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1. INTRODUCTION

ABSTRACT

Higher concentrations of greenhouse gases, resulting from anthropogenic actions
associated with energy generation, are one of the causes of climate change. In view
of this, several efforts have been undertaken in the search for more sustainable
alternatives, and photovoltaic (PV) technology has stood out among the different
possibilities. However, PV generation is highly sensitive to future climate
variability, which is a source of uncertainty that can complicate energy planning
and compromise the viability of systems. This theme has received attention from the
academic community, but some challenges to mapping and identifying the relevant
literature have been encountered. Therefore, this study was conducted to analyze
and identify relevant aspects of international scientific production focused on the
impacts of climate change on the potential of photovoltaic production, CC-PVP,
through bibliometric techniques. For this purpose, 3900 articles from the Web of
Science and Scopus databases, published between 1960 and 2021, were retrieved
and analyzed through a bibliometric approach, using the SciMAT v1.1.04 tool.
Among the results obtained, it is worth pointing out that the CC-PVP research field
has moderate maturity, and it is concentrated in the areas of energy, fuels, and
technology, as well as environmental sciences and meteorology. It was concluded
that key themes revolve around global energy, forecasting photovoltaic energy
production, and electrical energy consumption, especially concerning climate
change. Furthermore, it was found that researchers from China, North America,
and Australia contribute significantly to this area compared to researchers from
other countries.

Given this scenario, renewable energy fills the
gap between climate and energy sciences, playing a

According to the Intergovernmental Panel on
Climate Change (IPCC) (2021), average global
temperatures are rising due to the higher
concentrations of greenhouse gases in the
atmosphere, due to human activities such as fossil
fuel combustion and rapid urban population growth
(Da Guarda et al., 2020). There has been a surge in
discussions concerning the causes and effects of this
trend, particularly linked to energy demand and
consumption issues. These discussions have garnered
increased attention in global debates. Various
solutions exist to decrease greenhouse gas emissions
while satisfying the energy needs of society (Pérez et
al., 2019). In addition, it should also be considered
that climate change is likely to in-crease future
energy demand (Van Ruijven et al., 2019).

very important role in strategies for decarbonization
and mitigation of the adverse effects of climate
change (Bush, 2020) and its possible consequences
on societies and on the environment (IPCC, 2021).
The reduction in the cost of the photovoltaic (PV)
energy-production system and the improvement in
energy-production efficiency (Polman et al., 2016) —
combined with easy implementation, modularity, low
maintenance, and, mainly, a fast-learning curve — has
been responsible for an increase in the number of
panels installed (Baurzhan et al., 2016). Hence,
initiatives  utilizing photovoltaic solar systems
possess the capability to aid in mitigating climate
change (Feron et al., 2017). Yet, the susceptibility to
atmospheric conditions and potential variations in
future climate poses uncertainty, potentially
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complicating energy planning and undermining
investments in this sector (Craig et al., 2019; Feron et
al., 2021).

Therefore, when contemplating the establishment
of a PV plant, it is vital to assess not solely the
current renewable resources but also the ramifications
of climate change (CC) on the future of photovoltaic
energy production (PVP), especially in cases of long-
term usage and financial commitment (Pérez et al.,
2019).

1.1 Justification and Objectives

The research described in this article focuses on
the analysis of the impacts of CC on PVP. This study
utilizes a bibliometric methodology applied to the
available literature within the Web of Science (WoS)
and Scopus (Sco) databases.

This type of study uses scientific concepts and
technical elements to measure the aspects of
scientific production of a given area of knowledge,
based on statistical instruments that enable a better
analysis of ‘scientific publications’, as presented in
the literature on bibliometric indicators (Todeschini
and Baccini, 2016), a combination of scientific
mapping and citation analysis (Noyons and Moed,
1999), measurement of academic research (Andrés,
2009), mechanisms used to measure the recording of
information and the dissemination of knowledge
(Vanti, 2002), and scientometric indicators (Spinak,
1998).

