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Abstract: Sources such as solar and wind energy are intermittent, and this is seen as a barrier to
their wide utilization. The increasing grid integration of intermittent renewable energy sources
generation significantly changes the scenario of distribution grid operations. Such operational
challenges are minimized by the incorporation of the energy storage system, which plays an important
role in improving the stability and the reliability of the grid. This study provides the review of
the state-of-the-art in the literature on the economic analysis of battery energy storage systems.
The paper makes evident the growing interest of batteries as energy storage systems to improve
techno-economic viability of renewable energy systems; provides a comprehensive overview of
key methodological possibilities for researchers interested in economic analysis of battery energy
storage systems; indicates the need to use adequate economic indicators for investment decisions;
and identifies key research topics of the analyzed literature: (i) photovoltaic systems with battery
energy storage systems for residential areas, (ii) comparison between energy storage technologies,
(iii) power quality improvement. The last key contribution is the proposed research agenda.

Keywords: energy storage systems; economic feasibility; techno-economic analysis; power quality;
renewable energy

1. Introduction

Currently, there is an increase in demands for changes in the patterns of energy
generation and consumption associated with a search for more sustainable development [1].
Renewable energy sources (RES) can reduce society’s dependence on fossil fuels and, as a
consequence, reduce greenhouse gas emissions on the environment. More than that, RES
can provide energy independence for countries by reducing exposure to the risks associated
with high volatility in fossil fuel prices, geopolitical uncertainties, and dependence on these
resources [2]. In other words, RES are the best alternatives to meet energy demand, reduce
energy costs, and mitigate environmental impacts. The sun is our main source of energy,
but only a small portion of that energy is used, and there is potential for new developments.
However, sources such as solar and wind energy are said to be intermittent, as they are
available or strong only at certain hours of the day, and this is seen as a barrier to their
wide and full utilization [3].
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The increasing grid integration of intermittent RES generation, both distributed gener-
ation and utility scale, significantly changes the scenario of distribution network opera-
tions [4-6]. Such operational challenges are minimized by the incorporation of the energy
storage system (ESS), which plays an important role in improving the stability and the
reliability of the grid [7,8]. ESS can also play an important role in deregulated markets, for
example, by providing arbitrage and increasing the value of RES [4,7]. ESS technologies are
constantly being applied to energy systems, performing functions such as grid stabilization,
load shifting, grid operational support, power quality improvement, and reliability [8,9].

There are many different energy storage technologies, which are generally categorized
as [3,10,11]: electrical, mechanical, electrochemical, thermochemical, chemical, and thermal.
Depending on the energy storage and the delivery characteristics, an ESS can serve many
roles in an electricity market. According to Ma et al. [3], the ESS in use for electrical energy
usually includes electrical, mechanical, and electrochemical types. Due to its versatility,
electrochemical systems, of which batteries are the main devices, show greater relevance
today [11].

Battery energy storage systems (BESS) are being increasingly used to provide different
services to the grid at different voltage levels. In transmission systems, the main services
are the support provided through the use of BESS for frequency regulation and during
ramp-up or ramp-down operations. In distribution systems, BESS are used to smooth the
power provided by intermittent renewable power generation as well as to give the backup
energy used to procure virtual inertia through converter-based network interfaces. At
a lower scale, BESS are used i0n distributed generation systems to add flexibility to the
operational strategies, allowing more time-variable management to follow the objectives
considered at the demand side. In all these cases, one of the critical aspects is the cost of
the batteries.

In many cases, the investments to set up an efficient BESS for the specific application
are too high to be financially efficient for the operator. However, BESS can be also installed
in a modular way, adding new components over time, by developing accurate investment
plans, provided that such a strategy is found to be profitable for the system operation.
Indeed, finding out a convenient investment strategy is a key point for the success of
using BESS in grid applications. Then, given the complexity of this application, economic
feasibility analysis becomes essential.

Thus, the aim of this study is to provide the review of the state-of-the-art on the
literature regarding economic analysis of BESS. It addresses the following research ques-
tions (RQ):

RQ1: What are the main characteristics of the literature regarding economic analysis
of BESS?

RQ2: What are the main tools and approaches used for the economic analysis of BESS?
RQ3: What are the key paper clusters presented by the referred literature?

RQ4: What are the key research opportunities for this literature?

Therefore, a systematic literature review (SLR) was carried out considering the main
studies related to the economic viability of BESS, indicating how these were conducted to
assist investment decisions. In addition, no previous reviews were found that presented an
insightful discussion on analyzing BESS investments. Thus, our comprehensive SLR on
economic analysis of BESS aims to provide guidelines for both researchers and investors.

2. Materials and Methods

This section is dedicated to providing key stages followed by the systematic literature
review conducted by the present research to address the research questions provided
in Section 1. Given the growing number of academic publications worldwide, SLR was
chosen as the research method, as it can be useful to appraise, summarize, and communicate
results and implications of otherwise unmanageable quantities of research [12]. Systematic
literature reviews are different from traditional exploratory reviews, as they are based
on replicable, scientific, and transparent processes [13]. The present systematic literature
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review followed a five-step process recommended by the literature [14]: (1) framing
questions for the review, (2) identifying relevant work, (3) assessing the quality of the
studies, (4) summarizing the evidence, and (5) interpreting the findings. Guidelines from
the PRISMA statement were followed throughout these steps when applicable [15].

For Step 1, a general and exploratory literature analysis was performed towards
identifying the research questions, as described in Section 1 (Introduction) of the present
paper. The four research questions proposed served as guidelines for the following steps.
Following, the relevant work was identified (Step 2). For this, Web of Science (maintained
by Clarivate Analytics) and Scopus (property of Elsevier) were chosen as databases, given
their range of scientific papers and well-known acceptance in the academic sphere. After
exploratory attempts, the following search strings were used in these two databases using
Boolean logic “AND” between levels (i), (ii), and (iii). The sign (“”) was used to ensure
the exact sequence of wording, and the sign (*) was used to include all variations of the
term. For example, the term batter* includes this term both used as singular or plural by
the authors.

i Paper title: “economic* feasibility” or “economic* assessment” or “economic* via-
bility” or “economic* analysis” or “economic* evaluation” or “financial feasibility”
or “financial assessment” or “financial viability” or “financial analysis” or “financial
evaluation” or “techno-economic” or “investment*”

ii ~ Paper title: “battery storage” or “energy storage” or “storage system*”

iii ~Paper title or keywords or abstract: batter*

Figure 1 illustrates the delimitation of the paper sample. The chosen search strings led
to 192 publications in the Web of Science and 241 publications from Scopus. These databases
were consulted in January 2021. We adopted a rigorous methodology for generating a
consistent set of papers, and to increase relevance of conserved publications, only journal
articles were included for data extraction, resulting in 125 and 142 papers in each database,
respectively. This means that book chapters, conference papers, and other publications that
were not included as journal papers were excluded from data analysis. This is justified
to increase the review reliability thanks to the peer review process carried out for the
assessment of submissions for journal paper publication. As such, we believe that the
application of our strategy resulted in a rigorous way to identify a consistent set of selected
publications and allowed us to find the main concepts relevant to the analysis of the
investments in battery energy storage systems. Considering that the chosen databases
include overlapping journals, 136 papers were found as unique papers. This sample was
extracted from the databases as electronic spreadsheets to enable Step 3 (assessing the
quality of studies).

192 results from 241 results from Scopus
Web of Science database database
Identification
125 journal papers from 142 journal papers from
Web of Science database Scopus database

136 papers after duplicates removed

136 papers screened

Scoeening after title and abstract filter
39 papers excluded
P 97 papers eligible after full-
Eligibility text analysis
5 papers excluded
Included 92 papers included for

quali-quanti analysis

Figure 1. Delimitation of paper sample. Adapted from Moher et al. [15].

