115,123 whereas others
address the EOL stage only in a limited way or omit it
entirely due to lack of data or high uncertainty.6,38,40,122 Even
among those that include EOL, approaches diverge, several
assume recycling,6,22,48 one landfill,115 and others a combina-
tion of both,40,45,123 which leads to different impact estimates.
Despite this variability, none of these studies analyzed how
alternative EOL scenarios would affect the results.
Component choice is another driver. Because materials and

manufacturing routes differ across components, so do their
environmental profiles. For example, Jiao and Man̊sson6

reported that producing 1 kWh of SC capacity releases more
than ten times the GHG emissions associated with the
production of a hydrogen technology. Context, however, can
reverse apparent hierarchies. Gandiglio et al.38 and Le et al.122

found hydrogen storage to be a significant contributor to
ozone depletion and ecotoxicity in their system-integrated
analyses, whereas Abualshawareb and Dehouche115 reported a
minor contribution due to a relatively small hydrogen
subsystem and the dominance of photovoltaic and grid
electricity. Energy-related impacts are typically higher when
processes are energy-intensive and/or when that energy comes
from pollutant-intensive sources.6,40,115,122 Moreover, as
discussed in Section 5.2, different sizing methods may yield
different environmental outcomes, even for the same scenario.
Results further depend on the treatment of missing data and

study assumptions. These choices must be explicitly reported
to ensure reproducibility and made with care to avoid
misleading conclusions. For instance, Le et al.122 replaced an
electrolyzer bill of materials with a fuel cell proxy due to
missing composition data, then scaled the proxy using a factor
inferred from GHG emissions reported by Bionaz et al.,40 and
estimated the impact of this technology across 12 categories.
However, analysis by Lotric ̌ et al.125 of both technologies
indicates that scaling is category-specific rather than universal.
This underscores the need to justify proxy selection, confine
scaling to categories where it is defensible, and quantify the
additional uncertainty introduced by such substitutions. In
addition, several studies relied on assumed, generic fixed
lifetimes for key components instead of modeling degradation
under realistic duty cycles, which can misestimate replacement
impacts and distort the overall environmental conclu-
sions.38,40,83,115,122,123

Finally, depending on how the environmental effect
calculation is done, utilization rates of system devices may
also significantly influence the results of environmental
analyses. This is most visible for studies where the total
impact is calculated per unit affiliated with energy discharged
from system (e.g., km, kWh, MWh).6,40,48 However, even
Venkateswaran et al.97 considered energy discharged from
ESDs in their calculations.

7. CHALLENGES, RECOMMENDATIONS, AND
FUTURE PROSPECTS

Several challenges, recommendations, and future directions for
HESS have been recently identified.51,52,54 Therefore, the
following subsections address the challenges found through a
review of HESS-related sustainability analyses and present
recommendations and future prospects to enhance the
credibility and reproducibility of subsequent assessments.
7.1. Economic Challenges

• Metric scope and terminology inconsistency: over-
lapping definitions and inconsistent inclusion of cost
components hinder comparability.

• Sizing and control dependence: expenses are highly
sensitive to the adopted sizing and control methods.

• Time horizon and replacements: longer operating
horizons drive cumulative O&M and replacement
costs, which are often treated superficially.

• Lifespan modeling and degradation: economic results
hinge on component life assumptions. Generalized
lifetimes can deviate from duty-specific realities and
induce large errors.

• Input data and forward prices: outcomes vary with data
sources and projected future costs.

7.2. Environmental Challenges

• Assessment approach inconsistency (indirect vs compo-
nent-inclusive): omitting device-level burdens skews
results and can reverse conclusions between config-
urations.

• Metric inconsistency: existence of various metrics for the
same environmental impacts hinder cross-study com-
parability.

• System boundaries and EOL: inclusion of EOL is
inconsistent and scenarios vary across studies.

• Inventory quality and proxies: data gaps lead to proxying
and scaling that can be category-specific and add
uncertainty.

• Lifetime modeling: generic lifetimes may misestimate
replacements.

• Software−database dependence: results may vary
significantly depending on the used software−database
combination.

7.3. Recommendations and Future Prospects
To enhance credibility and reliability of sustainability assess-
ments, sensitivity and uncertainty analyses should always be
included.116 In sensitivity analysis, uncertain factors are
typically varied one at a time, and the resulting changes in
outcomes are evaluated. In cost analyses, dominant uncertainty
sources reported across the literature include assumptions
about battery lifetime,18 component cost volatil-
ity,43,62,66,81,93,110 component efficiency,43 degradation-induced
reductions in delivered energy,62 optimization algorithm
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choices,110 and load demand variability.93 In environmental
analyses, key uncertainties include assumptions about HESS
lifetime,6 HESS depth-of-discharge,6 end-of-life scenarios,38

and variability in lead and rare metal consumption.123

To improve transparency, detailed data inventories should
be provided wherever possible, and the study’s assumptions
and scope should be clearly documented. To obtain reliable
results and draw the most objective conclusions, financial and
environmental contributions from all life cycle stages of the
system should be included, and component lifespans should be
estimated under specific use conditions. Because different
metrics yield different insights, the evaluation of multiple
metrics can provide complementary perspectives for decision-
making. To support comparability, the community could
create a comprehensive open database for both cost and
environmental impacts and converge on a set of standard
metrics.
Given the similarities in parameters across the economic and

environmental assessments, a joint model could be developed
in the future. Furthermore, as sustainability development goals
encompass social impacts, future research should also aim to
evaluate social effects alongside economic and environmental
analyses.46

8. CONCLUSION
This paper provides an in-depth overview of HESS
composition, structure, operation, and the metrics and factors
that influence their financial and environmental impacts, which
is necessary for development of more sustainable solutions.
Hybrid energy storage systems typically incorporate at least

two separate, electrically connected ESDs combined to create a
system with enhanced features. The requirements of a
particular application should guide the selection of the optimal
combination of ESDs, system structure, and operation strategy.
Assessing the economic impact of HESS may involve

evaluating various cost-effectiveness metrics, such as the
levelized cost of energy/electricity for energy producing
technologies that integrate HESS and normalized HESS cost,
LCOS, or levelized cost of HESS for HESS alone. Profitability
metrics such as NPV, the IRR, return on investment, and
payback period, along with other financial viability metrics
(e.g., net present cost, life cycle cost, etc.), may also be
considered. Key factors influencing economic viability include
HESS composition, structure, control strategies, ESD sizes, and
specific conditions of system use. In addition, economic
outcomes are highly sensitive to methodological choices;
therefore, transparent reporting is essential.
HESS-related environmental evaluations typically use either

single-indicator climate metrics or multicategory LCA metrics.
Because different life cycle phases and components contribute
differently to each impact category, multicategory metrics are
generally preferable. As with the cost analysis, environmental
outcomes reflect not only the technology itself but also the
analytical choices behind the assessment. Consequently,
inconsistencies across assessments can limit the cross-study
comparability and hinder robust generalization. Clear reporting
of assumptions, boundaries, and sensitivity analyses is therefore
essential.
The similarities in parameters between economic and

environmental assessments highlight the potential for a unified
model. Future research should further incorporate social
impact evaluations alongside economic and environmental

analyses to foster a holistic approach to advancing hybrid
energy storage systems.
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CAES compressed air energy storage
COE cost of energy
EOL end-of-life
ESD energy storage device
GHG greenhouse gas
HED high energy density
HESS hybrid energy storage system
HPD high power density
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IRR internal rate of return
Li ion lithium-ion battery
LCA life cycle assessment
LCOE levelized cost of energy/electricity
LCOHESS levelized cost of hybrid energy storage systems
LCOS levelized cost of storage
NaS sodium-sulfur battery
NiCd nickel-cadmium battery
NPC net present cost
NPV net present value
O&M operation and maintenance
PHS pumped hydroelectric storage
PSB polysulfide bromine flow battery
PSO particle swarm optimization
RES P2P renewable energy sources coupled with power-to-

power storage systems
RESs renewable energy sources
SC supercapacitor
SMES superconducting magnetic energy storage
TES thermal energy storage
VRB vanadium redox flow battery
ZnBr zinc bromine flow battery

