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Abstract

The field of research related to smart grid (SG) assessment
methods is broad and fragmented owing to the contribution of
the various disciplines and approaches involved. This presents
difficulties in obtaining useful and unbiased information for
future studies. Hence, a full review of the contributions could
provide a comprehensive critical perspective. In this article,
SCiMAT software is used to determine the evolution of this
research field through a systematic review of the literature
based on 331 original research articles. In addition, hidden
issues and their development in this field have been identified
for the period 2009-2020 to produce strategic diagrams of the
thematic evolution and performance indicators of the research
field. The results show that SG assessment methods are
important topics, and the research field demonstrates an
evolutionary trend that has not yet reached a maturity stage in
each of the SG-related research topics. The most important
topics, such as electric power transmission networks and
environmental impact, are highlighted, with a particular interest
in the transmission of electric power, application of
photovoltaic systems, and life cycle analysis.

Keywords: Assessment methods, assessment
environmental impact, electric power, smart grid.

systems,

I. INTRODUCTION

Electric power generation and distribution systems face several
challenges and concerns originating not only from power
supply shortages, but also from environmental and operational
issues. They must respond to such challenges quickly and
efficiently to preserve the stability and continuity of operations
according to the demand requirement [1]. Therefore, recent
technological advances have expanded the possibilities of using
electrical grids in conjunction with smart grids (SGs) to
revolutionize the way electrical energy is generated,
transmitted, consumed, and distributed [2].

Emphasizing the key role of SGs in building smart energy
solutions and smart cities will help achieve sustainable energy
goals and social and economic development in a rapid and
sustained manner [3]. However, as new technologies need to be
integrated, the implementation of SGs is limited [4]. Aspects,
such as the lack of a solid regulatory framework as well as the
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technical skills and knowledge necessary for the development
of SGs, market uncertainty, the need for quality service by
distributors, and technological immaturity, are considered
barriers to the proper development of SGs worldwide [5], [6].

Accordingly, in the last few decades, numerous tools for SG
assessment have been developed through policies related to
distribution networks, significantly changing their operation
and control [7]. These methods, based on a series of indicators
that measure different aspects, propose a consumer-centered
assessment model based on SGs [8]. Thus, the proposed
methods incorporate techniques that include real-time
simulation, power system-in-the-loop, power hardware-in-the-
loop, controller hardware-in-the-loop, and co-simulation
technologies [9]. These methods directly support the
acceleration of development of electrical systems and the
research on power electronic components by validating
technological solutions in high-fidelity environments.

Thus, the adoption of solutions to implement SGs requires the
definitions of metrics, variables, or methodologies that
facilitate the understanding and development of projects of this
nature. Therefore, this study aimed to conduct a bibliographic
analysis of the assessment methods of SGs using a science
mapping approach. Accordingly, the following specific
objectives were established: (i) perform a qualitative analysis
based on a systematic review and (ii) perform a quantitative
review through bibliometric analysis. This study will contribute
to the existing body of knowledge by highlighting the trends
and patterns in the research field of SGs, establishing the
relevant research topics, mapping researcher networks, and
recommending areas for future study.

1. METHOD

A dual integrated analysis was conducted to achieve the
objectives of this study. It consists of (i) a systematic literature
review (SLR) of the bibliographic records on the assessment
methods adopted in the research field of SGs and (ii) a review
based on the bibliometric analysis of the selected records.

11.1 Systematic literature review (SLR)

A procedure that defines the search strategy, exclusion criteria,
and data extraction methods to synthesize the results was
conducted to generate the SLR. Several authors have
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implemented an SLR in their research considering different
stages, with the aim of developing a transparent and replicable
scientific research process [10], [11], [12], [13], [14]. The aim
of this approach is to avoid any possibility of bias or prejudice
that may arise from the application of pre-established criteria
[15]. In this article, the methodological sequence of an SLR is
based on [16], developed in the following stages, as presented
in Fig 1.