For Step 3, eligibility criteria were defined to ensure the sample was adequate to
address the research questions. The following inclusion criteria were used: (i) the paper
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included an economic or financial viability analysis or assessment; (ii) the research ad-
dressed the BESS as a relevant aspect of this analysis or assessment. Therefore, exclusion
criteria considered were: (i) paper did not perform an economic analysis; (ii) paper did not
include BESS as key aspect of the research, despite mentioning this term; (iii) paper studied
exclusively other energy storage systems (ESS) that are not the battery ones; (iv) paper ad-
dressed battery energy storage of electrical vehicles without concern on using it connected
to grids or to microgrids. These inclusion and exclusion filters were performed by three
of the paper authors sequentially, one after the other, to ensure quality of the final paper
sample throughout this refinement process.

This process resulted in a final sample of 92 papers, which were analyzed using both
quantitative and qualitative approaches to conduct Steps 4 (summarizing the evidence)
and 5 (interpreting the findings).

Figure 2 illustrates the research questions and the associated analyzed aspects. To
address RQ1 (what are the main characteristics of the literature regarding economic anal-
ysis of BESS?), an electronic spreadsheet organized specific data for each paper. Four
characteristics of this literature presented in Section 3.1 were identified considering the
paper metadata, including publication year, main journals, keywords network, and number
of citations. The keyword network was built with support of VOSViewer software [16],
while the other analyses were performed with support of the electronic spreadsheet. Fur-
ther data were extracted by analyzing the content of each paper, including location of
studies and research method. For RQ2 (what are the main tools and methods used for the
economic analysis of BESS?), the content analysis was focused on identifying the indicators
or the criteria used for the economic analysis, as shown in Section 3.2. The following
associated aspects for the methodological choices for the studies were also identified: unit
of analysis or scale, type of grid, type of battery, and renewable energy source (RES). To
answer RQ3 (what are the key paper clusters presented by the referred literature?), the
VOSViewer software [16] was used to support identification of the literature clusters. For
this, a network map of the sample provided a visual representation of similarities in terms
of bibliographic data. In other words, the papers were organized in the same cluster if they
presented a certain degree of similarity in terms of references used to build their studies.
The advantage of this network approach was to enable identification of the main research
topics addressed by the analyzed literature. Section 3.3 presents this network and describes
each paper cluster after content analysis of the papers in the sample. In turn, RQ4 (what
are the key research opportunities for this literature?) was answered by deploying a critical
analysis derived from answering the previous research questions, as presented in Section 4.

~ Yearly evolution }

RQI: What are
the main
CEEEEEET I |- Keywords co-ocurrence network
the literature
regarding P~ Most cited papers
economic
analysis of BESS

b~ Main journals

]~ Location of study
- Research method
RQ4: What

are the key
research

~ Unit or scale <®
RQ2: What are
the main tools I~ Type of grid <®
and approaches
used for the

economic b~ RES <@
analysis of BESS?

opportunities
i~ Type of battery < for this

literature?

- Economic indicators/criteria

I. PV systems with battery storage
~
for residential areas

RQ3: What are

the key paper
clusters

|_il. Comparison between energy

presented by the storage technologies
referred J

literature? \- iii. Power quality improvement

Figure 2. General overview of the research design.
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3. Results and Discussions
3.1. Sample Characterization

Data analysis started answering RQ1 (what are the main characteristics of the literature
regarding economic analysis of BESS?) to provide an initial and general understanding
of this literature. Figure 3 shows the yearly distribution of the paper sample (92 articles),
indicating growing interest in studies on economic analysis of BESS, especially since 2016.
This figure shows a growing number of publications specifically interested in economic
analysis of BESS when considering the literature on ESS in general (orange line in Figure 3).

30 0.9%
25

20

)

Number of papers in the sample
[y
o

- Somple =@==Sample / Literature on energy storage

Figure 3. Yearly distribution of paper sample. Note: three early papers published before 2008 are not
represented in the figure; these papers were published in 1979, 1985, and 2001.

Figure 4 illustrates journals with at least three papers in the sample. It shows that the
three main journals resulting for economic analysis of BESS are Energies, the Journal of
Energy Storage, and Applied Energy. There is a clear predominance of journals explicitly
addressing the issue of energy from technical and financial approaches, with exception of
the Journal of Cleaner Production, which has a broader scope and is not focused only on
studies related to the subject of energy.

Energies

o v

Journal of Energy Storage
Applied Energy

oo

Energy Conversion and Management

U‘|
o

Renewable & Sustainable Energy Reviews
International Journal of Energy Research
Energy and Buildings

Journal of Cleaner Production

Energy

Energy Policy

IEEE Transactions on Sustainable Energy

IET Renewable Power Generation

wwwwwww|

Figure 4. Most frequent journals in the sample.

Figure 5 presents the authors’ keywords co-occurrence built using the VOSViewer
software [16]. It shows keywords that were used at least three times by the papers in the
sample. In this network, node size represents the number of times these keywords were
used by the papers, the lines between them indicate that these keywords were used by the
same publication, and the colors show the median of the publication year regarding the
associated papers. Thus, Figure 5 highlights the relevance of the topics “photovoltaic” and
“renewable energy”, as they are large nodes, even if they were not used as search strings.
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This network also shows the yellow nodes as possible “hot topics” for the field, as they
represent more recent research interests, including tariffs, economic analysis/viability, net
present value, and lithium-ion battery.

renewalie energy

self-consymption

sensitivigp analysis miciggrid
bafery
. opumization
energy st jge systems
gy w Y peak §having
power gparkets techno-econ@mic analysis
sma@grid energgpolicy
economic analysis / viability battery st@e systems lithium-igh battery
photgypitaic

battery degradation
net present value Y5

tariffs

stochastic gptimization
power generation economics

powepgrids —
oy C

M, VOSviewer .
v 20185

Figure 5. Keywords network. Source: VOSViewer.

The most cited papers in the analyzed sample are listed in Table 1. They include
different scope of the economic analysis, such as BESS associated to photovoltaic (PV) or
wind RES [17-19], comparison between ESS [20-22], comparison between a system with
and without storage system [23], reuse of Li-ion electric vehicle batteries for energy storage
systems in stationary settings [24], and demand response programming in the case of
component size optimization of a PV/wind RES with ESS [25].

Complementing Table 1, Figure 6 shows the distribution of the most cited papers over
time. Even though these ten publications influence the literature, there are some trends that
can be identified. For instance, although Diaf et al. [18] and Kaldellis et al. [21] have high
absolute number of citations, Figure 6 provides a tendency that these publications may
relatively reduce their influence on more recent publication given percentage decrease of
citations over the years. On the other hand, Hoppmann et al. [17] seems to be still influential
also in recent publications. Despite being more recent, Amrollahi and Bathaee [25] also
shows relevant influence in the academic publications, as it is relatively highly cited by
recent publications.

Figure 7 brings the distribution of studies in terms of countries. The content analysis of
the paper sample identified the location chosen by the researchers to perform the economic
analysis of systems involving BESS. Most frequent countries are Italy (nine papers), United
Kingdom (nine papers), China (eight papers), United States (seven papers), Germany (six
papers), and Greece (five papers). This concentration of publications in Europe, USA, and
China indicates opportunity for more studies in other locations. Interesting insights can
emerge from studies on context specific factors influencing economic viability of energy
systems integrated to BESS as well as on comparison between factors associated with
different locations.
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Table 1. Summary table of the most cited articles in the analyzed sample.