■ REFERENCES
(1) Akbarzadeh, M.; Smet, J. De.; Stuyts, J. Cost Assessment of Battery
Hybrid Energy Storage System for Full-Electric Marine Applications. In
Proceedings of the 2022 22nd International Scientific Conference on
Electric Power Engineering, EPE 2022; Institute of Electrical and
Electronics Engineers Inc., 2022.
(2) Alturki, F. A.; Al-Shamma’a, A. A.; Farh, H. M. H.; AlSharabi, K.
Optimal Sizing of Autonomous Hybrid Energy System Using Supply-
demand-based Optimization Algorithm. Int. J. Energy Res. 2021, 45
(1), 605−625.
(3) Dong, Z.; Zhang, Z.; Li, Z.; Li, X.; Qin, J.; Liang, C.; Han, M.;
Yin, Y.; Bai, J.; Wang, C.; Wang, R. A Survey of Battery−
Supercapacitor Hybrid Energy Storage Systems: Concept, Topology,
Control and Application. Symmetry 2022, 14 (6), 1085.
(4) Ilyas, U.; Khan, M. N. U.; Ashfaq, U.; Qaiser, I. Energy
Optimization of Hybrid Energy Storage System (HESS) for Hybrid
Electric Vehicle (HEV). In The 1st International Conference on Energy,
Power and Environment; MDPI: Basel Switzerland, 2022; p 75.
(5) Bocklisch, T. Hybrid Energy Storage Systems for Renewable
Energy Applications. Energy Procedia 2015, 73, 103−111.
(6) Jiao, Y.; Man̊sson, D. Greenhouse Gas Emissions from Hybrid
Energy Storage Systems in Future 100% Renewable Power Systems −
A Swedish Case Based on Consequential Life Cycle Assessment. J.
Energy Storage 2023, 57, 106167.
(7) Chirkin, V. G.; Khripach, N. A.; Petrichenko, D. A.; Papkin, B. A.
A Review of Battery-Supercapacitor Hybrid Energy Storage System
Schemes for Power Systems Applications. Int. J. Mech. Eng. Res.
Technol. 2017, 8 (10), 699−707.
(8) Feng, L.; Zhang, J.; Li, G.; Zhang, B. Cost Reduction of a Hybrid
Energy Storage System Considering Correlation between Wind and
PV Power. Protection and Control of Modern Power Systems 2016, 1
(2), 11−19.
(9) Shen, J.; Huang, S.; Liu, C.; Li, S.; Wu, J. Optimal Configuration
Method of Wind Farm Hybrid Energy Storage Based on EEMD-EMD
and Grey Relational Degree Analysis. Front Energy Res. 2023, 10,
1021189.
(10) Ruchika; Jain, D. K. A Brief Review on Hybrid Energy Storage
Systems for Microgrid Application. Przegl. Elektrotech. 2023, 1 (4),
72−78.
(11) Wieczorek, M.; Lewandowski, M.; Jefimowski, W. Cost
Comparison of Different Configurations of a Hybrid Energy Storage
System with Battery-Only and Supercapacitor-Only Storage in an
Electric City Bus. Bull. Pol. Acad. Sci.:Tech. Sci. 2019, 67 (6), 1095−
1106.

(12) Reddy Evuri, G.; Srinivasa Rao, G.; Ramasubba Reddy, T.;
Srinivasa Reddy, K. Simulation of Hybrid Electric Energy Storage
System (HESS) for Hybrid Electric Vehicle for Power Applications.
Int. J. Recent Technol. Eng. 2019, 7(5S3).
(13) Atawi, I. E.; Al-Shetwi, A. Q.; Magableh, A. M.; Albalawi, O. H.
Recent Advances in Hybrid Energy Storage System Integrated
Renewable Power Generation: Configuration, Control, Applications,
and Future Directions. Batteries 2023, 9 (1), 29.
(14) Yuming, C.; Peng, J.; Gaojun, M.; Yao, W.; Tiantian, L.
Optimal Capacity Configuration of Hybrid Energy Storage System
Considering Smoothing Wind Power Fluctuations and Economy.
IEEE Access 2022, 10, 101229−101236.
(15) Ye, K.; Li, P.; Li, H. Optimization of Hybrid Energy Storage
System Control Strategy for Pure Electric Vehicle Based on Typical
Driving Cycle. Math Probl Eng. 2020, 2020, 1−12.
(16) Ren, Y.; Rind, S. J.; Jiang, L. A Coordinated Control Strategy
for Battery/Supercapacitor Hybrid Energy Storage System to
Eliminate Unbalanced Voltage in a Standalone AC Microgrid. Journal
of Intelligent Manufacturing and Special Equipment 2020, 1 (1), 3−23.
(17) Feng, L.; Zhang, X.; Li, X.; Li, B.; Li, Y.; Xu, Y.; Guo, H.; Zhou,
X.; Chen, H. Performance Analysis of Hybrid Energy Storage
Integrated with Distributed Renewable Energy. Energy Reports 2022,
8, 1829−1838.
(18) Bahloul, M.; Khadem, S. K. An Analytical Approach for
Techno-Economic Evaluation of Hybrid Energy Storage System for
Grid Services. J. Energy Storage 2020, 31, 101662.
(19) Vijaya Sambhavi, Y.; Sowjanya, V. E. Analysis of Super-
Capacitor Hybrid Energy Storage System (HESS) for Electric
Vehicles by Using Simulink. International Journal of Scientific
Engineering and Technology Research 2019, 08, 503−510.
(20) Cao, J.; Emadi, A. A New Battery/Ultracapacitor Hybrid
Energy Storage System for Electric, Hybrid, and Plug-in Hybrid
Electric Vehicles. IEEE Trans Power Electron 2012, 27 (1), 122−132.
(21) Jiao, Y.; Man̊sson, D. A Study of the Energy Exchange within a
Hybrid Energy Storage System and a Comparison of the Capacities,
Lifetimes, and Costs of Different Systems. Energies 2021, 14 (21),
7045.
(22) Koh, S. C. L.; Smith, L.; Miah, J.; Astudillo, D.; Eufrasio, R. M.;
Gladwin, D.; Brown, S.; Stone, D. Higher 2nd Life Lithium Titanate
Battery Content in Hybrid Energy Storage Systems Lowers
Environmental-Economic Impact and Balances Eco-Efficiency.
Renew. Sustain. Energy Rev. 2021, 152, 111704.
(23) Pang, M.; Shi, Y.; Wang, W.; Pang, S. Optimal Sizing and
Control of Hybrid Energy Storage System for Wind Power Using
Hybrid Parallel PSO-GA Algorithm. Energy Explor. Exploit. 2019, 37
(1), 558−578.
(24) Chen, H.; Cong, T. N.; Yang, W.; Tan, C.; Li, Y.; Ding, Y.
Progress in Electrical Energy Storage System: A Critical Review. In
Progress in Natural Science; Science Press, 2009; pp 291−312..
(25) Serpi, A.; Porru, M.; Damiano, A. A Novel Highly Integrated
Hybrid Energy Storage System for Electric Propulsion and Smart Grid
Applications. In Advancements in Energy Storage Technologies; InTech,
2018.
(26) Zhang, Z.; Ding, T.; Zhou, Q.; Sun, Y.; Qu, M.; Zeng, Z.; Ju, Y.;
Li, L.; Wang, K.; Chi, F. A Review of Technologies and Applications on
Versatile Energy Storage Systems. In Renewable and Sustainable Energy
Reviews; Elsevier Ltd, 2021; September 1.
(27) Tang, R.; Xu, Q.; Fang, J.; Xia, Y.; Shi, Y. Optimal
Configuration Strategy of Hybrid Energy Storage System on
Industrial Load Side Based on Frequency Division Algorithm. J.
Energy Storage 2022, 50, 104645.
(28) Wang, C.; Jiao, S.; Li, Y.; Zhang, Q. Capacity Optimization of a
Hybrid Energy Storage System Considering Wind-Solar Reliability
Evaluation Based on a Novel Multi-Strategy Snake Optimization
Algorithm. Expert Syst. Appl. 2023, 231, 120602.
(29) Akbarzadeh, M.; De Smet, J.; Stuyts, J. Battery Hybrid Energy
Storage Systems for Full-Electric Marine Applications. Processes 2022,
10 (11), 2418.