This research holds an original and exploratory
element. To the best of the authors knowledge, no
studies with similar characteristics, specifically
focusing on the bibliometric review of documents
concerning the impacts of climate change on
photovoltaic energy-production potential, exist in the
literature. The research delves into an analysis of its
own performance while conducting a scientific
mapping (LOpez-Belmonte et al., 2020) of works
associated with this domain. The study combines a
unique focus on climate change’s influence on
photovoltaic energy and a comprehensive scientific
mapping, making it distinct within the field. This
study identifies emerging themes and collaborative
networks. It assesses the evolution of scientific
production and its degree of maturity (Moreno-
Guerrero et al., 2020). Additionally, it defines the
institutions concentrating the largest number of
publications and the most active networks or research
groups. Furthermore, it synthesizes the titles of the
journals commonly used for publication, lists the
most productive authors, and identifies the most cited
authors. These findings can demonstrate the
relevance of these authors within the theme
(Todeschini and Baccini, 2016). Hence, this study
aims to attract researchers’ interests in this concept,
offering a comprehensive view of CC-PVP’s
significance, its associated research trajectories, and
potential future trends it encompasses.
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This study adhered to procedural guidelines
outlined in prior research (Emodi et al., 2019; Marin-
Marin et al., 2021), aiming to employ an established
study model endorsed, compared, and validated
within the scientific community. Thus, this study
aimed to achieve the subsequent goals:

»  Establishing the importance of CC-PVP;

«  Presenting the evolution of CC-PVP in
scientific articles;

«  Determining the most relevant approaches
of CC-PVP in scientific articles; and

«  Determining the authors of the most
relevant research on CC-PVP in scientific
articles.

1.2 Research Question

This review is driven by the query: “What are the
features, scope, and entities involved in research
pertaining to the impacts of climate change on the
potential of photovoltaic production (PVP)?”

1.3 Identification of Relevant Studies

In this type of research, a thorough procedure
should be followed to avoid biases. For this purpose,
guidelines established in other studies (Emodi et al.,
2019; Marin-Marin et al., 2021) were followed in
order to perform all the necessary actions optimally.
Concretely, this research conducted the sub-sequent
procedures (Montero-Diaz et al., 2018): (i) selection
of study databases (WoS and Sco); (ii) delineation of
the focal concept for analysis (CC-PVP); and (iii)
formulation of the search equation encompassing all
terms linked to the primary construct (Table 1). The
selection of these databases was based on their
comprehensive coverage of energy and meteorology-
related fields. Their inclusion was particularly
influenced by their recognition as prestigious
repositories hosting publications listed in the Journal
Citation Reports (JCR) (Zhu and Liu, 2020). These
databases were chosen for their expansive scope
across multiple disciplines connected to energy and
meteorology, aligning with the breadth and prestige
required for this study. Therefore, WoS and Sco are
postulated as relevant databases for retrieving
documents pertinent to the examined state of the art
in this study.

The bibliographic research aimed to utilize
bibliometrics in identifying peer-reviewed literature
regarding evidence of CC-PVP. The search query
incorporates terms deemed relevant by the authors,
encompassing variability, climate change, impacts,
and energy production in relation to PV technology.
The preliminary search was implemented on 11
December 2021, at the aforementioned platforms,
which are databases of world prestige (Zhu and Liu,
2020) with records from 1965 (for WoS) and 1960
(for Sco) to the present date (Emodi et al., 2019).
Although the limitation of year of publication is used
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by some authors (Emodi et al., 2019), it was not
adopted in this study because the aim was to identify
the entire history of articles within the analyzed
theme.

Table 1 - Search strings used to search for articles for
the review.

Web of  Scopus
Science (1960-
(1965-2021) 2021)

Search String

Title Title-Abstract-Keywords

impact AND power * AND (weather

* change * OR climat* change* OR 243 235
global warming)

impact AND *lectric* AND (weather

* change * OR climat * change * OR 187 201
global warming)

impact AND energy * AND (weather

* change * OR climat * change * OR 327 289
global warming)

? ffect * AND power * AND

(weather * change * OR climat * 421 454
change * OR global warming)

? ffect * AND *lectric * AND

(weather * change * OR climat * 261 337
change* OR global warming)

? ffect * AND energy * AND

Photovoltaic
OR PV

Photovoltaic
OR PV

Photovoltaic
OR PV

Photovoltaic
OR PV

Photovoltaic
OR PV

Photovoltaic

OR PV (weather * change * OR climat * 470 475
change * OR global warming)
Subtotal 1909 1991
Total 3900

Legend: the asterisk (*) denotes any grouping of
characters, including no characters, while the
question mark (?) represents any single character.

The search criteria outlined in Table 1 were
employed within both the WoS and Sco databases,
resulting in 1909 and 1991 articles retrieved,
correspondingly. The exact description of the strings
used in each database is shown in Tables S1 and S2
of Supplementary File S1.