Systematic literature review (SLR)

(1) Selection of databases

(11) Selection of keywords

(111) Final selection of the literature
(PRISMA flowchart guidelines)

(1v) Identification of the time horizon

1

Bibliometric Analysis
(Science mapping and performance analysis)

(1) Research themes detection

(11) Visualizing research themes and thematic network
(i11) Discovery of evolution of research topics

(iv) Performance analysis

(v) Visualizations phase

Fig. 1. Methodological sequence to identify the evolution of
SG assessment methods

(i) Selection of databases: The Elsevier database of abstracts
and citations (Scopus) was selected, as it contains several high-
impact international scientific and technical publications
relevant to the topic and problem addressed.

(i) Selection of keywords: The keywords have been selected to
include only those studies that are related to the topic. The
search was conducted using the “Title / Abstract / Keyword”
field using the operators inclusive AND, OR, and * (to
guarantee the search generalization). The keywords used in the
SLR are presented in Table 1.

Table 1. Keywords used in the SLR Search

Operator Keywords

OR “assessment methods,” “assessment tools,”
“assessment systems,” “indicators*®,”
“environmental impact,” “social impact”
and “economic impact.”

AND “smart grid” OR “smartgrids*”

iii) Final selection of the literature: The documents were
selected according to relevance, that is, based on whether they
contain the data necessary to address the subject dealt with in
the SLR, using the guidelines of the PRISMA flow
diagram [17].
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v) ldentification of the time horizon: Once the relevant
documents were selected, the time horizon and periods were
selected for analysis. They were established according to
several criteria, such as the number of records, relevant items,
and turning points in the research field [18].

11.11 Bibliometric Analysis

It was conducted using SCIMAT software (science mapping
analysis tool), which is a free scientific mapping tool that
allows the analysis of the social, intellectual, and conceptual
evolution in a scientific field [19]. SciMAT has been
successfully applied in multiple areas, such as computer
science, engineering, business and management, and
environmental science [20], [21], [16], [22], [23], [24], [25].

This tool uses a series of scientific publications to build a
knowledge base in which the identity of each publication is
stored. It is based on the analysis of joint words and the h-index.
Similarly, it incorporates methods, algorithms, and measures
for all the steps of the general scientific mapping workflow,
from pre-processing to the visualization of results [19]. The
analysis method was established in the following stages.

i) Research theme detection: SciMAT applies a co-word
analysis to the raw data of all the documents published in the
research field. The tool then uses an equivalence index, which
builds a standardized bibliometric network of keywords, and
finally applies the simple core algorithm to group keywords
into topics.

ii) Visualizing research themes and thematic networks: In this
stage, the detected themes are shown by means of two-
dimensional strategic diagrams depending on the degree of
interaction between research topics, as shown in Fig 2. In
addition, the tool considers the internal force value of the
research topic.

Density

Highly developed Motor themes

and isolated themes

Centrality

Basic and
transversal themes

Emerging or
declining themes

Fig. 2. Visualizing research themes and thematic network

Motor themes: They are located in the upper right quadrant in
Fig 2, are well developed, and are important to the structure of
the research field.
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Highly developed and isolated themes: They are located in the
upper left quadrant in Fig 2; they are well developed but are of
little importance to the field of research.

Emerging or declining themes: They are located in the lower
left quadrant in Fig 2; they are poorly developed and do not
have much importance in the field of research.

Basic and transversal themes: They are located in the lower
right quadrant in Fig 2; they represent important topics in the
field of research, but they are not yet well developed.

As a complement to the strategy diagrams, thematic
networks show the relationship of each theme of these diagrams
with the keywords and their interconnections. Each thematic
network is tagged with the name of the most significant
keyword in the topic. Here, several keywords are
interconnected, where the size of the circle is proportional to
the number of documents corresponding to each keyword, and
the thickness of the link between two circles is proportional to
the equivalence index. Fig 3 shows an example of a thematic
network.