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.5c05912
ACS Omega 2026, 11, 14116−14130

14127

https://doi.org/10.1002/er.5766
https://doi.org/10.1002/er.5766
https://doi.org/10.3390/sym14061085
https://doi.org/10.3390/sym14061085
https://doi.org/10.3390/sym14061085
https://doi.org/10.1016/j.egypro.2015.07.582
https://doi.org/10.1016/j.egypro.2015.07.582
https://doi.org/10.1016/j.est.2022.106167
https://doi.org/10.1016/j.est.2022.106167
https://doi.org/10.1016/j.est.2022.106167
https://doi.org/10.1002/er.2930
https://doi.org/10.1002/er.2930
https://doi.org/10.1186/s41601-016-0021-1
https://doi.org/10.1186/s41601-016-0021-1
https://doi.org/10.1186/s41601-016-0021-1
https://doi.org/10.3389/fenrg.2022.1021189
https://doi.org/10.3389/fenrg.2022.1021189
https://doi.org/10.3389/fenrg.2022.1021189
https://doi.org/10.15199/48.2023.04.12
https://doi.org/10.15199/48.2023.04.12
https://doi.org/10.24425/bpasts.2019.131567
https://doi.org/10.24425/bpasts.2019.131567
https://doi.org/10.24425/bpasts.2019.131567
https://doi.org/10.24425/bpasts.2019.131567
https://doi.org/10.3390/batteries9010029
https://doi.org/10.3390/batteries9010029
https://doi.org/10.3390/batteries9010029
https://doi.org/10.1109/ACCESS.2022.3205021
https://doi.org/10.1109/ACCESS.2022.3205021
https://doi.org/10.1155/2020/1365195
https://doi.org/10.1155/2020/1365195
https://doi.org/10.1155/2020/1365195
https://doi.org/10.1108/JIMSE-08-2020-0007
https://doi.org/10.1108/JIMSE-08-2020-0007
https://doi.org/10.1108/JIMSE-08-2020-0007
https://doi.org/10.1016/j.egyr.2021.12.078
https://doi.org/10.1016/j.egyr.2021.12.078
https://doi.org/10.1016/j.est.2020.101662
https://doi.org/10.1016/j.est.2020.101662
https://doi.org/10.1016/j.est.2020.101662
https://doi.org/10.1016/j.rineng.2024.103598
https://doi.org/10.1016/j.rineng.2024.103598
https://doi.org/10.1016/j.rineng.2024.103598
https://doi.org/10.1109/TPEL.2011.2151206
https://doi.org/10.1109/TPEL.2011.2151206
https://doi.org/10.1109/TPEL.2011.2151206
https://doi.org/10.3390/en14217045
https://doi.org/10.3390/en14217045
https://doi.org/10.3390/en14217045
https://doi.org/10.1016/j.rser.2021.111704
https://doi.org/10.1016/j.rser.2021.111704
https://doi.org/10.1016/j.rser.2021.111704
https://doi.org/10.1177/0144598718784036
https://doi.org/10.1177/0144598718784036
https://doi.org/10.1177/0144598718784036
https://doi.org/10.1016/j.pnsc.2008.07.014
https://doi.org/10.1016/j.est.2022.104645
https://doi.org/10.1016/j.est.2022.104645
https://doi.org/10.1016/j.est.2022.104645
https://doi.org/10.1016/j.eswa.2023.120602
https://doi.org/10.1016/j.eswa.2023.120602
https://doi.org/10.1016/j.eswa.2023.120602
https://doi.org/10.1016/j.eswa.2023.120602
https://doi.org/10.3390/pr10112418
https://doi.org/10.3390/pr10112418
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c05912?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(30) Mariasiu, F.; Kelemen, E. A. Analysis of the Energy Efficiency of
a Hybrid Energy Storage System for an Electric Vehicle. Batteries
2023, 9 (8), 419.
(31) Jing, W.; Lai, C. H.; Wong, W. S. H.; Wong, M. L. D. A
Comprehensive Study of Battery-Supercapacitor Hybrid Energy
Storage System for Standalone PV Power System in Rural
Electrification. Appl. Energy 2018, 224, 340−356.
(32) Asensio, E. M.; Magallán, G. A.; De Angelo, C. H.; Serra, F. M.
Energy Management on Battery/Ultracapacitor Hybrid Energy
Storage System Based on Adjustable Bandwidth Filter and Sliding-
Mode Control. J. Energy Storage 2020, 30, 101569.
(33) Roy, P.; Karayaka, H. B.; He, J. B.; Yu, Y. H. Cost Investigation
of Battery-Supercapacitor Hybrid Energy Storage System for Grid-
Connected Hourly Dispatching Wave Energy Converter Power. J.
Energy Storage 2023, 72, 108347.
(34) Qu, K.; Yuan, J. Optimization Research on Hybrid Energy
Storage System of High-speed Railway. IET Generation, Transmission
& Distribution 2021, 15 (20), 2835−2846.
(35) Jiang, W.; Xu, Z.; Yu, B.; Sun, K.; Ren, K.; Deng, Y.; Rahman, S.
Control of the Distributed Hybrid Energy Storage System
Considering the Equivalent SOC. Front Energy Res. 2021, 9, 722606.
(36) Torkashvand, M.; Khodadadi, A.; Sanjareh, M. B.; Nazary, M.
H. A Life Cycle-Cost Analysis of Li-Ion and Lead-Acid BESSs and
Their Actively Hybridized ESSs with Supercapacitors for Islanded
Microgrid Applications. IEEE Access 2020, 8, 153215−153225.
(37) Alonso, A. M.; Costa, D.; Messagie, M.; Coosemans, T.
Techno-Economic Assessment on Hybrid Energy Storage Systems
Comprising Hydrogen and Batteries: A Case Study in Belgium. Int. J.
Hydrogen Energy 2024, 52, 1124−1135.
(38) Gandiglio, M.; Marocco, P.; Bianco, I.; Lovera, D.; Blengini, G.
A.; Santarelli, M. Life Cycle Assessment of a Renewable Energy
System with Hydrogen-Battery Storage for a Remote off-Grid
Community. Int. J. Hydrogen Energy 2022, 47 (77), 32822−32834.
(39) Zhang, Y.; Hua, Q. S.; Sun, L.; Liu, Q. Life Cycle Optimization
of Renewable Energy Systems Configuration with Hybrid Battery/
Hydrogen Storage: A Comparative Study. J. Energy Storage 2020, 30,
101470.
(40) Bionaz, D.; Marocco, P.; Ferrero, D.; Sundseth, K.; Santarelli,
M. Life Cycle Environmental Analysis of a Hydrogen-Based Energy
Storage System for Remote Applications. Energy Reports 2022, 8,
5080−5092.
(41) Fazelpour, F.; Soltani, N.; Rosen, M. A. Economic Analysis of
Standalone Hybrid Energy Systems for Application in Tehran, Iran.
Int. J. Hydrogen Energy 2016, 41 (19), 7732−7743.
(42) Jansen, G.; Dehouche, Z.; Corrigan, H. Cost-Effective Sizing of
a Hybrid Regenerative Hydrogen Fuel Cell Energy Storage System for
Remote & off-Grid Telecom Towers. Int. J. Hydrogen Energy 2021, 46
(35), 18153−18166.
(43) Giovanniello, M. A.; Wu, X. Y. Hybrid Lithium-Ion Battery and
Hydrogen Energy Storage Systems for a Wind-Supplied Microgrid.
Appl. Energy 2023, 345, 121311.
(44) Marocco, P.; Ferrero, D.; Gandiglio, M.; Ortiz, M. M.;
Sundseth, K.; Lanzini, A.; Santarelli, M. A Study of the Techno-
Economic Feasibility of H2-Based Energy Storage Systems in Remote
Areas. Energy Convers Manag 2020, 211, 112768.
(45) Rossi, F.; Parisi, M. L.; Maranghi, S.; Basosi, R.; Sinicropi, A.
Environmental Analysis of a Nano-Grid: A Life Cycle Assessment. Sci.
Total Environ. 2020, 700, 134814.
(46) Wali, S. B.; Hannan, M. A.; Ker, P. J.; Rahman, M. S. A.; Tiong,
S. K.; Begum, R. A.; Mahlia, T. M. I. Techno-Economic Assessment of
a Hybrid Renewable Energy Storage System for Rural Community
towards Achieving Sustainable Development Goals. Energy Strategy
Rev. 2023, 50, 101217.
(47) Zhu, T.; Wills, R. G. A.; Lot, R.; Kong, X.; Yan, X. Optimal
Sizing and Sensitivity Analysis of a Battery-Supercapacitor Energy
Storage System for Electric Vehicles. Energy 2021, 221, 119851.
(48) Sanfélix, J.; Messagie, M.; Omar, N.; Van Mierlo, J.; Hennige,
V. Environmental Performance of Advanced Hybrid Energy Storage