2. METHODOLOGY
2.1 Research Scope

The research methodology used in this study was
bibliometric (Moreno-Guerrero et al., 2020). This
approach was selected due to its capability to
precisely quantify and analyze the publications
indexed within the two databases under examination
(Carmona-Serrano et al., 2021). In this context, the
design of development research allows the search,
recording, analysis, and forecast of documents that
revolve around a theme (Carmona-Serrano et al.,
2021).

In addition, a co-word analysis was conducted
(Herrera-Viedma et al., 2020). In this type of
analysis, the focus lies in examining the keywords
within the plethora of documented literature.
Particularly, this examination allows connections to
be made between the themes investigated in various
publications concerning the construct being analyzed.
Additionally, co-word analysis allows the themes that
may soon present themselves as potentially relevant
to be predicted. This analysis also involves creating
maps with nodes that indicate achievements,

RETERM — Thermal Engineering Vol. 23 (2024) No. 1

positions within specific language domains, and the
evolution of a subject. Similarly, another indicator,
the h index, was taken into account for the analyses
in the present study (L6pez-Robles et al., 2019).

The review was conducted in the following five
main steps: (i) definition of scope, (ii) identification
of the research question, (iii) identification of
relevant studies, (iv) selection of the study, and (v)
data treatment.

2.2 Study Selection Process

The selection process of this study is similar to
that used by Emodi et al. (2019) and by Marin-Marin
et al. (2021). Initially, duplicates and irrelevant
articles were removed. In the filters of the respective
databases, only articles, conference articles, and
review articles were maintained, as performed by
Marin-Marin et al. (2021). Each article underwent
independent review, applying the selection criteria to
titles and abstracts. The initial selection was
comprehensive, aiming to encompass all literature
pertaining to the influence of CC over PVP.

The selection process utilized criteria (outlined in
Table S3 of Supplementary File S1) to filter through
a diverse array of articles based on their titles and
abstracts, narrowing down the focus to studies that
specifically address the effects of climate change on
energy systems utilizing PV technology, whether in
the past, present, or future. As the articles were
handled separately according to their source database,
a new exclusion of duplicates was necessary to finish
the eligibility step and determine which ones would
be included in the quantitative analyses.

In addition, the PRISMA flow diagram
(LIBERATI et al., 2009), in Figure 1, was used to
review the publications.

During the screening process, reviewers
frequently convened to resolve discrepancies and
address any concerns pertaining to the selected
articles for this review.

2.3 Data Treatment

Data processing was performed in Excel 2013
software (Microsoft, 2013), feeding it information to
create graphs and tables that assisted in the
quantitative and qualitative analyses of the studies.
The necessary data were provided by the WoS and
Sco databases, such as: title, authors, keywords,
number of citations, abstract, year, country, and
journal of publication.

Moreover, SCIMAT v1.1.04 (Cobo et al., 2012)
was employed to longitudinally analyze the dynamic
and structural development of the entire literature,
involving the examination of how a keyword evolved
within a predefined series of time periods (Herrera-
Viedma et al., 2020). SciMAT orchestrates the
following procedures:



Aradgjo, et al.

- Identification: Analysis of the
publication’s keywords (n = 735) involves the
creation of co-occurrence maps using nodes,
generating a network of co-words. Identification
of the most crucial keywords (h = 587) occurs,
followed by the clustering of significant terms
and topics using an algorithm.

- Representation: Strategic diagrams are
crafted to organize terms based on their
progression within the literature. These
diagrams are structured into four quadrants (Q)
(Figure 2a): upper right corner (Q1) = pivotal
and significant themes; upper left corner (Q2) =
extensively developed or isolated themes; lower
left corner (Q3) = emerging or waning themes;
and lower right corner (Q4) = overarching or
fundamental themes. These visualizations are
generated by considering density (internal
strength) and centrality (connections between
networks) principles (Herrera-Viedma et al.,
2020). Additionally, thematic networks (Figure
2b) depict the primary theme linked to other
terms.

« Specification: Timeframes are established
to categorize publications and facilitate the
examination of node development across time.
These intervals are determined based on
establishing a volume of publications sharing
certain similarities. For this study, three periods
were defined (P1 = 2005-2015; P2 = 2016-
2018; P3 = 2019-2021). However, concerning
the analysis of articles’ authors, only one
period—spanning from the beginning to the end
(PX = 2005-2021)—was established. The
strength of connections between periods is
computed by considering the number of shared
keywords or themes.

« Evaluation: The evolution of themes is
scrutinized across the established timeframes
(Figure 2c). Additionally, production indicators
aligned with the inclusion criteria are outlined
(Table 2).