Authors (Year) ( Ci?;ttia(:'s;l(:ar) Summary
The study proposes a simulation model that investigates the economic viability of
Hoppmann et al. (2014) [17] 248 BESS for residential PV in Germany under eight different electricity price scenarios
PP ’ (35.4) from 2013 to 2022. The authors also provide a review of previous studies analyzing
the economics of integrated PV-battery systems.
The study investigates 14 types of ESS towards identifying ESS power and capacities
158 that maximize the internal rate of return (IRR) based on price arbitrage potential in
Bradbury et al. (2014) [20] (22.6) real-time U.S. electricity markets. For this, it shows the results of a linear
optimization model.
The paper provides a technical and economic assessment of hybrid PV/wind
149 stand-alone system with BESS in Corsica island (France). For this, it uses the
Diaf et al. (2008) [18] (11.5) levelized cost of energy (LCOE), as economic submodel, together with system
’ components submodel and technical submodel based on loss of power
supply probability.
145 The study conducts a technical and economic assessment to compare various RES
Kaldellis et al. (2009) [21] (2.1 and ESS configurations in the Aegean Archipelago Islands (Greece), supported by
’ the supplementary or back-up use of existing thermal units.
The study compares two energy storage technologies, batteries and pumped hydro
143 storage, for the power supply on an island in Hong Kong based on off-grid
Ma et al. (2014) [3] (20.4) renewable energy storage. Life cycle costs analysis (LCCA), levelized costs for the
’ renewable energy storage system, and the LCCA ratios between four scenarios are
calculated and compared.
114 The authors conduct an economic analysis of the reuse of Li-ion EV batteries for ESS
Heymans et al. (2014) [24] (16.3) in stationary settings, applying a Matlab simulation of a residential energy profile
’ and regulated cost structure.
Amrollahi and Bathaee (2017) 105 The_ st}ld}{ 1nvest1gates_demand_response programs in the'case of component size
optimization of a hybrid PV/wind generation together with ESS in a stand-alone
[25] (26.3) micro-erid. T ; . N .
grid. It considers component size optimization and relevant costs reduction.
79 The study provides economic analysis of a range of storage technologies for peak
Zheng et al. (2015) [22] (132) shaving demand response under a realistic tariff (Con Edison, New York) in the
’ context of US households.
Dufo-Lopez and 71 This paper eyaluates a grid-connected system with storage under a t1me-‘0f-use
: electricity tariff. It analyzes the total net present cost (NPC) of a system with storage
Bernal-Agustin (2015) [23] (11.8) L .
and compares it with a system without storage.
Collecting data of a coupled PV lithium-ion (Li-ion) battery system of a mid-sized
. 65 UK family home for more than a year, the paper presents a cost-benefit analysis of
Uddin et al. (2017) [19] (16.3) this system considering also the battery degradation during fifty

long-term experiments.

® Hoppmann et al. (2014)

W Bradbury et al. (2014)

m Diaf et al. (2008)

m Kaldellis et al. (2009)

W Ma et al. (2014)

Percentage

® Heymans et al. (2014)

m Amrollahi and Bathaee (2017)

Zheng et al, (2015)

d = Dufo-Lopez and Bernal-Agustin (2015)
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Year ® Uddin et al. (2017)

Figure 6. Distribution of citations of most cited papers.
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Number of Studies |

1 9

Figure 7. Number of studies by analyzed countries.

Still in terms of literature characterization, the content analysis also indicated the most
frequent research methods used by the paper sample (Figure 8). Mathematical modelling
seems to be the most preferred method by the researchers (86 papers, corresponding to
93.5% of the paper sample), which can be combined with simulation (55 papers), optimiza-
tion (49 papers), or both (35 papers).

Modelling: 86 (93.5%) ~ Simulation: 55 (59.8%)
20 (21.7%)

® Case study: 6 (6.5%)
17 (18.5%)

14 (152%)

Optimization: 49 (53.3%)
Figure 8. Number of papers using each method and associated percentages.

3.2. Indicators and Criteria Used for the Economic Analysis of BESS

This section aims to answer RQ2 (what are the main tools and approaches used for
the economic analysis of BESS?). For this, relevant information about the analyzed studies
was extracted and summarized in Table 2. It is interesting to note that the unit of analysis
is a key methodological decision for studies interested in the economic analysis of BESS,
influencing choices in terms of tools and methods used for this purpose. Thus, Table 2
was organized according to the unit or the scale, which followed classification previously
used by the literature [26]: (A) non-domestic, (B) residential, (C) commercial and industrial,
(D) region/community, (E) utility scale. Figure 9 presents the evolution of the studies over
the years based on the unit or the scale.
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Table 2. Summary table of technologies, sources, and approaches used in the feasibility analysis.

Type

Economic Indicators/Criteria

Articles Unit  Grid . RES
Batteries NPV NPC/LCCA IRR PB DPB EAC LCOE Others
Aderemi et al. [28] A 1 unspecified PV NPC LCOE
,, Li-ion .
Heymans et al. [24] B 2 (reused) PV/wind EAC (@]
HOPPTSI]‘“ etal B 2 Lead-acid PV NPV
Kantor et al. [29] B 2 L“OT‘ unspecified EAC
(comparison)
various .
Zheng et al. [22] B 2 (comparison) unspecified EAC  LCOE
Cucchiella et al. [30] B 2 Lead-acid PV NPV
Lead-acid,
Parra et al. [31] B 2 Li-ion PV IRR LCOE O
(comparison)
Amrollahi and i .
Bathaee [25] B 1 unspecified PV/wind NPC EAC
Cucchiella et al. [32] 2 Lead-acid PV NPV
Hemmati [33] 1,2 Li-ion Wind EAC MCS
Uddin et al. [19] 2 Li-ion PV PB O
Lead-acid,
Barcellona et al. [34] B 2 Li-ion PV EAC O
(comparison)
Carrico et al. [35] B 1 Li-ion PV O
Cucchiella et al. [36] B 2 Lead-acid PV NPV
Masebinu et al. [37] B 2 unspecified unspecified NPV NPC LCOE MCSs
Tervo et al. [38] B 2 Li-ion PV LCOE
Van deff;]e“ etal g Li-ion PV PB LCOE
Von Appen and o
Braun [40] B 2 unspecified PV @)
Oliva et al. [41] B 2 Li-ion PV NPV PB
Dong et al. [42] B 2 Li-ion PV PB
Foles et al. [43] B 1,2 Li-ion PV NPV IRR PB LCOE (@]
Nousdilis et al. [44] B 2 Li-ion PV NPV IRR
Shaw'w[lf;?ms ctal 5 5 Li-ion PV NPV MCS
Wang et al. [46] 2 Li-ion PV NPV DPB
Pereira et al. [47] 1 Li-ion PV PB O
Deotti et al. [48] 2 Li-ion PV NPV IRR PB
Lead-acid,
Dufo-Lopezand = p Lision unspecified NPV NPC LCOE
Bernal-Agustin [23] .
(comparison)
Dumont et al. [49] B,C 2 Li-ion PV PB
Al-Foraih et al. [50] B,C 2 various unspecified NPV PB
(comparison)
Tohidi a[rl;?]&bescu B,C 2 Flow PV EAC
Gagliano et al. [52] B,C 2 Li-ion PV NPV IRR PB  DPB
Yan et al. [53] C various unspecified NPV IRR PB

(comparison)
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Table 2. Cont.