Systems for Electric Vehicle Applications. Appl. Energy 2015, 137,
925−930.
(49) Babu, T. S.; Vasudevan, K. R.; Ramachandaramurthy, V. K.;
Sani, S. B.; Chemud, S.; Lajim, R. M. A Comprehensive Review of
Hybrid Energy Storage Systems: Converter Topologies, Control
Strategies and Future Prospects. IEEE Access 2020, 8, 148702−
148721.
(50) Hajiaghasi, S.; Salemnia, A.; Hamzeh, M. Hybrid Energy
Storage System for Microgrids Applications: A Review. J. Energy
Storage 2019, 1, 543−570.
(51) Abo-Khalil, A. G.; Sobhy, A.; Abdelkareem, M. A.; Olabi, A. G.
Advancements and Challenges in Hybrid Energy Storage Systems:
Components, Control Strategies, and Future Directions. Int. J.
Thermofluids 2023, 20, 100477.
(52) Adeyinka, A. M.; Esan, O. C.; Ijaola, A. O.; Farayibi, P. K.
Advancements in Hybrid Energy Storage Systems for Enhancing
Renewable Energy-to-Grid Integration. Sustainable Energy Research
2024, 11 (1), 26.
(53) Chong, L. W.; Wong, Y. W.; Rajkumar, R. K.; Rajkumar, R. K.;
Isa, D. Hybrid Energy Storage Systems and Control Strategies for
Stand-Alone Renewable Energy Power Systems. Renew. Sustain.
Energy Rev. 2016, 1, 174−189.
(54) Ahsan, M. B. F.; Mekhilef, S.; Soon, T. K.; Mubin, M. B.;
Shrivastava, P.; Seyedmahmoudian, M. Lithium-Ion Battery and
Supercapacitor-Based Hybrid Energy Storage System for Electric
Vehicle Applications: A Review. Int. J. Energy Res. 2022, 46 (14),
19826−19854.
(55) Lin, X.; Zamora, R. Controls of Hybrid Energy Storage Systems
in Microgrids: Critical Review, Case Study and Future Trends. Journal
of Energy Storage 2022, 1. DOI: .
(56) Wang, Y.; Wang, L.; Li, M.; Chen, Z. A Review of Key Issues
for Control and Management in Battery and Ultra-Capacitor Hybrid
Energy Storage Systems. In eTransportation; Elsevier B.V, 2020; May
1..
(57) Hemmati, R.; Saboori, H. Emergence of Hybrid Energy Storage
Systems in Renewable Energy and Transport Applications − A
Review. In Renewable and Sustainable Energy Reviews; Elsevier Ltd,
2016; pp 11−23. November 1..
(58) Lencwe, M. J.; Chowdhury, S. P. D.; Olwal, T. O. Hybrid
Energy Storage System Topology Approaches for Use in Transport
Vehicles: A Review. Energy Science and Engineering 2022, 1, 1449−
1477.
(59) Reveles-Miranda, M.; Ramirez-Rivera, V.; Pacheco-Catalán, D.
Hybrid Energy Storage: Features, Applications, and Ancillary Benefits.
Renew. Sustain. Energy Rev. 2024, 192, 114196.
(60) Xiong, R.; Chen, H.; Wang, C.; Sun, F. Towards a Smarter
Hybrid Energy Storage System Based on Battery and Ultracapacitor -
A Critical Review on Topology and Energy Management. J. Clean
Prod 2018, 202, 1228−1240.
(61) Schubert, C.; Hassen, W. F.; Poisl, B.; Seitz, S.; Schubert, J.;
Oyarbide Usabiaga, E.; Gaudo, P. M.; Pettinger, K. H. Hybrid Energy
Storage Systems Based on Redox-Flow Batteries: Recent Develop-
ments, Challenges, and Future Perspectives. Batteries 2023, 9, 211.
(62) Gbadegesin, A. O.; Sun, Y.; Nwulu, N. I. Techno-Economic
Analysis of Storage Degradation Effect on Levelised Cost of Hybrid
Energy Storage Systems. Sustain. Energy Technol. Assessments 2019, 36,
100536.
(63) Hu, L.; Tian, Q.; Zou, C.; Huang, J.; Ye, Y.; Wu, X. A Study on
Energy Distribution Strategy of Electric Vehicle Hybrid Energy
Storage System Considering Driving Style Based on Real Urban
Driving Data. Renew. Sustain. Energy Rev. 2022, 162, 112416.
(64) Feng, X.; Gu, J.; Guan, X. Optimal Allocation of Hybrid Energy
Storage for Microgrids Based on Multi-Attribute Utility Theory. J.
Mod. Power Syst. Clean Energy 2018, 6 (1), 107−117.
(65) Beatrice, C.; Capasso, C.; Doulgeris, S.; Samaras, Z.; Veneri, O.
Hybrid Storage System Management for Hybrid Electric Vehicles
under Real Operating Conditions. Appl. Energy 2024, 354, 122170.
(66) Groppi, D.; Astiaso Garcia, D.; Lo Basso, G.; Cumo, F.; De
Santoli, L. Analysing Economic and Environmental Sustainability