3. RESULTS
3.1 Analysis of Bibliometric Performance

The PRISMA flow diagram (Figure 1) showed
that the bibliographic research resulted in a total of
3900 articles—with 1909 and 1991 articles returned
from the WoS and Scopus databases, respectively—
which were reduced to 788 and 709 after eliminating
duplicates. Following the review of titles and
abstracts, an additional 1349 were removed.

In the eligibility phase, as the articles were
handled separately according to their source database,
a new removal of duplicates (35 in all) was
necessary.
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After that, 113 articles were chosen, spanning
from 2005 to 2021; these publications were utilized
for quantitative synthesis to delineate the scope of the
studies regarding the impacts of CC on the potential
for photovoltaic production (labeled as #1 to #113 in
Supplementary File S2).

Articles identified through search in
the databases
(n =3900)

Web of Science
(n =1909)

Scopus
(n=1991)
T

| PHASE 01 - Identification |

Duplicates excluded 1 1

1121+1282 e = = = === == —— -
(n =2403) ¥ +
@
£ n=788 | n=709
€
r§ T T
' 1 ]
o~ Articles removed after \ |
E, analysis of title and abstract e m e = de e 1
2 693 + 656 | |
z (n=1349) v

Duplicates excluded
(n=35) 1

Articles included in the
quantitative synthesis
(impacts on PV
generation)

'HASE 04 - Inclusion | PHASE 03 Eleglhlllbllltyl
I
1
=
B
o

Figure 1 - PRISMA flow diagram of the study in
the bibliometric review and reasons for exclusions.

Motor themes
Quadrant 1 (Q1)
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Period n Period n + 1
Theme AIH Theme A2
./’I’
Theme B2
Theme C2

Theme Cl."'

Conceptual nexus

. Theme D2

Thickness proportional to

inclusion index nexus
------ Component nexus

(c)

Figure 2 - Format and data of co-word analysis
with SCIMAT: (a) strategic chart, (b) thematic mesh
and (c) evolution of themes. Source: Marin-Marin et

al., 2021.

Figure 3 represents the chronology of the number
of articles published annually and number of the
publications accumulated over the years on CC-PVP.
The progression has been uneven, marked by three
distinct phases. The initial phase spans from 2005 to
2015, inclusive. Throughout this period, scientific
output typically did not surpass five manuscripts per
year.

Table 2 - Production indicators and inclusion criteria
adopted in this study.

Configuration Values

Keywords: keywords,

Web of Science (WoS) and Scopus
(Sco)

Keyword: P1 = (2), P2 = (2), P3 = (2)

Analysis unit

Frequency threshold

Type of network Co-ocurrence
Co-occurrence union value n _ _
threshold Keyword: P1 = (2), P2 = (2), P3 = (2)

Normalization measure Equivalence index

Simple center algorithm

Maximum size: 9; minimum size: 2
Core mapper

h index and number of citations
Jaccard index

Inclusion index

Clustering algorithm

Type of document selection
Quality measure

Evolution measure

Overlap measure
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Figure 3 - Articles published per year and the
accumulated quantity.

The second phase witnesses a marginal rise in
scientific output spanning from 2016 to 2018,
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averaging approximately nine articles per year with
consistent  production. The subsequent phase,
encompassing 2019 to 2021, experienced a
substantial increase in output, which demonstrates the
relevance of the theme in the current context.

Undoubtedly, English serves as the predominant
language in scientific publications concerning CC-
PVP (Figure 4). Other languages have significantly
less production com-pared to English in the scientific
literature on CC-PVP.

0

® English
u Chinese
u Polish
Spanish
m Turkish

95%
Figure 4 - Languages used in the articles.

The multiple research areas described by the
WoS, in which the articles are included, confirmed
the interdisciplinarity of the study involving climate
change and PV technology, as described in Figure 5.
Although the focus of the publications was the
changes in the energy supply, with 74 articles in
“Energy” and 57 in “Fuels”, other categories were
also relevant, such as “Technology” and “Sustainable
Science”, with 46 and 45 articles, respectively. The
topics found included electronics, meteorology,
thermodynamics, engineering, environmental
sciences, (with respect to the ecologically friendly
alternative source), computer science, materials
science, and economy, among others.

