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ABSTRACT The optimal algorithm of Energy Storage System (ESS) has gained remarkable attention
in developing a microgrid (MG) system to reduce the intensity of carbon emission in the electricity
sector and alleviate the environmental impact by 2050. This article provides a historical background and a
comprehensive analysis of the optimal algorithm of ESS inMG applications. A brief search has been directed
through the Scopus database with some predefined conditions on the last week of January 2021 over 11 years
to select the top-cited articles. This bibliometric study is evaluated in this field over the last decades based
on the year of publication, interrelation of co-occurrence keywords, articles type, country of origin, journal,
and publisher that published the 120 top-cited articles. A sum of 4995 articles was revealed within the
year 2010 to 2020 in the field of the optimal algorithm of ESS in MG applications, and the top-most
120 papers were received in total 23003 citations (mean-119.69; median-157.5). Articles having the highest
citation revealed in 30 different journals, 27 different regions and 6 different publishers. This bibliometric
approach of ESS in MG applications offers the trends of research, gaps of this field, and knowledge
essential for further development and advancement in this area. It is predicted that extracting, evaluating,
and investigating the top-most cited articles will support further research in the optimal algorithm of ESS in
MG applications.

INDEX TERMS Energy storage system (ESS), optimal algorithm, microgrid (MG), bibliometric analysis.

I. INTRODUCTION
Nowadays, traditional energy sources have lost their position
in the competitive energy market due to their higher produc-
tion cost, global warming, pollution, and the depletion nature
of climate. Therefore, Renewable Energy Sources (RESs)
such as solar and wind energy (economic and eco-friendly)
are the best solution that has been used worldwide to serve
the demand of electricity and minimize greenhouse gas emis-
sions [1]. MGs that combine loads and several Distributed
Energy Resources (DERs) operate both islanded and grid-tied
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mode, taking maximum advantage of the RESs. Besides their
numerous benefits, RES has some uncertain and accidental
manner that are non-dispatchable. To reduce the variability
and higher intermittency of RESs, MG plays a vital role by
employing Energy Storage System (ESS) and conventional
power to form a hybrid MG [2]–[4]. For this, we intended to
analyze the current scientific articles to evaluate the research
trends and to visualize the interrelation between the devel-
opment and revealed articles in the field of ESS in MG
application.

Several strategies have been used to perform a review,
for instance, primary path analysis, traditional review, and
bibliometric analysis. Bibliometric analysis is one of the best
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TABLE 1. Several bibliometric review articles discussion highlighting the research gaps.

platforms to understand how articles pertaining to a specific
area change over time and helps us investigate the hot arti-
cles to assist decision-makers. The frequency of publication
by country, author, year, overall citations, and study type
are the parameters to be examined. Citation analysis within
certain fields and journals is one of the primary tools in
bibliometric has turned out to be a popular way to rate the
impact of the journal, particular literature, journals editors, or
authors [5]. The attribute of intimate papers mostly depends
on the citations of the journal rather than the journal impact
factor. Despite the frequently usedmethod, certain limitations
ought to be taken while analyzing citations in a field. For
instance, the tendency of individual citation practice can bias
the citation rate or articles revealed earlier took colossal time
to gather citations.

The approaches of bibliometric practice have been used
to report the most cited papers in different fields like grid
decarbonization with the support of energy storage integra-
tion [6], thermal energy storage system [7], liquid air energy
storage [8], retirement planning and financial literacy [9], bat-
tery storage system (BSS) integrated renewable energy [10],
imaging literature [11], orthopedic surgery [12], and biodiesel
production from waste cooling oil [13]. A review arti-
cle on grid-connected RESs has been conducted by
Al-Shetwi et al. in 2020, where RES integration requirements
and control methods are presented [14]. However, coordi-
nation and comprehensive management of RES integration

are still undefined and require further research. Faisal et al.
(2020) developed an article on battery energy storage systems
inMG applications where the fuzzy logic controller is utilized
to control the charging and discharging of the battery, and an
optimal partial swarm optimization (PSO) is introduced for
scheduling the ESS [2]. In 2020, Hannan et al. reviewed an
article on MG to discuss an optimal algorithm and method
for energy storage systems sizing towards achieving MG
decarbonization [15]. Table 1 presents an overview of various
bibliometric literature review articles by several researchers
to find the focused area and existing research gaps.

Although the literature as mentioned earlier can give valu-
able information and insights on the future research direction
in the field of an optimal algorithm for ESS in MG appli-
cations, to our knowledge, this study has been the first to
use bibliometric analysis to present a detailed overview in
this topic. Therefore, this article aims to comprehensively
review the literature of optimal algorithms for ESS in MG
applications based on bibliometric analysis. In this study, a
total of 120 highest cited articles from 2010 to 2020 were
extracted from the database of Scopus. We investigate the
scientific literature based on citation bibliometric evaluation,
bibliometric evaluation of co-occurrence keyword analysis,
and bibliometric evaluation based on the last 5 years citation,
study type, journal, subject area, and most profile author’s
affiliation. The final objective of this article is mentioned
below:
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FIGURE 1. Schematic diagram of the process of selection 120 top-cited articles.

FIGURE 2. Research trends in the field of ESS in MG applications from the
year 2010 to 2020.

• To guide future researchers concerning the literature
gaps, advanced technologies, and unresolved stud-
ies in the field of ESS in MG applications are
highlighted.