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.5c05912
ACS Omega 2026, 11, 14116−14130

14128

https://doi.org/10.3390/batteries9080419
https://doi.org/10.3390/batteries9080419
https://doi.org/10.1016/j.apenergy.2018.04.106
https://doi.org/10.1016/j.apenergy.2018.04.106
https://doi.org/10.1016/j.apenergy.2018.04.106
https://doi.org/10.1016/j.apenergy.2018.04.106
https://doi.org/10.1016/j.est.2020.101569
https://doi.org/10.1016/j.est.2020.101569
https://doi.org/10.1016/j.est.2020.101569
https://doi.org/10.1016/j.est.2023.108347
https://doi.org/10.1016/j.est.2023.108347
https://doi.org/10.1016/j.est.2023.108347
https://doi.org/10.1049/gtd2.12217
https://doi.org/10.1049/gtd2.12217
https://doi.org/10.3389/fenrg.2021.722606
https://doi.org/10.3389/fenrg.2021.722606
https://doi.org/10.1109/ACCESS.2020.3017458
https://doi.org/10.1109/ACCESS.2020.3017458
https://doi.org/10.1109/ACCESS.2020.3017458
https://doi.org/10.1016/j.ijhydene.2023.06.282
https://doi.org/10.1016/j.ijhydene.2023.06.282
https://doi.org/10.1016/j.ijhydene.2022.07.199
https://doi.org/10.1016/j.ijhydene.2022.07.199
https://doi.org/10.1016/j.ijhydene.2022.07.199
https://doi.org/10.1016/j.est.2020.101470
https://doi.org/10.1016/j.est.2020.101470
https://doi.org/10.1016/j.est.2020.101470
https://doi.org/10.1016/j.egyr.2022.03.181
https://doi.org/10.1016/j.egyr.2022.03.181
https://doi.org/10.1016/j.ijhydene.2016.01.113
https://doi.org/10.1016/j.ijhydene.2016.01.113
https://doi.org/10.1016/j.ijhydene.2021.02.205
https://doi.org/10.1016/j.ijhydene.2021.02.205
https://doi.org/10.1016/j.ijhydene.2021.02.205
https://doi.org/10.1016/j.apenergy.2023.121311
https://doi.org/10.1016/j.apenergy.2023.121311
https://doi.org/10.1016/j.enconman.2020.112768
https://doi.org/10.1016/j.enconman.2020.112768
https://doi.org/10.1016/j.enconman.2020.112768
https://doi.org/10.1016/j.scitotenv.2019.134814
https://doi.org/10.1016/j.esr.2023.101217
https://doi.org/10.1016/j.esr.2023.101217
https://doi.org/10.1016/j.esr.2023.101217
https://doi.org/10.1016/j.energy.2021.119851
https://doi.org/10.1016/j.energy.2021.119851
https://doi.org/10.1016/j.energy.2021.119851
https://doi.org/10.1016/j.apenergy.2014.07.012
https://doi.org/10.1016/j.apenergy.2014.07.012
https://doi.org/10.1109/ACCESS.2020.3015919
https://doi.org/10.1109/ACCESS.2020.3015919
https://doi.org/10.1109/ACCESS.2020.3015919
https://doi.org/10.1016/j.est.2018.12.017
https://doi.org/10.1016/j.est.2018.12.017
https://doi.org/10.1016/j.ijft.2023.100477
https://doi.org/10.1016/j.ijft.2023.100477
https://doi.org/10.1186/s40807-024-00120-4
https://doi.org/10.1186/s40807-024-00120-4
https://doi.org/10.1016/j.rser.2016.07.059
https://doi.org/10.1016/j.rser.2016.07.059
https://doi.org/10.1002/er.8439
https://doi.org/10.1002/er.8439
https://doi.org/10.1002/er.8439
https://doi.org/10.1016/j.est.2021.103884
https://doi.org/10.1016/j.est.2021.103884
https://doi.org/10.1016/j.etran.2020.100064
https://doi.org/10.1016/j.etran.2020.100064
https://doi.org/10.1016/j.etran.2020.100064
https://doi.org/10.1016/j.rser.2016.06.029
https://doi.org/10.1016/j.rser.2016.06.029
https://doi.org/10.1016/j.rser.2016.06.029
https://doi.org/10.1002/ese3.1068
https://doi.org/10.1002/ese3.1068
https://doi.org/10.1002/ese3.1068
https://doi.org/10.1016/j.rser.2023.114196
https://doi.org/10.1016/j.jclepro.2018.08.134
https://doi.org/10.1016/j.jclepro.2018.08.134
https://doi.org/10.1016/j.jclepro.2018.08.134
https://doi.org/10.3390/batteries9040211
https://doi.org/10.3390/batteries9040211
https://doi.org/10.3390/batteries9040211
https://doi.org/10.1016/j.seta.2019.100536
https://doi.org/10.1016/j.seta.2019.100536
https://doi.org/10.1016/j.seta.2019.100536
https://doi.org/10.1016/j.rser.2022.112416
https://doi.org/10.1016/j.rser.2022.112416
https://doi.org/10.1016/j.rser.2022.112416
https://doi.org/10.1016/j.rser.2022.112416
https://doi.org/10.1007/s40565-017-0310-3
https://doi.org/10.1007/s40565-017-0310-3
https://doi.org/10.1016/j.apenergy.2023.122170
https://doi.org/10.1016/j.apenergy.2023.122170
https://doi.org/10.1016/j.enconman.2018.09.063
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c05912?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Related to the Use of Battery and Hydrogen Energy Storages for
Increasing the Energy Independence of Small Islands. Energy Convers
Manag 2018, 177, 64−76.
(67) Luo, X.; Wang, J.; Dooner, M.; Clarke, J. Overview of Current
Development in Electrical Energy Storage Technologies and the
Application Potential in Power System Operation. Appl. Energy 2015,
137, 511−536.
(68) Barcellona, S.; Piegari, L.; Villa, A. Passive Hybrid Energy
Storage System for Electric Vehicles at Very Low Temperatures. J.
Energy Storage 2019, 25, 100833.
(69) Kim, Y.; Koh, J.; Xie, Q.; Wang, Y.; Chang, N.; Pedram, M. A
Scalable and Flexible Hybrid Energy Storage System Design and
Implementation. J. Power Sources 2014, 255, 410−422.
(70) Wang, B.; Xu, J.; Cao, B.; Zhou, X. A Novel Multimode Hybrid
Energy Storage System and Its Energy Management Strategy for
Electric Vehicles. J. Power Sources 2015, 281, 432−443.
(71) Momayyezan, M.; Abeywardana, D. B. W.; Hredzak, B.;
Agelidis, V. G. Integrated Reconfigurable Configuration for Battery/
Ultracapacitor Hybrid Energy Storage Systems. IEEE Trans. Energy
Convers. 2016, 31 (4), 1583−1590.
(72) Qi, N.; Yin, Y.; Dai, K.; Wu, C.; Wang, X.; You, Z.
Comprehensive Optimized Hybrid Energy Storage System for
Long-Life Solar-Powered Wireless Sensor Network Nodes. Appl.
Energy 2021, 290, 116780.
(73) Jing, W.; Lai, C. H.; Wong, W. S. H.; Wong, M. L. D. Dynamic
Power Allocation of Battery-Supercapacitor Hybrid Energy Storage
for Standalone PV Microgrid Applications. Sustain. Energy Technol.
Assessments 2017, 22, 55−64.
(74) Wang, B.; Xian, L.; Manandhar, U.; Ye, J.; Zhang, X.; Gooi, H.
B.; Ukil, A. Hybrid Energy Storage System Using Bidirectional Single-
Inductor Multiple-Port Converter with Model Predictive Control in
DC Microgrids. Electr. Power Syst. Res. 2019, 173, 38−47.
(75) Wang, B.; Wang, Y.; Xu, Y.; Zhang, X.; Gooi, H. B.; Ukil, A.;
Tan, X. Consensus-Based Control of Hybrid Energy Storage System
with a Cascaded Multiport Converter in DC Microgrids. IEEE Trans
Sustain Energy 2020, 11 (4), 2356−2366.
(76) Jing, W.; Lai, C. H.; Wong, S. H. W.; Wong, M. L. D. Battery-
Supercapacitor Hybrid Energy Storage System in Standalone DC
Microgrids: Areview. In IET Renewable Power Generation; Institution
of Engineering and Technology March, 2017; Vol. 15, pp 461−469.
(77) Sankarkumar, R. S.; Natarajan, R. Energy Management
Techniques and Topologies Suitable for Hybrid Energy Storage
System Powered Electric Vehicles: An Overview. International
Transactions on Electrical Energy Systems. 1, 2021. DOI: .
(78) Wegmann, R.; Döge, V.; Becker, J.; Sauer, D. U. Optimized
Operation of Hybrid Battery Systems for Electric Vehicles Using
Deterministic and Stochastic Dynamic Programming. J. Energy Storage
2017, 14, 22−38.
(79) Song, Z.; Hofmann, H.; Li, J.; Han, X.; Zhang, X.; Ouyang, M.
A Comparison Study of Different Semi-Active Hybrid Energy Storage
System Topologies for Electric Vehicles. J. Power Sources 2015, 274,
400−411.
(80) Castaings, A.; Lhomme, W.; Trigui, R.; Bouscayrol, A.
Comparison of Energy Management Strategies of a Battery/
Supercapacitors System for Electric Vehicle under Real-Time
Constraints. Appl. Energy 2016, 163, 190−200.
(81) He, Y.; Guo, S.; Dong, P.; Wang, C.; Huang, J.; Zhou, J.
Techno-Economic Comparison of Different Hybrid Energy Storage
Systems for off-Grid Renewable Energy Applications Based on a
Novel Probabilistic Reliability Index. Appl. Energy 2022, 328, 120225.
(82) Cao, J.; Du, W.; Wang, H.; McCulloch, M. Optimal Sizing and
Control Strategies for Hybrid Storage System as Limited by Grid
Frequency Deviations. IEEE Trans. Power Syst. 2018, 33 (5), 5486−
5495.
(83) Javed, M. S.; Ma, T.; Jurasz, J.; Mikulik, J. A Hybrid Method for
Scenario-Based Techno-Economic-Environmental Analysis of off-Grid
Renewable Energy Systems. Renew. Sustain. Energy Rev. 2021, 139,
110725.