Others =l
Methods B
Economy B
Automation 1
Multidisciplinary Sciences B
Materials Science Bl
Urban Sciences B
Chemistry B
Environmental Studies B
Environmental Engineering B
Engineering N
Atmospheric Sciences HE
Computer Science
Chemical Engineering B
Physics HEE
Thermodynamics HEE
Meteorology I
Electronics  Immmm—mm
Environmental Sciences HE—
Electrical Engineering I
Green I
Sustainable Science II——
Technology I
Fuels I
Energy

0 10 20 30 40 50 60 70 80
Number of articles

Figure 5 - Division of articles per research area.
(During  this  construct, articles  considered
interdisciplinary, according to the division
established by the WoS and Sco databases, could be
classified in more than one research area).
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The scientific community favored research
articles presenting the most significant findings on
CC-PVP (82 articles). Additionally, it is notable that
there was a relatively small quantity of conference
articles (26 articles) and review articles (5 articles) in
this field of study.

In the realm of CC-PVP studies, no particular
scientific institution exhibited notably higher
production volumes than the rest. The number of
articles was uniform when analyzing the institutions
occupying the first positions (Figure 6). A total of
206 institutions had at least one article published in
the area.

Umv Wuhan

Univ Tunis El Manar

Univ Tech Ostrava

Univ Swinburne Technol

Univ Politecn Cataluna

Univ of Birmingham

Univ North China Electric Power
Univ Murcia

Univ Miyazaki

Univ Malaya

Univ Majmaah

Univ Leeds

Univ King Fahd Petr & Minerals
Univ Delhi Technol

Univ Deakin

Umv Cent S

Univ Castilla La Mancha

Inst Royal Netherlands Meteorol
Inst Natl Environm Ind and Risques
Inst Atmospher and Climate Sci
ETH Switzerland

Univ New South Wales

Univ Huazhong of Sci and Tech
Univ Fed Rio de Janeiro

=]
=]
w

Figure 6 - Institutions of origin of the articles.

Figure 7 highlights the authors with more than
one publication, a total of 32 com-pared to the total
of 431 authors. There is no author standing out from
the others. A limited number of authors displaying
slightly higher productivity than others was noticed.
Through a comparative analysis using Lotka’s ideal
model (Lotka, 1926), it becomes evident that the
production related to CC-PVP approaches a moderate
level of maturity.

¢ o e ¢ v g
B = o

4

2

o
Zu e
@ )

Figure 7 - Authors with two or more published
articles.
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g
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=

Wild, M

o I
=
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In Figure 8, it is possible to observe the
relationship between the main authors. Wild M. is the
one with the most relationships, which would justify
his greater number of publications (four). Several
scientific groups that had no correlation with the
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others were found, which presumably compose
distinct research groups.

Goel, N. Cai, T.

Plenninger,S. | Folini, D._| m— T
S = Rizwan, M. Chen, C.
Jerez, S, . e -
’ S ‘Altamimi, A. Crook, R.
Tabin, I. e : ,
(?;::.sc a Smocek, M. Mekhilet, .
— [ Wang.C. | Hradilek, Z.
— Ahmed, S.E
“~{ van Meijgaard, E. e
Tan, X. H. —
[ awierernc. 9 GeemeMaA | Panjwani, M. K.

Figure 8 - Correlation between the most prolific
authors. Lines indicate joint publication.

The articles were published in 69 scientific bases,
most with a focus on energy, while others were in the
areas of sustainability, meteorology, information
technology, automation, thermodynamics,
infrastructure, engineering, and economics. However,
only 10 bases had three or more articles published
(Figure 9). The “IEEE Conferences” journal, which
brings together articles published in conferences of
the IEEE entity was the most representative, with 12
publications, followed by the journals “Energy”,
“Renewable  Energy”, and “Renewable and
Sustainable Energy Reviews”, with 6, 5, and 5
publications, respectively. All journals reported have
relevant impact factors, which points to the
importance of the articles on the theme.

Environmental Research Letters  m—m
Energies Do
Joumal of Cleaner Production S
Journal of Renewable and Sustainable Energy  mo——m
Sustainability EE—
Applied Energy ——
Renewable and Sustainable Energy Reviews m—
Renewable Epergy  EE—
Energy HE—
IEEE Conferences

=]

2 4 6 8 10 12
Figure 9 - Bases that had published two or more
articles. Articles published by each base.

Figure 10 explains the territorial arrangement
referring to the location where the studies were
conducted and the number of authors per territory.
Among these countries, China emerges prominently
in the ranking with a staggering 17 publications,
surpassing the second and third positions—held by
the United States and Australia—by more than 50%.
Notably, the majority of published articles are
authored by researchers from developed nations like
the USA, Australia, Spain, Switzerland, and the
United Kingdom. However, the study also
underscores  substantial contributions  from
developing countries such as China and India,
signifying their noteworthy impact on the subject
matter.