• We sought to provide a clear insight into the devel-
opment, history, and improvement of ESS in MG
applications.

• To provide a detailed analysis of the most prominent
journal, authors, articles, and co-occurrence keywords.

• In addition, based on the previous studies, the
issues, challenges, and further research direction are
discussed.

The article is further structured as follows: the detailed
surveying methodology for analyzing the topmost cited
articles extracted from Scopus is introduced in Section 2.
In Section 3, a comprehensive analysis of citation,
co-occurrence keywords, publisher, major authors affiliation,
journal, and publisher. Section 4 covers issues and challenges
with recommendations regarding the optimal allocation of
ESS in MG application. Finally, the concluding remarks are
highlighted in Section 5.

II. STATE OF ART
Many studies have been done on the optimal algorithm for
energy storage management, sizing, allocation, placement,
control, and economic analysis in MG applications.

VOLUME 10, 2022 10107



M. S. Reza et al.: Optimal Algorithms for Energy Storage Systems in Microgrid Applications

MG concept allows to integrate various DGs, loads, and
ESSs which turn MG systems into high cost technology thus
optimally manage MG is very crucial to ensure the secure,
reliable, and economic operation. Xu and Li [19] developed a
consensus algorithm for optimally manage the resources in a
MG where a multiagent system is proposed to implement the
strategy by exchanging information via local network. The
optimal demand and power generation is achieved through
a consensus-based optimization by balancing the supply-
demand in the upper control stage. Whereas, tracing the
power output reference is done in the lower control level by
controlling the associated components. Brahaman et al. [20]
developed an optimal thermal and electrical energy manage-
ment model for a residential energy hub to incorporate PV
panels, combined cooling, heating and power system (CCHP)
unit, thermal energy storage (TES), and plug in hybrid electric
vehicle (PHEV) while fulfilling the thermal and electrical
demand. DR programs is employed in which load is shifted
into the low price time slot or curtailed in order to cus-
tomer satisfaction, and two types of ESS (PHEV and TES)
is scheduled according to Time of Use (TOU) price tarrifs.
An optimization algorithm is proposed with the objective of
energy cost reduction while considering the customers con-
tributions to NOx, SOx, and CO2 emissions. In addition, V2G
technology enables PHEVs more profitable by developing
new battery technology in near future.

Olivares et al. [21] has presented a brief review of
the available energy management system frameworks in
MG applications, determining the major benefits of each
approach/method, and has developed a centralized EMS
architecture for stand-alonemode of operation. Future studies
can be concentrate on the testing and development of the
proposed architecture. Hossain et al. [22] proposed a modi-
fied partial swarm optimization (PSO) algorithm for real-time
energy management to determine battery controls optimally
where the cost function reduced the operational cost by 12%
than the original cost function. In future consideration, exper-
imental set up will be performed to see the proposed cost
function effectiveness while considering the battery degrada-
tion cost. Murty and Kumar [23] developed an article where
mixed integer linear programming is used to formulate the
multi-objective solution for optimal MG energy management
where the objective functions such as; cost of emission, total
operation cost, and cost of power loss minimizes. In [24],
a multiagent-based hierarchical energy management strategy
was proposed for multi-MGs to reduce the overall operation
cost considering the demand response and adjustable power.

Optimal sizing, allocation, and economic evaluation are
very crucial to enhance the reliability and performance ofMG
operation. Fossati et al. [25] proposed a genetic algorithm
based method for optimal sizing of ESS in MGs to mini-
mized the operation cost. Results showed that by installing
an optimal ESS operational cost reduced by 3.2% in the
first scenario, in contrast the reduction was 14.1% in sce-
nario two. In [26], a multi-objective self-adaptive evaluation
algorithm was proposed for the optimal sizing of hybrid

MG system (i.e. PV, wind, and diesel) to meet the all load
demand with high reliability and minimizing the energy cost.
Brekken et al. [27] presented an optimal control and sizing
of zinc-bromine battery energy storage system to increase
the power outputs of wind plant and cost of integration was
decreased. The further discussion on the economic analysis
of the ESS can be included. Zhao et al. [28] proposed an
optimal unit sizing method considering component life-cycle
and practical system for stand-alone MG. Sizing optimiza-
tion problem was solved by genetic algorithm (GA) based
method. The proposed methodology improve the operational
life of batteries and RES generation uses by increasing pro-
duction of RES unit and service of the battery system.

In [29], a novel approach has been presented based on
real-coded genetic algorithm techniques to maximize the
total net present value (NPV) during the lifetime period of
system operation and to achieve the optimal types, arrange-
ment, and size of the ESS in MG. More than one NPVs
can be employed for further research to improve the system
accuracy. Wen et al. [30] proposed a hybrid a hybrid multi-
objective partial swarm optimization (HMOPSO) approaches
to enhance the voltage profile of the system and reduce the
system cost by economic allocation of storages units while
considering thewind power uncertainties. However, constrain
related to battery state of charge (SOC), battery life degrada-
tion, and aging were not considered in the system develop-
ment. In [31], a mathematical methodological approach was
presented to evaluate the effect of varying saturation of RE
resources on several factors such as; system reliability, battery
bank size, excess energy, SOC, net present cost, payback
time, and levelized cost of energy (COE). Pumped hydro
along with battery storage can be considered in the future
studies to strengthen the reliability of the system and reduce
the system net present cost.