Type

Economic Indicators/Criteria

Articles Unit  Grid . RES
Batteries NPV NPC/LCCA IRR PB DPB EAC LCOE Others
. , various Solar
Barberis et al. [54] C 1,2 (comparison) (hybrid) (e}
Liao et al. [55] C 2 NaS unspecified PB (@]
. various e O,
Pandzic [56] C 2 (hybrid) unspecified MCS
Liao et al. [57] C 2 various PV NPV o
(comparison)
Beltran et al. [58] C L“"?‘ Wind (@]
(comparison)
Martinez-Bolanos various -
etal. [59] c 2 (comparison) unspecified NPV o
Li-ion i
Rallo et al. [60] C 2 (reused) unspecified
Tsai et al. [61] C 2 Li-ion unspecified NPC IRR DPB LCOE (@]
Diaf et al. [18] D 1 unspecified PV /wind NPV LCOE
Kaldellis et al. [21] D 1 various unspecified (@]
(comparison)
Koutroulis et al. [62] D 1 Lead-acid Wind NPV IRR DPB
Papadopoulos and . PV
Maltas [63] D 1 unspecified (hybrid) NPV NPC IRR PB LCOE (@)
Ren et al. [64] D 1 Flow PV /wind EAC
(comparison)
Li-ion,
Ma et al. [3] D 1 Lead-acid PV/wind NPC LCOE
(comparison)
. PV/wind
Soberanis et al. [65] D 1 Flow (hybrid) NPC (@]
Bai et al. [66] D 2 Li-ion PV NPV LCOE
(reused)
Chagnard and D 1 Li-ion PV NPV IRR DPB o)
Francois [67]
Chiacchio et al. [68] D 2 Li-ion PV NPV DPB MCS
. Li-ion PV
Esparcia et al. [69] D 1 (comparison) (hybrid) LCOE
. Lead-acid, .
Gbadegesin et al. D 1 Lizion PV/ w'md LCOE
[70] . (hybrid)
(comparison)
Lata-Garcia et al. D 1 various PV /Hydro NPC EAC LCOE
[71] (comparison)
Lorenzi et al. [72] D 1 Li-ion, Elow Various NPV DPB
(comparison)
L. .. PV/wind
Iliadis et al. [73] D 1 Li-ion (hybrid) NPV LCOE
Kelly and Leahy [74] D 2 Li-ion PV/wind (O]
Kelly and Leahy [75] D 1 Li-ion unspecified NPV RO
Kiptoo et al. [76] D 12 Li-ion PV/wind EAC
(comparison)
Krishnamoorthy D 1 various PV /biomass NPC LCOE
etal. [77] (comparison)
Shabanietal. [78] D Lead-acid — py/ing NPC LCOE

(comparison)
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Table 2. Cont.

Type

Economic Indicators/Criteria

Articles Unit Grid X RES
Batteries NPV NPC/LCCA IRR PB DPB EAC LCOE Others
Lietal. [79] D,E 2 various PV/wind PB o)
(comparison)
Sobieski et al. [80] E 2 unspecified unspecified NPV
Su et al. [81] E 1,2 unspecified rv NPV IRR PB
Rudolf and NaS, Li-ion
Papastergiou [82] E 2 (comparison) PV NPV
various o
Bradbury et al. [20] E 2 (comparison) unspecified IRR
Fathima and various PV/wind
Palanisamy [27] E 2 (comparison) (hybrid) NPV PB DPB  EAC o
various i
Han et al. [83] E 2 (comparison) unspecified (e}
Bakke et al. [84] E 2 Li-ion unspecified NPV PB RO
Maghouli et al. [85] E 2 Lead-acid Wind EAC (@]
. various
Quaia [86] E 2 (hybrid) PV NPV PB
. various
Quaia [87] E 2 (hybrid) PV NPV PB
Lead-acid,
Tamura [88] E 2 Li-ion unspecified O
(comparison)
Thompson et al. o . 0O,
[89] E 2 unspecified unspecified MCS
Lin and Wu [90] E 2 various unspecified NPV o
(comparison)
Fleer et al. [91] E 2 Li-ion unspecified NPV
Pandzic [92] E 2 unspecified Wind EAC (@]
Perkins [93] E 2 Li-ion PV /biomass LCOE
Sevilla et al. [94] E 2 Li-ion PV NPV LCOE O
Efthy‘;;‘;’]u etal. E 2 Li-ion unspecified NPV IRR DPB
Zurita et al. [96] E 2 Li-ion PV /Solar LCOE
Ehsa“[";r;? Yang E 2 unspecified  PV/wind NPV MCS
Engels et al. [98] 2 Li-ion unspecified NPV PB MCS
Kim et al. [99] E 2 Flow unspecified O
Bahloul and Li-ion e
Khadem [100] E 2 (hybrid) unspecified EAC ©
Jumare [101] E 2 NaS unspecified NPV IRR PB  DPB
Mostafa et al. [102] E 2 various unspecified EAC LCOE O
(comparison)
Raugei et al. [103] E 2 Li-ion PV (e}
Sun et al. [104] E 2 Li-ion Thermal PB
Rawa et al. [105] E 2 NaS PV/wind O
Kirli and Kiprakis various o
[106] E 2 (comparison) unspecified NPV PB LCOE O
Pavic et al. [107] various 2 Li-ion unspecified NPV
DaVltlaaggl]d Leigh Z;f;_ uc?fif;_ unspecified unspecified EAC
Number of papers 42 11 14 23 10 17 24 47
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Figure 9. Distribution of studies over the years based on the unit or the scale.

In addition to the unit or the scale, Table 2 identifies the mode of the electrical sys-
tem analyzed ((1) off grid, (2) grid connected), the types of batteries evaluated (lead-acid,
sodium-sulfur (NaS), lithium-ion (Li-ion), and flow batteries) [4,11,27], and the RES in-
volved in the studies. It is worth noting that, for the type of batteries, additional information
was provided in Table 2, such as reused (when studies analyzed reused batteries), compar-
isons (when studies compared more than one type of ESS), or hybrid technologies (when
studies included other energy system integrated to the RES).

In addition, content analysis of the paper sample also enabled the identification of the
economic indicators or criteria used in each study, as indicated by Table 2: net present value
(NPV); net present cost (NPC), or life cycle cost analysis (LCCA); internal rate of return
(IRR); payback (PB); discounted payback (DPB); equivalent annual cost (EAC); levelized
costs of electricity (LCOE), and other indicators or methodologies (O). For the latter, cost or
financial variables, cost-benefit ratio, or methodologies relevant to the feasibility theme
were considered, such as Monte Carlo simulation (MCS) and real options (RO) theory.

Table 2 shows the indicators and the approaches used as decision-making criteria
in studies of financial or economic viability. Some studies stood out for carrying out a
comprehensive study of financial feasibility using different approaches to obtain a direct
answer that influenced the decision of investors. Others addressed technical characteristics
or were focused on other factors (environmental, technical, scale decision, technology, etc.)
in which one of the considered variables was an economic variable or a financial metric.

As shown in Table 2, NPV stood out as the most commonly used indicator within the
analyzed literature, present in 42 of the studies, based on the concept of discounted cash
flow (DCF). In addition, in the analyzed literature, it stood out for being one of the main
economic indicators used to evaluate the performance of a system [66] and for including
the time factor with the interest rate [27]. The NPV allows one to quantify the profits [36,59]
being calculated as the difference between the present value of the benefits obtained and
the costs incurred in an investment [27], whose simplified model can be represented by
Equation (1) [23,66,72,82]:

n CF;
NPV =—I+Y —1
o (L+ky
where I indicates the investment; CF]- represents the cash flow in period j; and k indicates
the discount rate. In this case, an investment is considered economically viable when
NPV > 0 [62].

Explicitly present in 11 of the analyzed articles, the life cycle cost analysis (LCCA),
also known as net present cost (NPC), is a criterion analogous to net present value (NPV),
ideal for assessing the total cost of ownership of machines and equipment [78]. The NPC

)
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of a system is defined as the present value of all capital and recurring costs that the system
incurs throughout its lifetime [3,28,101]. In its calculation are considered initial costs,
operation and maintenance (O&M) costs, replacement costs, residual values related to the
entire life cycle, and other specific costs that can be considered (for example, fuel costs,
emission penalties, costs of purchasing energy from the grid) [23,37,77,78]. Finally, in a
simplified manner, the NPC or the LCCA can be represented by Equation (2) [3,28,101]:

NPC = Co + CR + Cg&M Cry
n o&M . CRVH (2)
- Co+]21 (1+k) T+ Z 1+k)f (1+K0)"

where Cp indicates the component initial cost; Cg; represents the regular component
replacement cost in period j; Cogm; represents the O&M costs in period j; Cry, represents
the residual value at the end of lifetime; and k indicates the discount rate.