The citation volume for manuscripts centered on
CC-PVP research stands at a moderate level
compared to other research domains. Notably, the
article by Pfenninger et al. (2016) emerges as the
most cited, accumulating a total of 388 citations,
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followed by Das et al. (2018), which has garnered
300 citations. It is interesting to note that, among the
six most cited articles, only one is a review article
and one is a conference article (Table 3).

G

T 200w

NUMBER OF PUBLICATIONS
- -2 6-8 - .
- o3 - o1 . Nodata

Figure 10 - Countries of researchers who
conducted the studies and their quantities. (The
construct was obtained from the nationality of all
authors of each article, and not only of the first
(main) author. Thus, a single article may have been
assigned to more than one country).

Geographic Coordinate System, Datum

Data Source: Authors.
SIRGAS, 2000.

Table 3 - The six most cited articles according to the
Web of Science and Scopus databases.

Reference Type Clta_ltlons
Web of Science Scopus
Pfenninger et al. (2016)  Article 388 -
Dasetal. (2018)  Review article 248 300
Jerez et al. (2015) Article 117 123

. Conference
Cai et al. (2010) article - 122
Crook et al. (2011) Article 112 111
Smith et al. (2014) Article 103 109

3.2 Structural and Thematic Development

Figure 11 portrays the evolution of keywords
across different periods, resembling an X-ray image.
It reveals several pertinent details essential for
analysis. The ascending arrows denote the count of
keywords not utilized in subsequent periods.
Descending arrows signify the addition of new
keywords within a specific timeframe. Horizontal
dates represent the quantity of overlapping keywords
between two periods. Circles indicate the number of
keywords employed by authors in each period.

19 (D.19)

34 (0.27)

Figure 11 - Continuity of keywords between
contiguous intervals.

In this instance, these data indicate the absence of
a clearly defined research trajectory over time. This is
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evidenced by the overlap percentages between
consecutive periods, which reach 19% between
2005-2015 and 2016-2018, and 27% between 2016—
2018 and 2019-2021—both below 30%. However,
the comparison between the last two periods shows
an increase in percentage. This trend might suggest
the emergence of a research trajectory in the
foreseeable future, albeit still in a formative stage.

The thematic evolution of research related to CC-
PVP was generated from the Jaccard index (Real and
Vargas, 1996). This metric establishes associations
between themes, considering whether the linkage
between themes relies on keywords or other themes.
A continuous line on the chart signifies a thematic
connection, representing a conceptual linkage.
Conversely, a dashed line indicates a link based on
keywords, denoting a non-conceptual connection.
Moreover, the thickness of the connecting line is
noteworthy, signifying the volume of overlapping
keywords or themes. A greater thickness signifies a
higher number of shared elements between adjacent
themes.

Figure 12 highlights several notable aspects.

PVPOWER D= —————— FORECASTING
® /,/.T’v i
e
P
P

7 ENERGY
[@cLvaTE

CHANGE

MACHINE LEARNING

DEEP LEARNING

® SOLAR
PHOTOVOLTAIC
@  BATTERY STORAGE
PHOTOVOLTAIC
(A) ® POWER SYSTEM

‘ PV POWER /‘— —————— -‘ FORECASTING
P PV CELL
.

e
S

- ENERGY

y
y
‘GLIMATE

CHANGE

MACHINE LEARNING

SOLAR
PHOTOVOLTAIC

DEEP LEARNING

BATTERY STORAGE

- PHOTOVOLTAIC
(B) POWER SYSTEM

PVPOWER AB—————— —‘
6 RV CELL FORECASTING
e
e
v
e . ENERGY
./CLIMATE

CHANGE

. MACHINE LEARNING

® SOLAR
PHOTOVOLTAIC

L] DEEP LEARNING

@  BATTERY STORAGE

PHOTOVOLTAIC
(C) POWER SYSTEM

Figure 12 - Thematic evolution by different
quality measures: (A) number of documents, (B) h
index, and (C) number of citations.
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Primarily, there is a strikingly low number of
connections between adjacent themes, signifying the
absence of links among the diverse research
trajectories within the CC-PVP studies. Second, there
is only one line of research indicating continuity in
the three periods, represented by “Climate Change”,
“PV cell”, and “Forecasting”, respectively.