Hubert and Grijalva [32] presented an optimization
algorithms and energy scheduling model for residential
consumers where electricity generation, storage, and con-
sumption were optimally scheduled in a dynamic pricing
environment. Kar et al. [33] review an article on distributed
approaches based on consensus + innovations and energy
management for three common function: economic dispatch,
state estimation, and optimal power flow. Wen et al. [30]
proposed a hybrid multi-objective partial swarm optimization
(HMOPSO) approach to improve the voltage profile of the
system and power system cost minimization by searching siz-
ing and sitting of energy units considering wind uncertainty.
In [34], a coordinated control strategy both localized and dis-
tributed control of ESS were proposed for voltage regulations
where consensus algorithm were used for distributed control
and SoC control strategy for localized control.

III. SURVEY METHODS
The key objective is to provide a comprehensive finding of
the recent research works in the field of an optimal algorithm
for ESS in MG application and present an insight into the
development of this respective field. To find out the present
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trend in this vast scientific research area, a brief search has
been conducted in the Scopus database on the last week of
January under the year range of 2010 to 2020. ‘‘Optimal
Algorithm’’, ‘‘Energy Storage Systems’’, ‘‘Microgrid Appli-
cation’’, and their integrations are the keywords that were
used to search the publications in the Scopus database. Addi-
tional filters have been implemented through a vast analysis
to select the papers for the bibliometric analysis. One of the
filters was ‘‘English Language’’, which was chosen due to
resource limitations. Some sorting criteria were applied to
all the manuscripts to rearrange in a definite way, among
which ‘‘Times cited highest to lowest.’’ And ‘‘exclude self-
citations’’ filter is two of them. By doing it, numerous articles
were retrieved, among which only the relevant articles were
selected based on the title, focus, contribution, abstracts, and
citations. The process of selection is illustrated by a schematic
diagram as presented in Fig. 1.

A. INCLUDING AND EXCLUDING CRITERIA
While sorting out the most cited articles in the ESS in
MG application, particular criteria have been implemented
to discover the valuable study materials. The inclusion and
exclusion criteria while searching the Scopus database are
described below:
• All articles regarding Optimal Algorithm, Energy Stor-
age system, MG application, and integration are incor-
porated. The exclusion criteria included studies on the
internet of things, battery chemistry, electrochemical,
and desalination.

• The articles which have been published from 2010 to
2020 were selected for the assessment.

• Articles published only in the English language are cho-
sen for the study.

B. SELECTION PROCESS
The process of selecting the most cited 120 articles chosen
from the database Scopus in the optimal algorithm of ESS in
MG application are listed below:
• After the initial search in the database scopus. Overall,
56589 (N = 5689) articles were identified.

• The second assessment and screening were performed
between 2010 and 2020, and a sum of 5674 (n = 5674)
manuscripts were considered.

• The third selection was conducted where articles
revealed only in the English language are permitted for
the selection of 5196 articles.

• During the citation count in the fourth screening,
5057 articles were excluded from 5196, and a full of 139
(n = 139) manuscripts were identified.

• The final evaluation and screening were performed
based on the keyword, abstract, and title. Finally,
120 (n = 120) highly cited manuscripts were consid-
ered after employing the subject area exclusion crite-
rion where the subject area. For instance, nanosheets,
ion exchange, electrolyte, battery chemistry was
excluded.

C. TREND OF RESEARCH
The integration of renewable-based ESS in MG has gained
popularity among researchers due to their environmental ben-
efits, and various research is leading towards effective inte-
gration technologies and applications as well as the optimal
location and sizing of ESS [35]–[38]. Afterwards, emphasis
was given towards stand-alone applications, optimal algo-
rithm, sizing, a techno-economic assessment of ESS in MG.
In Fig. 2, an analysis from the Scopus database regarding
the annual number of articles in the field of an optimal
algorithm in ESS in MG application has been presented.
From the figure, it can be observed that from 2014 there has
been a tremendous increase in the number of highly cited
articles which indicates the research interest growth of this
specific field. Articles publication frequency from 2018 to
2020 is 3314, whereas combining all the published articles
from 2010 to 2017 gives the same number as 3314. This
determines that 50% of papers are conducted in the last three
years between 2018 and 2020, which is equal to the number
of published articles (50%) in the first 8 Years (2010-2017).

D. DATA EXTRACTION
Scopus database was utilized to analyze the articles obtained
in the year range of 2010 to 2020. The data was presented
on the following constraints: 1) list of top-cited articles;
2) study characteristics; 3) top articles based on last five years
citation; 4) field of study; 5) publisher of the 120 top-most
cited articles; 6) most prominent journal and their impact
factor; 8) country; 9) most prominent authors. Finally, after
analyzing the top-most cited articles data, an analysis has
been provided to present a clear insight into the Optimal
Algorithm for the ESS in MG application.

E. CHARACTERISTICS OF THE STUDY AND RESULTS
Initially, a total number of 5674 articles associated with this
subject were discovered from the database Scopus. From
the analysis, it has been observed that the citation range of
these selected 120 articles is between 36 and 719, attaining
the total 23003 number of citations. Additionally, in the
last 5 years, the total number of citations is 10648 whereas,
16 articles were attained more than 300 citations. The article
having the most citation named ‘‘A Survey on smart grid
potential applications and communication requirements’’ is
published in ‘‘IEEE Transactions on Industrial Informat-
ics’’, having an Impact Factor (IF) of 8.480 (2019-2020)
with 719 citations. The top-most 120 papers were considered
and presented in Table 2, containing the name of authors,
DOI, keywords, country, journal name, publishing year, pub-
lisher name, last 5-year citations, and total citations.