(84) Gbadegesin, A. O.; Sun, Y.; Nwulu, N. I. Operational
Optimisation of Grid-Connected Microgrids Incorporating Hybrid
Energy Storage and Demand Response. Energy Exploration and
Exploitation 2023, 41 (6), 1869−1883.
(85) Diabate, M.; Krishnamoorthy, H. S.; Shi, J. Optimal Energy
Management of A Hydrogen and Battery-Based Energy Storage System
(ESS) for Future DC Microgrids. In 2023 IEEE International Conference
on Power Electronics, Smart Grid, and Renewable Energy (PESGRE);
IEEE, 2023; pp 1−6.
(86) Huang, Y.; Hu, H.; Liu, Y.; Ge, Y.; Wang, K.; Chen, J.; Pan, P.;
He, Z. Multitimescale Optimal Operation for Hybrid Energy Storage
of Flexible Traction Power Systems Considering Uncertain Train
Timetable Deviations. IEEE Transactions on Transportation Electrifi-
cation 2025, 11 (2), 6640−6653.
(87) Zhang, Y.; Tang, X.; Qi, Z.; Liu, Z. The Ragone Plots Guided
Sizing of Hybrid Storage System for Taming the Wind Power. Int. J.
Electr. Power Energy Syst. 2015, 65, 246−253.
(88) Wang, G.; Ciobotaru, M.; Agelidis, V. G. Optimal Capacity
Design for Hybrid Energy Storage System Supporting Dispatch of
Large-Scale Photovoltaic Power Plant. J. Energy Storage 2015, 3, 25−
35.
(89) Song, Z.; Hofmann, H.; Li, J.; Hou, J.; Han, X.; Ouyang, M.
Energy Management Strategies Comparison for Electric Vehicles with
Hybrid Energy Storage System. Appl. Energy 2014, 134, 321−331.
(90) Jiang, X.; Hu, J.; Jia, M.; Zheng, Y. Parameter Matching and
Instantaneous Power Allocation for the Hybrid Energy Storage
System of Pure Electric Vehicles. Energies 2018, 11 (8), 1933.
(91) Bertucci, J. P.; Raghuraman, S.; Hofman, T.; Salazar, M.
Optimal Co-Design of a Hybrid Energy Storage System for Truck
Charging. IFAC-PapersOnLine 2025, 59 (9), 109−114.
(92) Ayodele, T. R.; Ogunjuyigbe, A. S. O.; Oyelowo, N. O.
Hybridisation of Battery/Flywheel Energy Storage System to Improve
Ageing of Lead-Acid Batteries in PV-Powered Applications. Int. J.
Sustain. Eng. 2020, 13 (5), 337−359.
(93) He, Y.; Guo, S.; Zhou, J.; Ye, J.; Huang, J.; Zheng, K.; Du, X.
Multi-Objective Planning-Operation Co-Optimization of Renewable
Energy System with Hybrid Energy Storages. Renew Energy 2022, 184,
776−790.
(94) Ramli, M. A. M.; Hiendro, A.; Twaha, S. Economic Analysis of
PV/Diesel Hybrid System with Flywheel Energy Storage. Renew
Energy 2015, 78, 398−405.
(95) Nkundibiza, A.; Moses, P. M. Design and Optimization of Hybrid
Electrical Energy Storage System for Grid Connected Wind Energy. In
2022 IEEE PES/IAS PowerAfrica; IEEE, 2022; pp 1−5.
(96) Gabrielli, P.; Gazzani, M.; Martelli, E.; Mazzotti, M. Optimal
Design of Multi-Energy Systems with Seasonal Storage. Appl. Energy
2018, 219, 408−424.
(97) Venkateswaran, V. B.; Saini, D. K.; Sharma, M. Environmental
Constrained Optimal Hybrid Energy Storage System Planning for an
Indian Distribution Network. IEEE Access 2020, 8, 97793−97808.
(98) Zhao, L.; Zeng, Y.; Peng, D.; Li, Y. Optimal Economic Allocation
Strategy for Hybrid Energy Storage System under the Requirement of
Wind Power Fluctuation. In 2023 IEEE Power & Energy Society General
Meeting (PESGM); IEEE, 2023; pp 1−5.
(99) Xie, X.; Wang, H.; Tian, S.; Liu, Y. Optimal Capacity
Configuration of Hybrid Energy Storage for an Isolated Microgrid
Based on QPSO Algorithm. In 2015 5th International Conference on
Electric Utility Deregulation and Restructuring and Power Technologies
(DRPT); IEEE, 2015; pp 2094−2099.
(100) Wang, H.; Wang, T.; Xie, X.; Ling, Z.; Gao, G.; Dong, X.
Optimal Capacity Configuration of a Hybrid Energy Storage System
for an Isolated Microgrid Using Quantum-Behaved Particle Swarm
Optimization. Energies 2018, 11 (2), 454.
(101) Moschos, I.; Koltsaklis, N.; Parisses, C.; Christoforidis, G. C.
A Positive/Negative Average Real Variability Index and Techno-
Economic Analysis of a Hybrid Energy Storage System. J. Energy
Storage 2023, 61, 106751.
(102) Pillai, K.; Sundaram, S. Optimization and Feasibility Analysis
of Hybrid Distributed Generator Based System With a Comparison of

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.5c05912
ACS Omega 2026, 11, 14116−14130