Also, it is possible to observe that the term
“Energy” is relevant, regardless of the quality
measure, while the terms “PV power”, “Forecasting”,
and “Photovoltaic Power System” stand out when
considering the number of citations, and the term
“Climate change” is evident when considering the h
index.

To analyze the most outstanding themes of CC-
PVP, the strategic diagrams of each selected period,
constructed by SciMAT based on the density and
centrality measures of Callon, Courtial, and Laville
(1991), will be presented, as conducted previously.
The volumes of the spheres that will be presented in
these diagrams are equivalent to the number of
citations received by the themes they represent.

3.2.1First Period (2005 to 2015)

According to the strategic diagram presented in
Figure 13A, it was observed that scientific production
focuses on two themes: “Climate change” and “PV
power”. As part of the quadrant of motor themes,
which are those highly developed or essential to build
the research area, the theme “PV power” stands out
as the most important of this period. The theme
“Climate change”, due to being at the center, appears
as an emerging, transversal theme and driving force

for research.

density

CLIMATE CHANGE N
centrality
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Figure 13 - Bibliometric data of the period from
2005 to 2015: (A) strategic diagram and (B) cluster
network of the theme “PV power”.

As the most relevant theme of the period, “PV
power” has a cluster network (Figure 13B) that is
divided into two major areas: evaluation of PV
energy production using statistical methods and
evaluation using artificial intelligence methods
associated with the use of meteorological data.

Table 4 shows data on the number of publications
for the themes that stood out in this period, the
citations obtained by these publications, and the
values of the h index. It is observed that both themes
reached significant numbers of citations, although the
h index values were low.

Table 4 - Performance of themes in the period from
2005 to 2015.

Theme Publications Citations h Index
Climate change 3 41 3
PV power 4 105 2
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3.2.2Second Period (2016 to 2018)

According to the strategic diagram presented in
Figure 14A, the scientific production focuses on only
one theme: “PV cell”. This is in the quadrant of the
motor themes, which are those highly developed or
essential to build the research area, being the most

important of this period.

PV CELL

EL] 3@ ER|

|®) |

Figure 14 - Bibliometric data of the period from
2016 to 2018: (A) strategic diagram and (B) cluster
network of the theme “PV cell”.

The “PV cell”, despite being the most relevant
theme of the period, has a greatly reduced network of
clusters (Figure 14B), having only one additional
cluster, “Electric Power”. Thus, it is understood that
the period was characterized by the concentration of
studies in a single line focused on the electrical
characteristics of PV technology.

Table 5 shows low values for the number of
publications, citations, as well as for the h index of
the most relevant theme for the period from 2016 to
2018. Thus, it is concluded that the scientific
productivity was low and without much impact when
compared to the previous period.

Table 5 - Performance of themes in the period from
2016 to 2018.

Theme Publications Citations  h Index

PV cell 2 13 2
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3.2.3Third Period (2019 to 2021)

According to the strategic diagram presented in
Figure 15A, the scientific production of this period is
concentrated in seven themes. As part of the quadrant
of the motor themes, which are those that are highly
developed or essential to build the research area, the
themes “Forecasting” and “Deep learning” stood out.
As part of the quadrant of basic and transversal
themes, considered as important for the scientific
field, the themes “Machine-learning” and “Energy”
also presented themselves as relevant. The current
period exhibits a notable expansion in the scope of
study areas, particularly emphasizing the application
of machine learning techniques in evaluating
photovoltaic systems. This period surpasses its
predecessors in terms of the diversity and depth of
research areas, focusing notably on the integration of
machine learning methods within photovoltaic
system assessments.

The theme “Energy” has a highly interdisciplinary
network of clusters (Figure 15B) that mainly relates
themes of energy, climate change, and solar energy.
The theme “Forecasting” has, in its network of
clusters (Figure 15C), themes such as “Electric
Power”, “Smart Power Grids”, and ‘“Photovoltaic
Generation”, which indicate that researchers are
looking at how photovoltaic production and electric
energy consumption will behave in the world,
especially when considering climate change. In
general, the densities of the themes indicate that it is
not a completely consolidated area, but an area in
continuous expansion.

Table 6 shows data on the number of publications
of the themes that stood out in the period from 2019
to 2021, the citations obtained by these publications,
and the respective values of the h index. It is
observed that the theme “Energy” stands out, in the
number of publications, the number of citations, and
impact factor obtained by the h index, highlighting its
transversality.