IV. ANALYTICAL DISCUSSION
To dimension the influence of Optimal Algorithm for Energy
Storage Systems in MG Application, a comprehensive study
of the available publications must be carried out based on the
most influential research and the present research tendency
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TABLE 2. Top 120 highly cited papers in the field of EES in MG application.
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TABLE 2. (Continued.) Top 120 highly cited papers in the field of EES in MG application.

on that specific field. Thus, to develop this detailed literature
study of the systems with ESS and MG Application, biblio-
metric analysis appeared as a valuable tool to analyze a sig-
nificant amount of scientific data, dividing the evaluation into
different scientific areas, countries in which the documents
were published and give a clear view on the most influential
research ideas in ESS and MG integration.

A. LIST OF 120 MOST-CITED ARTICLES WITH CITATION
EVALUATION
In Table 2, the selected top cited 120 articles in the ESS and
MG application field have been placed from the database
Scopus. From Table 2 and the extraction of data, anyone can
receive a broad insight into the most cited papers published
by various researchers, publishers, publishing years, and the
origin of the country as well as the varieties of research
topics. It can be investigated that articles published earlier
have had more citations than the recently published articles.
To realize the recent technological improvement, as well as
development in the optimal algorithm of the energy storage
system of MG some hot papers are considered which are
published between 2010 to 2020 with average citations per
year (ACY) 30 and all these papers, are being presented in
Table 2.

The article with the highest citation by Gungor et al. was
revealed in 2013; however, articles having the second-highest
citation by Zakeri et al. were published in 2015. From the
last four years (2017-2020), highly cited papers are being
published in 2017 by Lund, et al., having a citation of 281.
Among the latest articles of 2020, the article published by
Murty et al. (2020) has attained 41 citations. This analysis
provides a clear view of older and recent trends of research
work in the field of ESS in MG applications.

The most cited paper in the optimal algorithm for ESS in
MG Application is ‘‘A Survey on smart grid potential appli-
cations and communication requirements’’ by Gungor et al.
(2013), which has been published in ‘‘IEEE Transactions on
Industrial Informatics’’ with a total of 719 citations [23].
The review article is based on the issues related to the smart
grid architecture from the viewpoint of potential applications
and the communications requirements needed for ensuring
performance, flexible operation, reliability, and economics.
The second most cited paper is titled ‘‘Electrical energy
storage systems: A comparative life cycle cost analysis’’ by
Zakeri et al. (2015) which focuses on economic aspects of
different storage systems for three main applications: bulk
energy storage, T& D support services, and frequency reg-
ulation [27]. The examined fields were pumped hydro power
storage, compressed air energy storage (CAES), flywheel,
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TABLE 3. Top ten most used keywords in different articles from 2010 to 2020.

electrochemical batteries (e.g., lead-acid, NaS, Li-ion, and
Ni-Cd), flow batteries (e.g., vanadium-redox), super conduct-
ing magnetic energy storage, super capacitors, and hydrogen
energy storage (power to gas technologies). The paper was
published in Elsevier with a citation of 717. The article in
the third position, according to citations, is a review article
on electric vehicle energy management and energy sources
published in ‘‘Renewable and Sustainable Energy Reviews’’
in 2013 [28]

Fig. 3 illustrates the distribution of the top-most cited
120 articles in the field of ESS and MG application between
2010 and 2020. It can be observed that from 2010 to 2014,
there was an upward trend in the number of highly cited
article publications, and it reaches a peak in 2014 with
25 articles. Then, from 2014 to 2018, the number of highly
cited articles dropped sharply, and it was 5 in 2018. Again,
2019 saw a dramatic rise in the number of top-most cited
articles with 18 articles, and in 2020 it falls to 2. So, it can be
observed that with the increase of article age, the rate of cita-
tions in a particular article also tends to increase. However,
while constructing the top cited list, we only considered the
article which had the ACY more than 15 to realize the recent
technological improvement, as well as development in the
optimal algorithm of the ESS n MG applications. Therefore,
since articles published earlier have had more citations than
the recently published articles but in terms of ACY the recent
article had the more average citations rate as most of the lim-
itations and gaps of the previous papers have been addressed
in the recent articles.

B. BIBLIOMETRIC EVALUATION OF CO-OCCURRENCE
KEYWORD
Fig. 4 and Table 3 determine the bibliographic representation
of the most frequently used keywords from the top-most men-
tioned 120 articles elected from the largest database Scopus.
A software VOSviewer has been utilized to form the figure
where all the keywords are connected through a network.
The circle and its label show the influence of the keywords,
and the connective line within the keywords determines the
connection.

FIGURE 3. Top 120 most-cited articles distribution (2010-2020).

FIGURE 4. Most frequently used keywords network in ESS of MG
applications from the database Scopus.

According to the knowledge of the study, various colors are
utilized to present several cluster groups. It can be seen that
the green cluster combines renewable resources, wind power,
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FIGURE 5. Top 10 keywords distribution over the year 2010 to 2020.

solar power, and optimization defines powerful bonding
among them in publications. The energy storage, energy uti-
lization, energy management, electric vehicles, power elec-
tronics are directly related to each other and are in the red
cluster. The blue cluster represents MG, demand response,
energy efficiency, demand-side management, which leads to
economic analysis. However, the electric power transmission,
smart power grids, and genetic algorithms are presented in
the yellow cluster, which greatly impacts the transmission
system. Finally, renewable energy resources, fuel cells, and
multi-objective optimization are in the purple cluster which
aids energy systems more economical and eco-friendlier.