Fig. 3. Example of thematic network

iii) Discovery of the evolution of research topics: At this stage,
the evolving areas of the research field, and their origins and
interrelationships are detected and analyzed. The inclusion
index [26] is used to detect conceptual links between research
topics in different periods and to measure the strength of the
association between them. This analysis is represented by two
graphs:

Overlay graph: The horizontal arrow represents the number of
elements shared by both time periods, as shown in Fig 4a. The
top entry arrow represents the number of new items in period 2,
the top exit arrow represents the items displayed in period 1 but
not in period 2, and so on, for the n periods, as established for
the analysis.

Evolution map: The solid lines indicate that the related topics
share a name, that is, both topics have the same name, or the
name of one of the topics is part of another, as shown in Fig 4b.
Similarly, a dotted line indicates that the topics share elements
that are not necessarily the name of the topic; however, there is
a conceptual relationship between the topics. Finally, the
thickness of the line is proportional to the inclusion index, and
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the size of the circle is proportional to the number of documents
associated with each topic.

Period (n)

N/

@
@

~
™~

Period (1)
a) Overlay graph

VA

Words

Period (2)

VA

b) Evolution map

N4
M

Fig. 4. Example of evolution of research topics

iv) Performance analysis: This analysis qualitatively and
quantitatively measures the contribution of the research topics
to the entire field through bibliometric measures, such as the
number of published documents, the number of citations, and
different variants of the h-index.

V) Visualization phase: Following the science mapping
workflow, visualization techniques are used to produce a
scientific map and display the results of the different analyses.

I11. RESULT

I11.1 Systematic literature review (SLR)
i) Final selection of literature

Here, 858 records of bibliographic information were obtained
from the selected database. A total of 491 records were
excluded by applying the exclusion criteria, such as the type of
document and the relationship with the research field. A full
text review of the remaining 367 records was performed, and
36 additional records were excluded because they did not cover
the topics included in this review. Thus, 331 relevant
documents remained for the bibliometric study.

ii) Identification of the time horizon

The time horizon was determined based on the main milestones
and inflection points in the evolution of the methods of
assessment of SGs. The first attempts to propose methods for
the evaluation of operative systems were undertaken in the
2000s [27]. However, the time horizon used in this study was
from 2009 to 2020, considering the number of documents
selected and the relevant milestones, to analyze the trends in
publication patterns. The studies are subdivided into the
following periods: 2009 to 2016, 2017 to 2018, and 2019 to
2020.
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The first SG reports obtained date back to the 2000s, coinciding
with Directive 2010/31/EU of the European Parliament and of
the Council of May 19, 2010, on the energy efficiency of
buildings [28], modified in 2018 by Directive (EU) 2018/844
to accelerate the economically profitable renovation of existing
buildings and the promotion of smart technologies in buildings.
Thus, there was a marked increase due to concern for the
evaluation of sustainable constructions, which in turn was
reflected in an increase in research in this field.

iii) Articles published and cited by year

Fig 5 shows the distribution of 331 publications and a total of
6929 citations in the period from 2009 to 2020. An irregular
distribution is observed in the number of articles published each
year, with an increasing trend year upon year. This
demonstrates the attention paid in recent years to assessment
methods that have become a vital part of SG research. Similarly,
the registry of the cited articles shows a considerable impact in
2010 of the topics addressed through the citations made.

Notably, in the period 2009-2010, only six articles were
published, and 1133 citations were achieved, with 945 citations
for one of the articles alone. The most cited article corresponds
to a document published in 2010 by IEEE Transactions on
Industrial Electronics [29], which deals with the opportunities
and challenges related to the application of wireless sensor
networks in SGs. The second most cited article was published
by Energy Policy [30], which deals with the involvement of

users in the development of a low-carbon electricity economy
through SGs. Table 2 includes the five most frequently cited
articles, the name of the journal, and the year of publication.
Thus, the main publications that contribute to the research field
are displayed.