4. CONCLUSIONS

This study was conducted to analyze and
highlight relevant aspects of the international
scientific production on CC-PVP published between
1960 and 2021 and retrieved from the bibliographic
collections Web of Science and Scopus. From 3900
articles that were filtered up to the 113 articles
published in 69 scientific bases, produced by 431
different authors from 206 institutions and 56
countries, it was found that the production on this
theme has increased significantly in the last three
years, especially in 2021, which produced 26 articles,
the largest number of the analyzed period.

This evolution allowed an increase in the degree
of maturity of this field of research, which was
observed when comparing the publications per author
with what is expressed by Lotka’s Law. As for the
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authors who produced the most, it was found that
thirty-two published two or more articles. Martin
Wild from the Institute for Atmospheric and Climate
Science (Switzerland), with four publications, stood
out among them. In relation to the countries, four had
10 or more publications, with China standing out
with the largest number of publications, 17 articles,
followed by Australia and the United States, both
with 11.

FO‘NG

DEEP LEARNING
2

BATTERY STORAGE
3

SOLAR FOTOV
6

MACHINE LEARNING

LTAIC

ruorovorr.vsk SYSTE!

(A)

c].o.mc EXPE.\'TAL

Figure 15 - Bibliometric data of the period from
2019 to 2021: (A) strategic diagram, (B) cluster
network of the theme “Energy”, and (C) cluster

network of the theme “Forecasting”.
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Table 6 - Performance of themes in the period from
2019 to 2021.

Theme Publications
Energy 17
Forecasting 4
Photovoltaic power system 2
Machine learning 6
Solar photovoltaic 4 6
2
4

Citations _h Index
135 5

Battery storage
Deep learning

N
W
[ SN SN N

With regard to scientific bases, the “IEEE
Conferences” journal, which brings together articles
published in conferences of the IEEE entity, was the
one that concentrated the largest number of
publications, 12 articles, followed by the journals
“Energy”, “Renewable Energy”, and “Renewable and
Sustainable Energy Reviews”, with 6, 5, and 5,
respectively. All journals reported have relevant
impact factors, which shows the importance of the
articles on the theme. Among them, Applied Energy
stands out with the highest index (SJR2019 = 3.607),
as well as four articles published between 2005 and
2021.

The most productive institutions, with three
articles each, were Universidade Federal do Rio de
Janeiro (Brazil), University of Huazhong of Science
and Technology (China), and University of New
South Wales (Australia).

As for the articles considered as the possible elite
of this field of research, the two with the most
citations were those of Pfenninger et al. (2016) and
Das et al. (2018), both published in high-impact
journals: “Energy” and “Renewable and Sustainable
Energy Reviews”, respectively.

The area that concentrates the largest number of
publications on CC-PVP is “Energy”, with 74
articles, followed by “Fuels” and “Technology” with
57 and 46, respectively, which demonstrates the
importance of CC-PVP in interdisciplinary areas.

Through observing the consistent keywords
across consecutive intervals, it became evident that
there is not a defined research trajectory evolving
over time. This lack of continuity stems from the
overlap percentage between contiguous periods,
consistently remaining below 30%. However, in the
comparison between the last two periods, there is an
increase in this percentage, indicating a potential
emergence of a research trajectory in the foreseeable
future. Nonetheless, this direction seems to be in an
incipient stage of development.

The strategic diagrams, obtained by SciMAT,
show the topics predominantly addressed in the
periods analyzed. Thus, it was possible to determine
that in the period between 2005 and 2015, the
publications on CC-PVP focused on two themes:
“Climate change” and “PV power”. Of these themes,
the only one identified as highly developed or
essential to build the research area was “PV power”,
which received 105 citations, the largest amount of
this period.
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The second period was characterized by the
concentration of studies in a single line focused on
the electrical characteristics of PV technology.

In the third period the focus was on seven themes,
among which two stood out: “Energy” and
“Forecasting”. The theme “Energy” has a very
interdisciplinary network of clusters that mainly
relates the topics of energy, climate change, and solar
energy. “Forecasting” appears with a network of
clusters that indicates that researchers are looking
into how photovoltaic production and electric energy
consumption will behave in the world, especially
when considering climate change. The highlight of
citations for this third period was the theme
“Energy”, with 135 records, followed by
“Forecasting”, with 93.

The limitations of this study are the use of only
two databases, Web of Science and Scopus, and the
possibility that articles dealing with the subject did
not include the terms used here to identify studies on
CC-PVP. For future research, it is suggested to
expand the scope of this analysis, comparing its
results with the sample of other bibliographic
collections, following the same procedures.
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