The top 10 most used keywords from the selected articles
have been presented in Table 3 within the year 2010 to
2020. The main reason for this analysis is to conceive the
recent research trends in the field of Optimal Algorithm
for Energy Storage Systems in MG Application. The most
used keyword is ‘‘Energy Storage’’, followed by ‘‘Renewable
Energy Resources’’ and ‘‘Microgrid’’. The figures are 43,
34, and 31 respectively. ‘‘Energy Management’’, ‘‘Demand
response’’, and ‘‘Optimization’’, which are closely related
to each other, have paid more attention in recent years. The
detailed representation of the top 10 keywords shown in
Table 3 is graphically represented in Fig. 5.

C. BIBLIOMETRIC EVALUATION OF HIGHEST LAST FIVE
YEARS CITATION AND STUDY TYPE
Based on the highest citation obtained in the last 5 years top
10 articles with ACY have been presented in Table 4. The
first article titled ‘‘Electrical energy storage systems: A com-
parative life cycle cost analysis’’ by Zakeri et al. (2015) has
received the last 5-year citations (629), with the highest

ACY (143.4), which holds 2nd position in the list of top-
cited articles followed by Lund et al. (2015) holds the second
position with 541 citations in the last five years. However, the
article which ranked 1st position in the list of top-cited articles
shown in Table 2 holds 4th position in the highest last 5-year
citation list with 431 citations. From Table 2 and 4, it can
be pointed that nowadays, researchers focused on energy
management and cost analysis for the development of ESS
in grid applications which have more citations and ACY than
the ordinary ESS constructions.

FIGURE 6. Top cited article distribution based on types of study.

Regarding the types of study, the allocation of the chosen
top-cited articles is presented in Table 5 and Fig. 6. The sys-
tematic and non-systematic review holds the highest percent-
age of articles (26%) among the selected articles, followed
by the Problem formulation and Simulation Analysis (24%)
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TABLE 4. Top ten articles based on ‘‘most last 5 years Citations.’’

and development, experimental setup, and performance eval-
uation (23%). From the table, a strong co-relation has been
found among the frequency of publication in different studies,
citation range, and the range of the year. Simulation anal-
ysis and problem-solving are the most influential type of
study where 29 articles were published throughout the year
from 2010 to 2020 with a range of citations of 55-717.

Thus, it can be observed that review (systematic and non-
systematic), problem-solving, and simulation types of study
are the dominant article holders in the top-cited article list.

TABLE 5. Number of articles based on study types.

D. BIBLIOMETRIC EVALUATION OF SUBJECT AREAS AND
DISCUSSION ON THE HOT TOPIC
The presentation of the top 120 most cited articles about the
different subject areas is illustrated in Table 6. The researcher
can be obtained a clearer insight into the focus of the recent
study area from Table 6. ‘‘Microgrid’’ contains the high-
est percentage (19.17%) of articles with a citation range
(103-581), followed by 15.83% of articles on ‘‘Energy stor-
age system (ESS) development’’. ‘‘Energy management sys-
tem of ESS integrated microgrid’’, ‘‘Optimal allocation,
economic analysis, and sizing of ESS’’, and ‘‘Renewable
energy system development’’ are the subject area contained

an almost same percentage of articles; the figures are 10%,
9.17%, and 8.33% respectively. However, only 1.67% of
articles were published on the areas such as ‘‘Optimal allo-
cation and sizing of MG’’, ‘‘Environmental impact of grids’’,
‘‘Building energy development’’, and ‘‘Distributed genera-
tion (DG) system planning, optimization, and control’’.

It is demonstrated that from the selected articles, a sum
of 26.67% of articles was listed on the grid, MG, and smart
grid development. A survey on communication requirements
and application of smart grid by Gungor et al. [35] and a
review on

AC-Microgrid compare to DC-Microgrid by
Justo et al. [30] are the top 2 articles among the top 5 most
cited manuscripts with 1300 citations. Several articles have
investigated several points of view of the MG, grid, and smart
grid development, for instance; schedulingMG [122],tomini-
mize the power losses and operational cost during addressing
the intermittent nature of RES [33], the control strategy of
MG [56], [75], [115], and multi-objective particle swarm
optimization (MOPSO) method for MG [69]. Different
approaches and management strategies are introduced to the
smooth operation of the grid or MG [42], [46], [64], [77].
New approaches and management such as; rolling horizon
strategy [32], game-theoretic approach [60], consensus and
innovations approach [83], and metaheuristic optimization
approaches [131] are introduced. Several surveys and reviews
are also carried out to highlight the critical issues in smart
grid technologies [114], future trends and electrical power
demand forecasting in MGs and smart grids [57], and the
optimization technique in MGs integrated hybrid energy
systems [40]

ESS development is one of the common fields of study
which include cooperative or coordinated control of dis-
tributed ESS in MG [67], [98], alleviate power fluctu-
ation control strategy based on improved partial swarm
optimization [129], and economic allocations and real-time
simulations [38], [80], [91]. Several energy storage technolo-
gies, hybrid ESS as a transportation application, comparative
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TABLE 6. Distribution of highly cited articles based on subject areas.

life cycle cost analysis, recent developments, design and
control methods, and hybrid ESS in MG application are
presented in several review articles [27], [41], [53], [88],
[102], [106], [125], [136]. From the selected database, 4.17%
of manuscripts were on BESS integration and development
include economic and reliable operation of standalone MGs
taking into account the lifetime characteristics [43], feasi-
bility study of an islanded MG [97], and voltage stability
and energy loss of commercial distribution systems with the
integration of PV [104]. A review on lithium-ion battery
storage is also discussed to provide an insight into the oper-
ation, system design, and the selection of economical battery
technologies to find a particular system application [66].