Being used in 14 of the analyzed studies, IRR is a criterion used in feasibility stud-
ies that identifies the interest rate that makes the NPV of all project cash flows equal to
zero [20,31,95]. An investment is considered economically viable when the corresponding
IRR value is above an acceptance limit, which can be defined according to market condi-
tions [62]. Therefore, the IRR criterion can be represented by Equation (3) [20,31,43,62]:

n CFE;
0=-I1+Yy —1— )
=1 (1 +krr)

where [ indicates the investment; CF; represents the cash flow in period j; and kigg is the
internal rate of return.

The PB is a simple approach presented in 23 of the analyzed studies used to indicate
the time required after an investment to recover the initial costs. The project is considered
economically unviable when the PB is longer than the useful lifetime of the evaluated
systems [39,79]. The PB is used as an alternative to NPV, although it does not consider the
value of money over time. In other words, it is a simpler criterion with a greater potential
for imprecision [52]. It is interesting to highlight that this indicator was used in a way
that was complementary to others considered more accurate, or else, it was adopted as a
financial indicator in the optimization of more comprehensive mathematical models, which
justifies its relatively high occurrence.

Then, presented in ten of the analyzed studies, the DPB appeared as an alternative
to correct such inaccuracy, being used to identify the time required in years to reach
the breakeven point [52]. Such an indicator is represented in a complementary form by
Equations (4) and (5) [27,79]:

CF;
F=—)_ 4)
(1+k)y
DPB =1L+ % ®)

where CF; is the cash flow in period j, and k indicates the discount rate. Moreover, L is the
last period with a negative discounted cumulative cash flow; C is the absolute value of
discounted cumulative cash flow at the end of the period L; and A is the discounted cash
flow during the period after L.

The present literature review shows that different parameters are considered to assess
the economic benefits of ESS. In the economic evaluation of such systems, the component
costs were calculated annually, using the EAC criterion, presented in 17 studies of the
sample. This criterion consisted of annualizing the NPC and obtaining a uniform series of
annual values, as can be represented by Equation (6) [25,33,76,100]:

(1+k)"k

EAC = NPC————
(1+k)"—1

(6)



Energies 2021, 14, 2503

14 of 29

where NPC is represented by Equation (2); n is the final period of the analysis horizon; and
k is the discount rate.

It was observed that the optimization conditions of some models proposed in the
studies required an annualized cost value, which may have motivated the use of the EAC
or similar approaches to annualize the results.

The LCOE was proposed as a mean of comparing electricity costs from renewable
sources and conventional sources [70]. Currently, it is widely used as an index of the
economic performance of ESS [38,39,93], since it can be easily calculated to determine the
average price of electricity with and without the use of storages [39].

Used in 24 studies, in general terms, the LCOE is calculated as the ratio between all
the discounted costs over the useful lifetime of a system divided by the discounted sum of
the actual energy values delivered [28,102], as presented by Equation (7) [23,38,70,93].

=0 (1K)
LCOE = ——— =3 @)
far) (14k)/

oy

where C; is the total power generation costs for a given period j; n is the final period of
the analysis horizon; Er; is the annual total delivered energy in each period j; and k is the
discount rate.

It is interesting to note that some variants of the LCOE were identified, for example,
specific variations for the analysis of ESS [31,43] or even hybrid ESS [70].

Furthermore, we sought to identify other relevant models that can be used in economic
feasibility studies. Considering the wide occurrence of criteria based on the DCF method,
it is important to note that the occurrence of the weighted average cost of capital (WACC)
was observed in only four of the studies analyzed. Competing methods to DFC such as
adjusted present value method and the cash flow to equity method were not identified.
WACC is a method for calculating the interest rate (discount rate) [45,52] and can be
represented by Equation (8) [52]. It should be noted that most authors preferred to rely on
other studies in the literature, technical reports from national and international agencies,
or other publications (banks rates, risk-free rates, and others) to identify the ideal value of
the discount rate to be applied in their studies.

WACC = k;D(1 — 1) + k,E ®)

where k; represents the cost of debt; D is the weight of debt (%); K, is the cost of equity; E
is weight of equity (%); and T is the income tax [109].

Finally, in Table 2, the column “Others” is presented, which specifies the studies where
other financial and economic parameters or indexes were adopted. Usually, such indicators
were used in a complementary manner to the traditional criteria or were used as variables
in the different optimization models proposed. These included return on investment,
energy return on investment, capex (capital expenditures), opex (operating expenditures),
and cost indexes or cost-benefit ratios. Moreover, the articles that used MCS to assist in
stochastic analyzes and those that used real options (OR) theory were highlighted.

3.3. Predominant Cluster Framework

To address RQ3 (what are the key paper clusters presented by the referred litera-
ture?), clustering techniques and content analysis were combined. Mapping and clustering
techniques are often used in systematic reviews [110,111]. The purpose of using these
techniques is to provide an overview of the structure of a network, answering questions
such as “what are the main fields of investigation in a scientific domain?” or “how do these
topics relate to each other?”, among others.
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According to Waltman et al. [112], mapping and grouping techniques are used in
combination in order to build a map in which it is possible to display a cluster of nodes on
the map, highlighting the areas that correspond to the clusters.

In this article, it was decided to carry out a bibliographic coupling network to answer
RQ3. In this type of analysis, the papers * relationship was determined based on the degree
to which they cited the same publications, that is, the more two researchers cited the same
publications, the stronger the relationship between them was. Still, we opted for a fractional
count, which meant that a publication in co-authorship was attributed fractionally to each
of the co-authors, with the total weight of the publication being equal to one, that is, each
publication had the same general weight. For more information about the method and its
mathematical formulation, the study by Perianes-Rodriguez et al. [110] is recommended.

Thus, based on the criteria presented and using the software VOSViewer, Figure 10
was developed. This Figure presents in-depth content analysis of the paper samples with
special attention to abstract, introduction, and conclusion sections to identify common
research themes and interests that represent each paper cluster. Thus, as further discussed
in the next subsections, three predominant clusters were identified:

i PV systems with battery storage for residential areas;
ii ~ comparison between energy storage technologies;
iii ~power quality improvement.

(i) PV systems with battery
storage for residential areas
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Figure 10. Predominant cluster framework based on the bibliographic coupling network.

3.3.1. PV Systems with Battery Storage for Residential Areas

According to Oliva et al. [41], decentralized small electricity generation systems from
RES experienced remarkable growth in the last decade, arousing greater interest from
researchers [36,68]. The significant drop in PV system prices [41] combined with strong
government support [1] significantly contributed to the development of the distributed
PV systems.
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The sun is the most abundant energy source on the planet, being non-pollutant
and cost-free [1]. Electricity from the sun is produced after converting solar radiation
into energy, which is why it has an intermittent nature. The need for ESS arises from
the intermittent nature of solar energy sources [82]. Small-scale distributed storage in
residences could facilitate the integration of intermittent RES [17,65,82,95,113].

According to Uddin et al. [19], BESS are generally considered an effective means for
reducing the energy mismatch between PV supply and residential demand. The use of
these systems is stimulated by the great reduction in the cost of modern batteries [114,115].

Other aspects related to the stimulus for the implementation of distributed PV genera-
tion refer to public policies. In this context, net metering is the most widely implemented
policy for distributed PV generation [41]. Another important mechanism for this purpose
is the feed-in tariff [46]. Since the credits generated by saving electricity can be considered
as revenue from electricity micro-generation, it is relevant to apply a robust tool, such as
NPV, to analyze the economic viability of this type of project.