14129

https://doi.org/10.1016/j.enconman.2018.09.063
https://doi.org/10.1016/j.enconman.2018.09.063
https://doi.org/10.1016/j.apenergy.2014.09.081
https://doi.org/10.1016/j.apenergy.2014.09.081
https://doi.org/10.1016/j.apenergy.2014.09.081
https://doi.org/10.1016/j.est.2019.100833
https://doi.org/10.1016/j.est.2019.100833
https://doi.org/10.1016/j.jpowsour.2013.12.102
https://doi.org/10.1016/j.jpowsour.2013.12.102
https://doi.org/10.1016/j.jpowsour.2013.12.102
https://doi.org/10.1016/j.jpowsour.2015.02.012
https://doi.org/10.1016/j.jpowsour.2015.02.012
https://doi.org/10.1016/j.jpowsour.2015.02.012
https://doi.org/10.1109/TEC.2016.2589933
https://doi.org/10.1109/TEC.2016.2589933
https://doi.org/10.1016/j.apenergy.2021.116780
https://doi.org/10.1016/j.apenergy.2021.116780
https://doi.org/10.1016/j.seta.2017.07.001
https://doi.org/10.1016/j.seta.2017.07.001
https://doi.org/10.1016/j.seta.2017.07.001
https://doi.org/10.1016/j.epsr.2019.03.015
https://doi.org/10.1016/j.epsr.2019.03.015
https://doi.org/10.1016/j.epsr.2019.03.015
https://doi.org/10.1109/TSTE.2019.2956054
https://doi.org/10.1109/TSTE.2019.2956054
https://doi.org/10.1002/2050-7038.12819
https://doi.org/10.1002/2050-7038.12819
https://doi.org/10.1002/2050-7038.12819
https://doi.org/10.1016/j.est.2017.09.008
https://doi.org/10.1016/j.est.2017.09.008
https://doi.org/10.1016/j.est.2017.09.008
https://doi.org/10.1016/j.jpowsour.2014.10.061
https://doi.org/10.1016/j.jpowsour.2014.10.061
https://doi.org/10.1016/j.apenergy.2015.11.020
https://doi.org/10.1016/j.apenergy.2015.11.020
https://doi.org/10.1016/j.apenergy.2015.11.020
https://doi.org/10.1016/j.apenergy.2022.120225
https://doi.org/10.1016/j.apenergy.2022.120225
https://doi.org/10.1016/j.apenergy.2022.120225
https://doi.org/10.1109/TPWRS.2018.2805380
https://doi.org/10.1109/TPWRS.2018.2805380
https://doi.org/10.1109/TPWRS.2018.2805380
https://doi.org/10.1016/j.rser.2021.110725
https://doi.org/10.1016/j.rser.2021.110725
https://doi.org/10.1016/j.rser.2021.110725
https://doi.org/10.1177/01445987231174907
https://doi.org/10.1177/01445987231174907
https://doi.org/10.1177/01445987231174907
https://doi.org/10.1109/TTE.2024.3514086
https://doi.org/10.1109/TTE.2024.3514086
https://doi.org/10.1109/TTE.2024.3514086
https://doi.org/10.1016/j.ijepes.2014.10.006
https://doi.org/10.1016/j.ijepes.2014.10.006
https://doi.org/10.1016/j.est.2015.08.006
https://doi.org/10.1016/j.est.2015.08.006
https://doi.org/10.1016/j.est.2015.08.006
https://doi.org/10.1016/j.apenergy.2014.08.035
https://doi.org/10.1016/j.apenergy.2014.08.035
https://doi.org/10.3390/en11081933
https://doi.org/10.3390/en11081933
https://doi.org/10.3390/en11081933
https://doi.org/10.1016/j.ifacol.2025.08.121
https://doi.org/10.1016/j.ifacol.2025.08.121
https://doi.org/10.1080/19397038.2020.1725177
https://doi.org/10.1080/19397038.2020.1725177
https://doi.org/10.1016/j.renene.2021.11.116
https://doi.org/10.1016/j.renene.2021.11.116
https://doi.org/10.1016/j.renene.2015.01.026
https://doi.org/10.1016/j.renene.2015.01.026
https://doi.org/10.1016/j.apenergy.2017.07.142
https://doi.org/10.1016/j.apenergy.2017.07.142
https://doi.org/10.1109/ACCESS.2020.2997338
https://doi.org/10.1109/ACCESS.2020.2997338
https://doi.org/10.1109/ACCESS.2020.2997338
https://doi.org/10.3390/en11020454
https://doi.org/10.3390/en11020454
https://doi.org/10.3390/en11020454
https://doi.org/10.1016/j.est.2023.106751
https://doi.org/10.1016/j.est.2023.106751
https://doi.org/10.1002/est2.70075
https://doi.org/10.1002/est2.70075
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c05912?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Battery and Hydrogen Energy Storage for Residential Electrification.
Energy Storage 2024, 6 (8), No. e70075.
(103) Garner, R.; Dehouche, Z. Optimal Design and Analysis of a
Hybrid Hydrogen Energy Storage System for an Island-Based
Renewable Energy Community. Energies 2023, 16 (21), 7363.
(104) He, Y.; Guo, S.; Zhou, J.; Song, G.; Kurban, A.; Wang, H. The
Multi-Stage Framework for Optimal Sizing and Operation of Hybrid
Electrical-Thermal Energy Storage System. Energy 2022, 245, 123248.
(105) Roy, P. K. S.; Karayaka, H. B.; Yan, Y.; Alqudah, Y. Size
Optimization of Battery-Supercapacitor Hybrid Energy Storage System for