Optimal allocation, economic analysis, and sizing of ESS
are some promising areas of study, essential for better exe-
cution of an MG at the minimum feasible cost, includ-
ing 10.83% of manuscripts from the selected papers. From
the topmost cited manuscripts, several optimization algo-
rithms are presented to reduce expense [25], [48], [62], [96].
New algorithm and strategies, for example, genetic algo-
rithm [71], real-coded genetic algorithm [2], artificial neural
network control strategies [34], and multi-objective particle
swarm optimization (MOPSO) and weighted sum approach
(WSA) [139] is introduced. Optimal placement, control,
demand response, and size determination are also reviewed
in several manuscripts [78], [127], [133].

Due to the sharp advancement of power electronic tech-
nologies, Electric Vehicle (EV) has paid great attention to
the researcher as one of the potential GHG solutions. From
the selected list, different issues and challenges are pre-
sented for the development of EV technologies such as;
optimal charging scheduling of EV considering the price
of the power grid and uncertain electric vehicle integrated

local RES [101], home energy and EV scheduling opti-
mized jointly for the customer preference [82], design EV
charging station for workplaces [92], and power manage-
ment for hybrid ESS integrated plug-in hybrid EV [68].
A review of storage devices, management strategies of low-
level energy control, energy sources, control algorithms, and
power converters used in electric vehicles technologies is also
discussed [28].

Renewable energy resources such as; solar photovoltaic
and wind are clean and sustainable energy sources have
become one of the major field of study. In [88], battery
life time improvement in a small scale wind power system
using hybrid energy storage system (battery/supercapacitor)
was proposed and hardware implementation and supervis-
ing control algorithm was also introduced for long-term
benefit. In [49], HOMER software was introduced to per-
form the techno-economic evaluation of a stand-alone hybrid
solar-wind-battery system. Hybrid renewable energy sys-
tem management strategies, challenges associated to inte-
grated renewable energy system based power generation,
hybrid energy systems, operation of hybrid renewable power
system, mathematical modeling of hybrid RES, and siz-
ing methodologies of hybrid RES are presented in different
review articles [47], [61], [93], [111], [114], [136]. Two-stage
mixed-integer linear programming approach for multi-energy
system planning [128], stochastic/information gap decision
theory (IGBT) approach for short-term scheduling of wind
turbine [132], and genetic algorithm for the techno-economic
assessment of hybrid solar-wind-battery system [139] were
introduced. Therefore, it can be concluded that the above
discussion based on the hot topics associated with the optimal
ESS algorithms from the top 120 most cited list can offer
detailed knowledge for the further researchers which can lead
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to the advancement and development of the latest technology
in this field.

E. EVALUATION OF PUBLISHER, COUNTRY AND JOURNAL
IMPACT FACTOR AND REVIEW DURATION
Between the chosen articles, IEEE and Elsevier published
92% of the manuscripts within the defined highest cited arti-
cles. Most of the articles were published by Elsevier (56%)
whereas 36% were published in IEEE. Among the rest of
the 8% articles, 3% were published by the Institution of
Engineering and Technology, 3% in Nature, 2% in Multi-
disciplinary Digital Publishing Institute (MDPI), and 1% in
Aalborg University Press. Fig. 7 demonstrates the different
publisher’s charts where the top-most 120 cited articles were
published.

FIGURE 7. Distribution of articles based on the publisher.

Fig. 8 provides the distribution of the highest cited arti-
cles chosen from the database Scopus based on a differ-
ent region. The top-most cited 120 articles are originated
from 27 different countries. From the figure, China has pub-
lished the most significant number of articles with 25 publi-
cations. The United States of America (USA) was the second
leading country with 12 publications, followed by IRAN
with 11publications. India and Malaysia are respectively in
4th e of papers of 7 and 6 among these selected highly
cited 120 papers. Thus, it can be concluded that nowadays,
researchers tend to develop articles on ESS in MG applica-
tions concerning the optimal sizing, placement, cost analysis,
and management of energy rather than the chemistry of bat-
tery construction as shown in Table 4-6. Moreover, review
articles paid more attention to the new enthusiast researchers
due to a large amount of information in a specific field.

Fig. 9 illustrates the frequency of articles revealed in 30
different journals, journal impact factors, and the reviewing
duration of a journal (weekly based). The 120 manuscripts
chosen for the bibliometric analysis were published in

30 different journals with an impact factor ranges from 0.94 to
25.249 (Journal Citation Report JCR-2021) and reviewing
duration ranges from 1 week to 33 weeks.