Among the articles analyzed in the SLR for the composition of the “PV systems with
battery storage for residential areas” cluster, the following articles can be highlighted
in the discussion on the use of BESS in association with distributed PV generation for
residential scale.

Cuchiella et al. [30,32,36] evaluated the profitability of integrated battery residential
PV systems in Italy. For that, in the three studies, they used electrochemical storage
systems, considering lead-acid batteries. The decision criterion adopted was the NPV, being
considered the most robust of the criteria. Cuchiella et al. [30] evaluated the profitability of
PV systems without subsidies and the ESS in a market recognized as mature. Searching
for the break-even point that makes systems economically viable, they concluded that
storages are really indispensable when the relationship between supply and demand allows
inducing a significant increase in energy self-consumption. Cuchiella et al. [32] analyzed
the investment in the ESS considering incentives for tax deductions and regional subsidies.
The study adopted several combinations between the variables and confirmed that viability
can be achieved when there are incentives. Finally, in Cuchiella et al. [36], the authors
evaluated different scenarios related to the plant of a residential building and combined
different critical variables, such as insolation level, energy sales prices, energy purchase
prices, investments, deductions, battery size, useful lifetime, and value of investment in
ESS. In addition, they pointed out that the profitability of PV systems integrated with BESS
is lower than the NPV obtained by the same system without ESS.

Oliva et al. [41] analyzed residential PV generation in Australia combined with energy
efficiency technologies and BESS. The results obtained show that the use of energy efficiency
technologies can reduce the PV system’s revenue and that the addition of BESS associated
with this system can increase the PV system’s revenue. They showed that the costs for
a residential application were still high when the research was carried out. Finally, they
claimed that there seems to be competition between energy efficiency technologies and ESS
in the search for bill savings during peak hours.

The study presented by Gagliano et al. [52] aimed at evaluating PV systems associated
with ESS dedicated to residential consumers and small businesses in Italy. Different combi-
nations were evaluated considering plant sizes, domestic consumption, and energy storage
capacity. The authors sought to identify the best combination that allows achieving a good
relationship between self-sufficiency and less exchange with the grid. Still, they analyzed
the economic viability of the ESS. The results indicated the economic viability for the Italian
market. The possibility of increasing domestic electrical self-sufficiency through these PV
systems connected to ESS represents a great opportunity for the entire electricity system.

Tervo et al. [38] performed a modeling involving the energy saving in a residential PV
system with Li-ion batteries in the USA. They also evaluated the performance of this system
over its useful lifetime. The authors concluded that, with the correct sizing, financing, and
incentives currently available, the combined system can be more financially attractive than
the PV system without BESS.
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Therefore, it was possible to have a greater understanding about the cluster (i) formed
using the concept of bibliographic coupling network. It was observed that, in the articles
concentrated at the apex of the triangle formed by the clusters (see Figure 10), the authors
focused on research especially about the economic feasibility of PV energy on a residential
scale. Moving slightly away from this apex, it was possible to find articles such as the
one by Aderemi et al. [28] that analyzed the viability of PV energy on a non-domestic
scale (isolated) or Krishnamoorthy et al. [77], in which it is faced with an increase in scale
(region/community) and hybrid systems involving RES. When moving towards the cluster
(ii), it was possible to find articles that developed economic and financial studies that can
help in the decision-making processes between different energy storage technologies (e.g.,
between electrochemical batteries), as were the cases of Martinez-Bolanos et al. [59] and
Barcellona et al. [34], who dealt with the PV source on a residential and a commercial and
industrial scale, respectively, but performed the comparison between different technologies.
On the other hand, when moving towards the cluster (iii), it was possible to identify articles
such as Dumont et al. [49] and Uddin et al. [19], which, despite the studies being carried out
on PV energy at the residential scale, involved issues of energy management or reliability
(e.g., load shifting and peak shaving).

3.3.2. Comparison between Energy Storage Technologies

According to Das et al. [4], electricity grids can use numerous energy storage tech-
nologies, which are categorized as follows: electrical, mechanical, electrochemical, ther-
mochemical, chemical, and thermal. In this study, only the electrochemical energy storage
technology was considered.

Some review articles referring to the other types of energy storage for grid applications
can be found in [116-123]. In particular, specific reviews on energy storage technologies are
provided concerning the technical characteristics of different ESS [116,117] and including
details on the enabling power electronics [118], or on properties and functionalities of
grid-scale applications [119], or with specific focus on thermal energy storage [120]. Wide
reviews are available for addressing many aspects of energy storage systems [121], also
aimed at providing a structured literature review on BESS for RES integration [122]. Insights
on cost analysis including life cycle costs of EES systems are presented in [123]. However,
none of these articles include a systematic literature review dedicated to the economic
analysis of investments in BESS driven by structured research questions such as the one
presented in this article.

Electrochemical energy storage is a generic name for batteries. Batteries are elec-
trochemical devices with the ability to readily convert the stored energy into electricity.
Batteries can be primary or secondary, i.e., non-rechargeable or rechargeable, respectively.
These devices can be solid-state batteries or flow batteries [77]. Since only secondary
batteries are useful for large-scale energy storage, we can define four batteries groups of
interest [4,11,27]: lead-acid, NaS, Li-ion, and flow battery.

Depending on the energy storage and delivery characteristics, a battery can play
many roles in the grid [10]. Batteries can have different characteristics, such as [4,27]: cost,
charge time, discharge time, lifetime in years, cycling capability, charging and discharging
efficiency, response time, capacity, and environmental impact. Due to these different
characteristics, the economic feasibility analysis of projects involving BESS becomes a
non-trivial task.

Generally, the articles in the literature which are dedicated to comparing energy
storage technologies compare either different types of storage technology (e.g., [54,71,86,87]
and others) or different types of batteries (e.g., [20,21,23,50,64] and others), as seen in detail
in Table 2. Key contributions of the analyzed papers are presented in the next paragraphs.

Kaldellis et al. [21] presented a technical-economic comparison of various RES con-
figurations associated with ESS in order to serve as a backup of existing thermal units in
Greek islands. For that, an integrated methodology of techno-economical evaluation was
conducted. The authors identified that NaS batteries are more suitable for small islands,
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while lead-acid batteries and pumped hydro storage (alternative to batteries) can be seen
as a suitable solution for large islands. Finally, fuel cells and flow batteries can represent
promising future solutions, depending on the cost reduction of such technologies.

Quaia [86,87] presented his study divided into two parts. In the first article, the
author carried out a preliminary comparative analysis [86]. In the second article, the
author carried out an economic assessment of different ESS [87]. For this, the author
used the criteria of payback and NPV. The results indicated that NaS batteries have the
lowest capex and, consequently, the best performance in the economic evaluation. Next
in the classification are lead-acid batteries. Finally, Li-ion batteries were identified as not
economically competitive.

Bradbury et al. [20] presented a linear optimization model with the purpose of finding
the power of storage systems and the energy capacities that maximize the IRR when used to
arbitrate electricity prices. The study was conducted in the USA and considered 14 different
ESS technologies (electrochemical batteries and other technologies). The results proved
that the profit maximization of a BESS is mainly determined by its technical characteristics
(e.g., round trip charge, discharge efficiency, and self-discharge) and not by volatility of
market price.

Ren et al. [64] proposed an analysis of the technical feasibility of energy storage
technologies for RES (hybrid PV-wind). In addition, different ways of combining energy
storage technologies (electrochemical batteries and other technologies) were proposed.
Then, an economic analysis of hybrid energy storage technologies was conducted. The
results of the simulations indicated that it is possible for a hybrid storage system to be
applied in an autonomous renewable energy generation system.