80 1200
v ®  Published articles
v Cited by
o L 1000
. ®
60— ==
: Y 35 :
§ : v : : r 800
E v
g P v e I 2
20— 600 T
A y (8]
= vy v . :
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2 e R e
i R - D L : : : e .
H . "} V4 i L i i P N 3 200
o v
pd 9 ; : ‘ 0
2010 2012 2014 2016 2018 2020
Year

Fig. 5. Articles published and cited by year

Table 2. Main Articles that Contribute to the Research Field

Authors Title Year Source title Cited by
Gungor V.C., LuB,, Opportunities and challenges of wireless sensor 2010 IEEE Transactions on 945
Hancke G.P [29]. networks in smart grid Industrial Electronics
Verbong G.P.J., Smart grids or smart users? Involving users in
Beemsterboer S., develog ing a low carbon électricit gconom 2013 Energy Policy 201
Sengers F [30]. PIng y y
El-Hawary M.E [31]. The smart grid - State-of-the-art and future trends | 2014 Electric Power 173
Components and Systems
Ortega-Vazquez M.A., Electric vehicle aggregator/system operator .
Bouffard F., Silva V coordination for charging scheduling and services | 2013 [EEE Transactions on 155
Power Systems
[32]. procurement
. Assessing the benefits of residential demand .
Siano P., Samo D [33]. response in a real time distribution energy market 2016 Applied Energy 149
Table 3. Journals with the Greatest Impact by the Number of Citations

Journal / Year 2010 |2011|2012|2013|2014|2015|2016 | 2017 |2018|2019| 2020 | Total
Applied Energy 56 | 273 | 141 | 165 | 278 | 278 | 106 | 16 | 1313
IEEE Transactions on Industrial Electronics 945 | 147 31 1123
Energy 119 | 21 54 | 159 | 25 19 16 | 413
Energy Policy 20 | 129 | 201 14 1 | 365
Renewable Energy 41 26 | 139 | 54 6 | 266
IEEE Transactions on Power Systems 155 65 3 1 224
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Fig. 6. Articles by areas of contribution to the SG field

Similarly, the study identified 147 journals, most of which
focus on energy policies and energy efficiency in
environmentally sustainable buildings and cities. The journals
with the greatest impact by the number of citations are
presented in Table 3. Here, it can be observed that Applied
Energy cited by 1313 articles and [EEE Transactions on
Industrial Electronics cited by 1123 articles lead in this
indicator. Finally, within the areas addressed, the engineering
field leads in the techniques presented in the application to SGs,
followed by energy and environmental science, based on the
documents selected for the study. The areas addressed are
presented in Fig 6.

I11. 11 Bibliometric Analysis
i) Research themes detection and performance analysis

Strategic diagrams were generated to analyze the changes over
time, and they are shown for each of the periods considered for
analysis (2009-2016, 2017-2018, and 2019-2020). Table 4
lists the performance measures obtained for each topic and
period in terms of the number of documents, h-index, and
centrality and density values. It is observed that the “electric
power transmission networks” and “smart power grids” clusters
are the topics with the highest h-index, that is, equal to 18 for
both cases.

Table 4. Research Themes Detection and Performance Analysis by Period

Cluster N° documents N° citations Centrality Density h-index
Period 1 (2009-2016)

Energy-management-systems 7 349 57.9 43.33 6
Environmental-impact 36 1244 231.83 72.46 17
Smart-power-grids 38 1549 315.11 88.43 18
Smartgrid 30 2217 247.36 91.67 16
Period 2 (2017-2018)

Greenhouse-gas-emission 128 16.67 61.11

Buildings 4 112 67 51.43
Energy-storage 15 356 128.82 67.42 12
Electric-power-transmission-networks 39 768 287.37 99.1 18
Environmental-impact 29 596 333.38 95.15 15
Smartgrid 35 661 556.95 117.38 16
Period 3 (2019-2020)

Cost 7 40 87.22 32.38 2
Life-cycle 15 145 206.59 94.59 5
Photovoltaic-system 22 100 251.71 87.32 6
Electric-power-transmission-networks 46 173 253.95 130.94 7
Environmental-impact 26 176 428.18 99.57 6
Smartgrid 32 225 428.55 91.67 7
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ii) Visualizing research themes
First period (2009-2016)