1MW Grid Connected PV Array. In 2017 North American Power
Symposium (NAPS); Institute of Electrical and Electronics Engineers
Inc., 2017; pp 1−6.
(106) Roy, P.; He, J.; Liao, Y. Cost Minimization of Battery-
Supercapacitor Hybrid Energy Storage for Hourly Dispatching Wind-
Solar Hybrid Power System. IEEE Access 2020, 8, 210099−210115.
(107) Al-Ghussain, L.; Darwish Ahmad, A.; Abubaker, A. M.;
Mohamed, M. A. An Integrated Photovoltaic/Wind/Biomass and
Hybrid Energy Storage Systems towards 100% Renewable Energy
Microgrids in University Campuses. Sustain. Energy Technol. Assess-
ments 2021, 46, 101273.
(108) Eriksson, E. L. V.; Gray, E. M. A. Optimization of Renewable
Hybrid Energy Systems − A Multi-Objective Approach. Renew Energy
2019, 133, 971−999.
(109) Mussawar, O.; Mayyas, A. Economic Assessment of Hybrid
Energy Storage for Multi-Energy Arbitrage in Wholesale Electricity
Markets Using an Optimization-Based Approach. Int. J. Hydrogen
Energy 2025, 141, 75−87.
(110) Xu, F.; Liu, J.; Lin, S.; Dai, Q.; Li, C. A Multi-Objective
Optimization Model of Hybrid Energy Storage System for Non-Grid-
Connected Wind Power: A Case Study in China. Energy 2018, 163,
585−603.
(111) Zhu, D.; Yue, S.; Chang, N.; Pedram, M. Toward a Profitable
Grid-Connected Hybrid Electrical Energy Storage System for
Residential Use. IEEE Trans. Comput. Aided Des. Integrated Circ.
Syst. 2016, 35 (7), 1151−1164.
(112) Kim, Y.; Raghunathan, V.; Raghunathan, A. Design and
Management of Hybrid Electrical Energy Storage Systems for Regulation
Services. In International Green Computing Conference; IEEE, 2014; pp
1−9.
(113) Xu, Z.; Chen, F.; Yang, X.; Lu, Q. Optimal Configuration of
Hybrid Energy Storage Capacity in a Grid-Connected Microgrid
Considering Laddering Carbon Trading and Demand Response.
Energies 2024, 17 (1), 139.
(114) Liu, J.; Dai, Q. Optimization of Hybrid Energy Storage
Capacity for Electric Vehicle Photovoltaic Charging Stations Based on
Multi-Objective Quantum Particle Swarm Optimization. Academic
Journal of Engineering and Technology Science 2020, 3 (1), 26−39.
(115) Abualshawareb, A.; Dehouche, Z. Economic and Environmental
Analysis of a Hybrid Energy Storage System for an Energy Community on
the Island of Formentera; Springer Nature Switzerland, 2024; pp 401−
416.
(116) Rahman, M. M.; Oni, A. O.; Gemechu, E.; Kumar, A.
Assessment of Energy Storage Technologies: A Review. In Energy
Conversion and Management; Elsevier Ltd, 2020; November 1.
(117) Citalingam, K.; Go, Y. I. Hybrid Energy Storage Design and
Dispatch Strategy Evaluation with Sensitivity Analysis: Techno-
Economic-Environmental Assessment. Energy Storage 2022, 4 (5),
No. e353.
(118) Jiao, Y.; Man̊sson, D. Study of the Oversized Capacity and the
Increased Energy Loss of Hybrid Energy Storage Systems and Design
of an Improved Controller Based on the Low-Pass Filter. J. Energy
Storage 2022, 50, 104241.
(119) Song, Z.; Li, J.; Han, X.; Xu, L.; Lu, L.; Ouyang, M.; Hofmann,
H. Multi-Objective Optimization of a Semi-Active Battery/Super-
capacitor Energy Storage System for Electric Vehicles. Appl. Energy
2014, 135, 212−224.

(120) Silvas, E.; Hofman, T.; Murgovski, N.; Etman, P.; Steinbuch,
M. Review of Optimization Strategies for System-Level Design in
Hybrid Electric Vehicles. IEEE Trans Veh Technol. 2016, 1.
(121) Prodromidis, G. N.; Coutelieris, F. A. Simulations of
Economical and Technical Feasibility of Battery and Flywheel Hybrid
Energy Storage Systems in Autonomous Projects. Renew Energy 2012,
39 (1), 149−153.
(122) Le, S. T.; Nguyen, T. N.; Bui, D. K.; Teodosio, B.; Ngo, T. D.
Comparative Life Cycle Assessment of Renewable Energy Storage
Systems for Net-Zero Buildings with Varying Self-Sufficient Ratios.
Energy 2024, 290, 130041.
(123) Mendecka, B.; Tribioli, L.; Cozzolino, R. Life Cycle
Assessment of a Stand-Alone Solar-Based Polygeneration Power
Plant for a Commercial Building in Different Climate Zones. Renew
Energy 2020, 154, 1132−1143.
(124) Pauer, E.; Wohner, B.; Tacker, M. The Influence of Database
Selection on Environmental Impact Results. Life Cycle Assessment of
Packaging Using Gabi, Ecoinvent 3.6, and the Environmental
Footprint Database. Sustainability 2020, 12 (23), 9948.
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