Dufo-Lopez and Bernal-Agustin [23] proposed a method to evaluate technical and
economic performance of a system connected to the grid with storage under an electricity
tariff by time-of-use in Spain. The proposed system should be considered valid for any
type of storage and scale (residential, commercial, and industrial), but it was used only for
lead-acid or Li-ion batteries. For this, the authors used criteria such as NPV, NPC/LCCA,
and LCOE. The results indicated that the most critical parameters are the investment in the
battery bank and the number of cycles to failure.

Using the concept of bibliographic coupling network, it was observed that cluster
(ii) concentrated studies that carried out comparisons between different technologies
(electrochemical batteries, other technologies, or even hybrid battery systems). Moving
towards cluster (i), it was possible to find studies such as Heymans et al. [24], Rallo
et al. [60], and Bai et al. [66], which analyzed the feasibility in the reuse of batteries (second
life used) as ESS in residential, commercial and industrial, and region/community scales,
respectively. Two of them are associated with PV generation. Moving towards cluster (iii),
it was possible to find studies such as Hemmati [33], Lin and Wu [90], and Tohidi and
Gibescu [51], which not only compared technologies but also sought to encompass issues
of energy management and reliability.

3.3.3. Power Quality Improvement

RES, mainly wind and PV energy, are more subject to randomness and variations
than traditional power plants supplied by non-renewable energy sources. Because of these
aspects, it becomes rather hard to estimate the power generation profile with good accuracy.
In fact, by converting wind and solar energy into electricity, randomness and variability in
the environment strongly impact on randomness and variability of the power produced,
also affecting power quality [17,39,124].

According to Rodway et al. [124], fluctuations in energy sources, especially renewable
ones, are known to have a significant impact on energy systems. This fact may represent
an issue to be solved when considering the use of RES associated with high variability
and low predictability, which is the case of PV and wind energy [52,67,100]. Moreover, the
non-constant power flow can cause major problems in power quality, including harmonics,
imbalances, and distortions.
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Therefore, a great challenge for the system operators is to stabilize the electricity grid,
especially when considering the supply of the network sustained by intermittent RES [91].
To fulfill this function, ESS have been considered [51,53,78,89,125].

According to Das et al. [4], the ESS can be applied in the grid to offer technical,
economic and environmental support, providing power quality improvement, mitigation
of voltage deviation, frequency regulation, load shifting, load levelling and peak shaving,
facilitation of RES integration, network expansion and overall cost reduction, operating
reserves, and greenhouse gases emissions reduction.

Considering the improvements in reliability and efficiency of ESS associated with the
acceptable cost-benefit ratio, there is an increasing participation in the electricity power
system [126]. In addition, ESS are being used to perform new functions [127,128], such as
improving energy management and protection [129]. Thus, it is possible to integrate the
non-dispatchable renewable sources [128].

Power quality is a broad subject, which can be affected by the most diverse factors,
causing disturbances in the energy system [130]. Therefore, power quality must be treated
as an essential measure and focused on the customer being directly affected by transmission
and distribution operations. In this way, power quality becomes a key issue for RES [131].

The simplest definition of power quality can be given as the occurrence of deviations
in current, voltage, and frequency from their standard values in normal operation, which
can result in equipment operation failures [124,132]. In addition, it can be attributed to
several disturbances such as harmonics, multiple notches, interruptions, impulsive and
oscillatory transients, swell, voltage flicker, and sag, and its effects are considered relatively
expensive [52,102,124,133].

Finally, in large-scale plants, ESS can be considered extremely relevant, since its
energy reserve can assist in meeting current and future grid requirements. Besides that,
considering the cost-benefits relations [107], its uses can make projects involving RES more
attractive to investors [128]. Such facts can allow the increase of the participation of the
RES, avoiding undesirable risks of power quality.

Among the articles analyzed in the SLR for the composition of the “power quality
improvement” cluster, some articles could be highlighted to exemplify the use of BESS in
applications for maintaining power quality.

Tamura [88] studied the application of a hybrid ESS using two different kinds of
battery to frequency control as well as peak shift and its economic analysis. The author
proposed a method of quantitatively evaluating the costs related to hybrid BESS. His results
showed that the hybrid battery system offers higher economic efficiency for frequency
control than the single-type battery system and that Li-ion batteries are more cost-efficient
than advanced lead-acid batteries. Regarding the use of a hybrid battery system for peak
shifting, the resulting cost advantage was moderate.

Yianni et al. [95] stated that BESS can provide several services to the power grid
with various financial potentials. The authors analyzed the economic viability of BESS
providing primary frequency regulation services in European markets. For all examined
markets, i.e., mainland UK (Great Britain) and Central Europe, a positive NPV and high
IRR were obtained, denoting a profitable and attractive investment, although risks related
to regulations and uncertainties of each country existed.

Fleer et al. [91] analyzed, in the German context, the profitability of an investment in a
BESS given a scenario of decreasing prices both for the primary control reserve market and
for the prices of cells and battery systems. The authors analyzed different bidding strategies
for primary control reserve auctions and their impact on NPV. The primary control reserve
and BESS prices decisively affected the viability of the investment. Due to the uncertainties
inherent to these factors, the authors concluded that this type of investment has a high risk.

Engels et al. [98] optimized a BESS for frequency control services in the German
market. The authors considered minimum degradation and electricity costs over the
investment lifetime while ensuring the delivery of frequency control services compliant
with regulatory requirements. They found that a BESS rated at 1.6 MW /1.6 MWh provides
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the highest NPV. In addition, this configuration is profitable if the costs remain low and if
the frequency control prices do not drop too much.

Sun et al. [104] argued that the need for power grid frequency regulation is increasing
due to the rapid growth of power generation from RES. In this context, the BESS could
be used to correct the power system’s unbalance of instantaneous power. Thus, the
cost-benefit model of the BESS participating in automatic generation control ancillary
service was established. The authors concluded that the control strategies and the energy
configuration method can improve the performance and the economic return of the system.

It was possible to observe that, in cluster (iii), elaborated from the use of coincidental
references, the authors focused on issues involving energy quality and reliability. When
moving towards cluster (i), the studies usually had a reduction in the generation scale
analyzed until they approached the residential scale, usually testing the viability of PV
sources, as was the case with studies such as Wang et al. [46] and Kiptoo et al. [76].
When moving towards cluster (ii), the articles continued to deal with issues involving
energy quality and reliability but also testing and comparing the different electrochemical
technologies or other types of ESS, as seen in Ma et al. [3] and Mostafa et al. [102].

4. Research Agenda

To answer the RQ4 (what are the key research opportunities for the literature regarding
economic analysis of BESS?), we used indications from answering the previous research
questions and gaps recognized by the paper sample (see Figure 11).
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Figure 11. Research agenda.

During the sample characterization (RQ1), recent research interests were identified by
the keyword network (Figure 5). It highlighted growing researchers’ interest on the Li-ion
type of battery. Moreover, the keyword network (Figure 5) showed that NPV appears as a
recent research interest, which is a more adequate financial decision criterion that is able
to evaluate costs and revenues over time in comparison with other economic indicators
that do not consider DCF approach. Another recent research interest includes debates on
tariffs, as they have direct influence on economic viability of energy systems associated
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with BESS. Thus, associated public policies are key in promoting investments in this market
for cost reduction and increase renewable energy participation in the country ‘s energy
matrix. The present proposed research agenda suggests that this and other context-specific
characteristics can be opportunity for future studies, especially exploring other locations
beyond China, the USA, and Europe. Figure 7 shows the concentration of studies in these
areas, indicating opportunities for exploring other settings as well as comparisons between
different locations.