According to the strategic diagram, presented in Fig 7, four
research topics can be observed in the 120 articles selected in
this period: (i) energy management systems, (ii) environmental
impact, (iii) smart power grids, and (iv) smart grids. Of these,
(iif) and (iv) are considered highly developed and important
topics in this field of research. Furthermore, (i) is considered an
emerging or declining issue because it is not well developed
and is not very important in this field. Finally, a neutral topic
(ii) is presented for the research field (centrality and density
near zero).

density

ENERGY-MANAQIENT-SYSTE MS

Fig. 7. Research themes to period (2009-2016)

The performance analysis for each topic, as shown in Table 4,
complements the information provided by the diagram. The
topic with the highest performance measure is the smart grids.
This topic has a high rate of impact and has 2217 citations from
30 documents with an h-index of 16. However, “smart-power-
grids,” which has 1548 citations from 38 published documents,
has a higher h-index of 18, as can be observed in the same table.

Second period (2017-2018)

According to the strategic diagram, presented in Fig 8, of the
106 articles selected in this period, six research topics can be
observed: (i) buildings, (ii) electric power transmission
networks, (iii) energy storage, (iv) environmental impact, (V)
greenhouse gas emission, and (vi) smart grids. Three of these
are considered important and driving themes for this research
area (ii, iv, and vi), two are considered emerging or declining
themes (i and v), and one is considered a neutral theme within
the research field (iii). In the same way as in the previous period,
no highly developed topic was presented independently.

According to the performance measures shown in Table 4, the
smart grids topic is notable for having a high impact rate (661
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citations) and an h-index of 16 from 35 articles. However, the
topic of electric power transmission networks presents an h-
index of 18 with 768 citations from 39 published articles.
Within the theme of smart grids, photovoltaic systems, power
plants, economic and social effects, photovoltaic cells, solar
power generation, solar power, life cycle analysis, renewable
resource, and energy consumption are evaluated.

density S @
ELECTRIC-POWER @ 5 SION-NETWORKS
EN\FIRD—IMPACT

ENER rc.sD'm.m‘:F

REENHDUS@QS-EMISSIDN

rentrality

BUIL@NGS

Fig. 8. Research themes to period (2017-2018)

In the topic of electric power transmission networks, the energy
market, power grids, electricity generation, benchmarking,
performance indicators, advanced metering infrastructures,
electric utilities, economic analysis, electric load dispatching,
and power quality are analyzed.

Third period (2019-2020)

According to the strategic diagram presented in Fig 9, of the
106 works selected in this period, six research topics can be
observed: (i) cost, (ii) electric power transmission networks, (iii)
environmental impact, (iv) life cycle, (v) photovoltaic system,
and (vi) smart grids. Among these, (ii) and (iii) are considered
motor, well-developed, and important themes for the structure
of the research field. Similarly, one theme is considered an
emerging or declining theme (i) and, finally, two themes are
considered important for the scientific field but are not well
developed in this period (v and vi).

According to the performance measures, the topic electric
power transmission networks can be highlighted from 36
articles and 173 citations with an h-index of 7. On the other
hand, the topic environmental impact presented 176 citations
from 26 published articles with an h-index of 6. Thus, these
research topics demonstrated a high impact and an h-index
score higher than those of the other topics. Similarly, the smart
grids topic is not very developed, but it is considered very
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important in this field of research because it presents 32
published documents and 225 citations with an h-index of 7.
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: T

Fig. 9. Research themes to period (2019-2020)

iii) Thematic network

Fig. 10. Thematic network for electric power transmission
networks

The electric power transmission networks theme of the last
period is notable as one of the most characteristic themes if
analyzed from the perspective of its thematic network. Thus, in
Fig 10, it can be observed that this issue, already consolidated
in the last period, is closely linked to keywords, such as
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numerical model, renewable energy source, smart power grids,
energy utilization, electricity  generation,  housing,
benchmarking, key performance indicators, demand response,
adaptive control systems, and smart metering.