The journal with the highest number of manuscripts
cited was ‘‘Renewable and Sustainable Energy Reviews’’,
with 25 publications has the impact factor 14.982 takes
12 weeks for reviewing. ‘‘IEEE Transactions on Smart Grid’’
is the second-highest contributor with 16 publications, fol-
lowed by ‘‘Applied Energy’’ with 15 publications takes
time to review 12.9 weeks and 4 weeks respectively. How-
ever, ‘‘Energy Conversion and Management’’ and ‘‘IEEE
Transactions on Sustainable Energy’’ contain 8 and 7 arti-
cles, respectively. Other journals having a number of pub-
lications were IEEE Transactions on Industrial Electronics
and Renewable Energy (both having 6 publications). The
rest of the 22 journals published only 36 articles from the
selected 120 top-cited papers. The highest IF 25.249 obtained
by IEEE Communication Surveys and Tutorials with the
frequency of publication is only 0.83% takes 10 weeks for
reviewing. However, the lowest IF 0.94 obtains by IEEE
Power and Energy Society General Meeting with the same
publication rate takes 12.8 weeks for reviewing. Accord-
ing to the number of publications, the top 5 journals pub-
lished 60% of articles from the 120 most cited articles with
impact factors ranges from 7.917 to 14.982. Fig. 9 shows
that the most of the promising journal based on impact factor
more than 7 such as; IEEE Power and Energy Society Gen-
eral Meeting, Renewable and Sustainable Energy Reviews,
IEEE Transactions on Industrial Informatics, IEEE Control
System, IEEE Transactions on Sustainable Energy, IEEE
Transaction on Smart Grid, IEEE Transactions on Indus-
trial Electronics, Renewable Energy, and Energy takes more
than 10 weeks for reviewing. Whereas, Energy Conversion
and Management, Protection and Control of Modern Power
Systems, Sustainable Cities and Society, Energy, and Applied
Energy are also the top listed journal takes time to review
less than 6 weeks. Therefore, the analysis of the journal
impact factor and journal reviewing duration will help var-
ious enthusiastic researcher to find out the most suitable
journal to publish their research article in this specific field
of study.

F. BIBLIOMETRIC EVALUATION OF PROMINENT AUTHORS
AFFILIATIONS
Among the selected 120 most cited articles in the field of
the optimal algorithm of ESS in grid applications, 10 authors
were the highest-profile who has published more than two
articles with a total of 29 articles shown in Table 7. The
authors were from 8 different institutions and 6 countries
listed as 1st author 7 times, co-author 20 times, and cor-
responding author 2 times. In the most profile author list,
Tao Ma from the Shanghai Jiao Tong University, China, con-
tributes the highest 5 articles, followed by Josep M. Guerrero
from Aalborg University, Denmark with the highest h-index
114 contributes 3 articles. From the table, the highest num-
ber of authors (4) were from the USA whereas Hong Kong
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FIGURE 8. Country of the 1st author in which the 120 highly cited articles are published.

FIGURE 9. Journal in which the top 120 articles are published with impact factor and reviewing duration.

has 2 authors. The Hong Kong Polytechnic University,
Hong Kong, and Carnegie Mellon University, USA, both
institutions published the highest number of articles (6) in the
most prominent author list. Therefore, the most prominent

authors in the field of ESS in MG application have h-index
ranges from 18 to 114.

The strategies of research among the researcher are differ-
ent from each other. For example, Tao Ma mainly focuses on

VOLUME 10, 2022 10117



M. S. Reza et al.: Optimal Algorithms for Energy Storage Systems in Microgrid Applications

TABLE 7. The 10 most prominent author’s affiliation with 2 or more papers.

a stand-alone hybrid solar-wind- battery system for remote
islands [25], [37], [137]. He also developed two articles on
standalone photovoltaic generation system based on pumped
storage [58], and on the sizing of PV-wind- battery sys-
tem [59]. Jossep M. Guerrero published 3 articles which
are optimal power flow control in MGs integrated energy
storage [47], a survey on distributed generation for MG
applications [54], and a review on MG energy management
and controllers [86]. An analysis of optimization of MG
system [69] and two review articles one is on hybrid renew-
able energy management strategies [51], and another one is
on power fluctuations of PV mitigating methods [93] are
developed by Saad Mekhilef from the University of Malaya,
Malaysia.

After analyzing the 120 most cited papers for the biblio-
metric study from the selected Scopus database, it can be con-
cluded that ‘‘review’’ type articles have gained tremendous
popularity among the researchers as compared to ‘‘devel-
opment, simulation, and problem-solving’’ type of articles.
This is because of the accumulation of a high range of data
and the rate of citation. Nowadays, the researcher is showing
their eagerness to develop ESS systems in grid application,
and renewable energy system more. Cost is one of the key
factor that interruption the optimal algorithm of ESS in grid
application, however, different optimization techniques to
reduce the cost is presented in several manuscripts [2], [27],
[50], [62], [111], [119], [123], [132]. Several review articles
are presented from the researchers addressing the field of
study related toMGdevelopment, electric vehicle as transport
application, photovoltaic integration and development, and
environmental impact on grids.

During this bibliometric study, some limitations should be
noted; First of all, for the selection of highly cited 120 articles,
only the Scopus database is chosen, which is closely complex

while Google Scholar or Web of Science are considered
for the suggestions of future research. Secondly, the article
within the year range between 2010 and 2020 are selected for
constructing the top-most cited list to understand the flows
of current research. Thirdly, only the English language is
chosen while other languages are excluded, which causes a
global impact. Finally, the specific subject area that fulfills
the criteria of inclusion is considered. The aggregation and
conjunction with in various fields of study confused the
adjustment of a specific field. For example, the field of studies
such as the ESS technology in Mg applications are included
whereas electrochemical, battery chemistry, and internet of
things are excluded. Nonetheless, regardless of the limitation,
citation analysis is one of the useful valuable methods used in
several disciplines to evaluate article academic importance.