Retrieving Table 2 regarding tools and approaches for economic analysis of BESS (RQ2),
several other research opportunities emerged. Considering the different applications of the
economic analysis of systems including BESS, there is a gap in economic feasibility studies
that deal with wind power generation associated with BESS on residential or commercial
and industrial scales. Only the study by Hemmati [33] was identified as an exclusive study
of this source of energy, which provides space for further studies (especially with wind
turbines with size below 1 MW). In addition, feasibility studies applied to the combined use
of BESS and RES, other than solar PV, can be explored. It was observed that only Aderemi
et al. [28] developed studies on a non-domestic unit (e.g., mobile cellular base station or
other transmission service base station). Consequently, non-domestic applications need
to be better evaluated. Regarding the type of battery, it was possible to identify that the
studies mainly focused on Li-ion and lead-acid batteries, with few studies being carried
out exclusively on NaS [55,82,101] and flow batteries [51,64,65,99] on any scale. However,
we noted that many studies compared different energy storage technologies (cluster (ii)).

In the analysis stage of the economic indicators or criteria used by the feasibility studies
in BESS (still regarding RQ?2, Table 2), it was identified that only one [73] took advantage of
the artificial neural network tool, in this specific case, as a machine learning tool. Further
studies using artificial neural network can contribute to predicting feasibility criteria using
BESS parameters as input variables for the model. The RO theory is adopted as a refined
tool to support decision making and can capture the managerial flexibility available in
projects and the ideal scenarios in response to changes caused by uncertainties [134].
Besides, RO can be considered the most holistic approach that allows the assessment of
the financial viability of BESS [75]. Despite these advantages, only two studies [75,84] of
the paper sample adopted this tool, indicating opportunity for further studies. Another
tool that can be deeper explored by feasibility studies in BESS is MCS. This provides the
advantage of allowing the use of probability distributions of different stochastic variables
(whether technical or financial) to perform multiple iterations to provide the impact of the
input variables uncertainty on the final results [135]. Thus, it can be applied directly in
financial decision-making criteria or indicators. Another relevant aspect to be considered
by future studies performing economic analysis of BESS is the well-adjusted assumption
for discount rates (interest rates) or capital cost. This is especially relevant in the case
of RES, in which the cost of capital differs widely between countries and technologies
involved [136]. Table 2 shows that only few studies [45,52,87] presented the calculations for
obtaining the discount rate. Steffen [136] presented a discussion of methods for estimating
WACC, cost of debt, cost of equity, and debt share. Aspects of this study can be further
explored in BESS feasibility studies.

The delimitation of the three research clusters (RQ3, Figure 10) enabled the identifica-
tion of different interests of study. Open questions for debate are especially the economic
viability of PV systems with BESS in residential areas (cluster (i)), the technical and the
economic feasibility of different ESS technologies (cluster (ii)), and the factors that in-
fluence the application of BESS for power quality and reliability improvement (cluster
(iii)). Figure 12 shows the evolution of the number of publications over time for each of
the predominant clusters. Since 2017, there is a growing interest of studies belonging to
cluster (iii), indicating a trend of growing research field to be explored. Due to recent
advances in relation to regulatory aspects in several countries around the world, the issue
of remuneration for power quality improvement services provided to the grid is a subject
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of growing interest. In this way, BESS can become its own market niche, and players can
be remunerated for the availability of storage provided to the grid.

9
- 4
1
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. 12
suBliee , ,/H 2
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m Cluster (ii1) ®Cluster (11) mCluster (1)

Figure 12. Evolution of the number of publications by identified predominant clusters.

5. Conclusions

This article proposed a review of the state-of-the-art on the literature regarding eco-
nomic analysis of BESS, considering four research questions (RQ1: what are the main
characteristics of the literature regarding economic analysis of BESS? RQ2: what are the
main tools and methods used for the economic analysis of BESS? RQ3: what are the key
paper clusters presented by the referred literature? RQ4: what are the key research op-
portunities for this literature?). For this, an SRL was conducted following the guidelines
from the literature [12,15]. A sample of 92 articles extracted from the Web of Science and
Scopus was analyzed using bibliometric quantitative techniques associated with qualitative
content analysis.

The novelty of the present research is evident, as it was not found in previous system-
atic literature reviews regarding studies comprising economic analysis of energy systems
integrated with BESS. Thus, this research presented an in-depth critical analysis of the
state-of-the art of the referred literature towards proposing research agendas for future
studies. Several contributions can be derived from the present paper. First, it made evident
the growing interest of batteries as ESS to provide techno-economic viability of renewable
energy systems (Figure 3), and other general characteristics of the literature on economic
analysis of BESS were exposed. Second, the paper provided a comprehensive overview of
key methodological possibilities for researchers interested in economic analysis of BESS.
This contribution is evident by looking at Table 2, which summarizes the combinations
between different application settings (unit of analysis, type of grid, type of battery, RES)
and economic indicators/criteria present in the literature. Third, another contribution is
the indication on the need to use adequate economic indicators for investment decisions.

The paper sample comprised studies providing both technical and economic viability
analysis. However, when deploying the economic viability decision criteria, some of them
used only a cost or PB indicator without applying the proper discount rate recommended
by DCEF. For a good execution of the feasibility analysis using the NPV criterion, it is
essential to correctly estimate the discount rate. For the finance literature, the use of models
such as the weighted average cost of capital (WACC) is considered as suitable for estimating
this interest rate. In this sample, only two of the articles used a methodology to calculate
the discount rate. The article highlights the opportunities for feasibility studies, as the use
of such criteria often does not seem to be as obvious, as does the NPV.
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PV and LCOE were introduced by other sample papers, providing a more consistent
economic analysis. Yet, the proposed research agenda (Figure 11) indicates opportunities
for more refined approaches to assess economic viability of BESS, such as artificial neural
networks, RO, MCS, and the use of other economic indicators from the DCF background
such as WACC. Fourth, our research also contributes to the literature by identifying key
research topics of the analyzed literature (Figure 10). Cluster (i) concentrated discussions of
economic feasibility of PV power generation using BESS on a residential scale, also dealing
with issues of fiscal incentives and public policies aimed at this type of generation. Cluster
(ii) concentrated discussions on the comparison of BESS technologies and their different
characteristics. Due to these characteristics, the economic feasibility analysis of projects
involving BESS becomes a non-trivial task. Finally, cluster (iii) included studies involving
grid quality and reliability services, such as mitigation of voltage deviation, frequency
regulation, load shifting, load leveling and peak shaving, facilitation of RES integration,
network expansion, and operating reserves. The last key contribution of the present paper
is the proposed research agenda (Section 4), indicating relevant opportunities for future
studies on this area of knowledge.

Research limitations are connected to the methodological choices associated with the
SLR. First, the limitation to only two databases for paper extraction was mitigated by the
choice of the databases among the largest for academic publications (Web of Science and
Scopus). Second, the search strings selected could potentially exclude relevant publication
on the analyzed literature. For this, several trial-and-error attempts of search strings
combinations were performed. Besides, references most cited by the paper sample were
analyzed to verify whether they were relevant enough to be in the paper sample. Final
search strings were chosen when these relevant publications were considered by the paper
sample. Third, the limitation of evaluating inclusion and exclusion criteria of each paper to
form the final sample was mitigated by the refinement of the sample by three researchers
rather than only one.
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Nomenclature

BESS Battery Energy Storage Systems
Capex  Capital Expenditures

DCF Discounted Cash Flow

DPB Discounted Payback

EAC Equivalent Annual Cost
ESS Energy Storage Systems
IRR Internal Rate of Return
LCCA  Life Cycle Costs Analysis
LCOE  Levelized Cost of Electricity
MCS Monte Carlo Simulation
NPC Net Present Cost

NPV Net Present Value

O&M Operation and Maintenance
Opex Operating Expenditures

PB Payback

PV Photovoltaic

RES Renewable Energy Sources
RO Real Options

RQ Research Question

SLR Systematic Literature Review

WACC  Weighted Average Cost of the Capital
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