All these keywords are closely related to each other and, in the
last two years, they have been the subject of numerous studies.
This indicates that the field of research is progressing toward
the evaluation of the transmission of electrical energy networks,
with an emphasis on the study of renewable energy sources and
energy use in buildings, key performance indicators, response
to demand, adaptive control systems, and smart energy
metering.

iv) Discovery of evolution of research topics

A systematic review of the literature showed that several
authors are concerned with the research field of assessment
methods in SGs. However, the strategic diagrams reflect the
interest of the scientific community in certain key issues, in
parallel with the development of the SG concept. The results
are shown in Fig 11a for the number of keywords per period
and their evolution as well as the number of incoming-outgoing
keywords and the percentage of keywords that are retained
from one period to the next. It is shown that between 2009—
2016 and 2017-2018, the number of keywords decreased
slightly from 1,333 to 1294. Specifically, 14% (326 keywords)
remained in the second period, and 988 were added, yielding a
total of 1294 keywords.

In the third period, 356 keywords from the previous period
were maintained or passed to this period, that is, 16%. This
includes 873 new keywords, for a total of 1,229 keywords.
These results indicate that the number of new and transitional
keywords is high, but also that the number of shared keywords
has increased for successive periods. Therefore, the increasing
thematic diversity of the research field of SG assessment
techniques and the fact that keywords reappear with greater
force in subsequent periods could be indicative that this
relatively new research field is consolidating gradually.

Fig 11b shows the thematic evolution of the research field
through the analysis of the origins and interrelationships of the
themes. The thickness of the lines represents the strength of the
association, as measured by the inclusion index. If the graph is
analyzed from the point of view of the number of documents,
electric power transmission networks, environmental impact,
and smart grids are the topics with the highest number of
documents published for the three periods evaluated.

In the early years, the review shows concern for the
environmental impact generated using conventional electrical
energy, also considering the management aspects of electrical
energy systems. For the second period, energy storage, energy
transmission systems, and green energy concepts are
considered, in addition to environmental impact and smart
energy grids. Finally, in addition to the topics mentioned,
research interest has focused on the transmission of electrical
energy networks, photovoltaic systems, and the life cycle for
the last period evaluated.
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1V. CONCLUSION

The systematic review of the literature presented is based on
the use of SciMAT for the bibliometric analysis of the
evolution of the selected research field between 2009 and 2020,
using the publications available through the Scopus database.
Trends were analyzed, considering a general vision and a more
specific analysis of three different time intervals during the
period under analysis (2009-2016, 20172018, and 2019-—
2020).

Analysis has shown that SG assessment methods are important
topics, with a gradual increase in the number of studies on these
topics published in international journals starting in 2016. The
period-overlay graphs show two important fields of study: i)
several new and transient keywords between sub-periods, a
sign that this is a constantly evolving field of research that has
not yet reached a stage of maturity; and ii) an evolutionary trend
in each of the research topics in the analyzed field.
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Strategic diagrams and performance analysis by period also
show that emerging studies focus on the inclusion of
environmental aspects and new energy sources. In the early
years, there is an apparent concern about the environmental
impact generated using conventional electrical energy,
emphasizing the management aspects of electrical energy
systems.

For the intermediate period, energy storage, energy
transmission systems, and green energy concepts are
considered, in addition to the environmental impact within the
SG. In recent years, research interest has focused on the
transmission of electric power networks, photovoltaic systems,
and the life cycle. In addition, parallel interest has been
maintained in the concepts of green energy and environmental
impact within the SG.

This is evidently reflected in the final period, where smart grids
are the basic and transversal theme, having considerable
importance in the field of research. The smart grids theme
involves photovoltaic system, power plant, economic and
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social effects, photovoltaic cells, solar power generation, life
cycle analysis, renewable resource, and energy consumption.

Finally, the most important topic for research on electric power
transmission networks involves themes, such as energy market,
power grids, electricity generation, benchmarking,
performance indicators, advanced metering infrastructures,
electric utilities, economic analysis, electric load dispatching,
and power quality. Next, the second most important topic for
this field of study is environmental impact. The latter involves
themes, such as carbon emissions, energy market, alternative
energy, gas emissions, economic and social effects, electric
power generation, greenhouse gas, emission control, and
environmental technology.
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