V. CHALLENGES AND RECOMMENDATIONS
The optimal algorithm of ESS is highly dependent on the
appropriate location and size of the storage for the devel-
opment of MG. Many issues and challenges with feasible
solutions are presented, such as difficulties of supplying
electricity in remote areas, dependency on fossil fuel, EV in
transportation systems, and overall cost reduction. The pre-
sentation of the most relevant difficulties on ESS in MG
application is discussed below.

A. ELECTRIFICATION IN REMOTE ISLAND
Battery energy storage systems and MGs with renewable
sources play a crucial role in supplying electricity in remote
areas and islands [55]. Because of the reliability issues
and economic factors, it is difficult to enhance the main
power grid to remote areas or far-separated islands, which
obstacles those islands’ economic development, such as fish-
eries, tourism, etc. [141]. To solve the above issues, MGs
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with renewable sources and ESS are widely developed and
accepted systems to solve the power supply problems in
the far-separated islands [142]. For example, a stand-alone
hybrid system with solar-wind battery for a remote island is
introduced for the techno-economic feasibility of fulfilling
the system to supply the remote island [49], [139]. Solar-wind
systems with pumped hydro storage are also introduced to
supply an island in Hong Kong [69].

B. REPLACEMENT OF FOSSIL FUELS INTO RENEWABLE
SOURCES
This bibliometric study critically presented that renewable
energy integrated with ESS in MG application replaces the
traditional fossil fuel sources with renewable energy sources
such as solar and wind, which are intermittent and variable in
nature [143]. The efficient use of renewable energy is crucial
to MG’s economic, stable, and reliable operation, which is
quite challenging. Many steps have been taken to solve this
problem to the optimal design, development, and operation
of MG systems. For instance, In [46], a stochastic problem
for MG energy scheduling is formulated to highlight the
operational challenges regarding energy resources and tech-
nologies. Despite the intermittent and variable nature of RE,
power losses and operational costs are minimized. One of the
points focuses is the optimal allocation and sizing of ESS in
MG for achieving economic analysis are also presented [25],
[26], [29]. The issues and challenges of ESS technologies in
MG applications are reviewed in [144].

C. EV IN TRANSPORTATION
ESSs integrated with RE in EV applications play an essential
role in reducing the use of conventional oil, GHGs, and CO2
emission. However, the smooth operation of EV technologies
still has many issues and challenges such as; power electronic
interface, availability of raw materials, energy managements,
safety measurements, and sizing and cost [145]. To solve the
above issues, several studies have been presented. Reusing,
refurbishing, and recycling of ESS materials are considered
for the present and future research prospective and concern-
ing the environmental issues and advancement of tertiary-
level applications [146]–[148]. Power electronic interfaces
are needed to support the EV technologies from performance
reduction, unexpected damages and explosions, power loss,
life cycle durations, and size and costs [41], [149]. In order to
optimize efficiency and energy economy, modern EV system
are developed to highlight the effective and intelligent man-
agement of all energy resources [41].

D. OVERALL COST REDUCTION
One of the critical targets of ESS integrated with RE in
MG applications is to reduce the overall system cost, that is
maintenance, capital, and overall cost. Proper energy man-
agement and demand response (DR) is highly focused on
minimizing the overall cost. Several algorithms have been
considered to solve the mention challenges. In [30], a hybrid
multi-objective particle swarm optimization (HMOPSO) is

presented to minimize the cost of the power system and
improve the voltage profile of the system considering the
uncertainties of wind power generations. A combination of
ESS and MG associate with the DR model is responsible for
the reduction of the overall cost presented in [22], [23], [82],
and [135].

VI. CONCLUSION
The purpose of citation evaluation within a certain field and
journal is nothing but an ideal way to measure the influence
of a journal, author, or article. Considering all the limitations
mentioned earlier, the status of a citation could gleam the aca-
demic influence of an article. The purpose of this study is to
present, analyze, and classify the feature of the 120 top-cited
manuscripts revealed in optimal algorithms of ESS in MG
applications. In addition, several studies have been presented
such as, the bibliometric evaluation of the co-occurrence key-
words, most prominent authors, journals, publishers, coun-
tries that published the most cited manuscripts, and articles
distribution in terms of the type of study and subject area. The
final objective of this study is to highlight the latest research
trends and offer an insight into the advancement and devel-
opment in the optimal algorithm of ESS in MG applications.
Several benefits have been found by determining the behavior
of the top-most cited articles such as:
• The findings from the study of the 120 most prominent
articles in optimal algorithms of ESS inMG applications
can offer detailed knowledge to future researchers.

• The various enthusiastic researcher can be motivated
with the flows of current research set by the feature of
the top-most cited manuscripts, which can lead to the
advancement and development of the latest technology
in this field.

• The bibliometric study and analysis of the top-cited
manuscripts can effectively find an effective collab-
orator and provide a clearer view to the researchers
regarding the influential journal to present their research
manuscripts.

• The evaluation presented in this study can help the poli-
cymakers and government officials develop a long-term
policy and further directions for future research pertain-
ing to the economic and financial goals of a country.

However, it is expected that selecting, analyzing, and review-
ing those highly cited articles from 2010 to 2020 will support
the researchers for further research in the area of optimal
algorithms of ESS in MG applications.
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