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Purpose: The study aims to provide an in-depth understanding of current research trends in
photovoltaic (PV) applications through a bibliometric approach. Specifically, it seeks to
identify the main areas of research, the geographical leaders, the temporal trends, and the
recurring themes to guide future development.

Design/methodology/approach: The authors used a five-step procedure based on Hart's
methodology, involving data collection, verification, bibliometric analysis, visualization,
and results interpretation. The Scopus database was searched using specific keyword
combinations, and tools like VOSviewer and Excel were employed for co-occurrence,
temporal, geographical, and thematic analysis of publications.

Findings: China, the United States, and India dominate PV application research, with
significant contributions in materials science, engineering, and energy fields. Six application
domains were analyzed: industry, household, transportation, solar farms, remote locations,
and military, with industry and household applications being the most researched.

Research limitations: The study is limited to the Scopus database. This database is broad.
However, it may exclude relevant work from other databases. Additionally, studies with
unconventional terminology or interdisciplinary scope may be omitted from keyword-based
searches.

Practical implications: By mapping PV research trends and dominant regions, the study can
guide policymakers, investors, and researchers toward areas with high potential for
development and innovation. The identified application domains can help prioritize funding
and international collaboration in the most promising PV sectors.

Originality: This research offers the first comprehensive bibliometric analysis explicitly
focused on PV applications rather than general PV technology. It contributes to filling
the knowledge gap by structuring research areas, identifying emerging topics, and revealing
underexplored application domains.
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1. Introduction

One of the most challenging issues facing people in the 21st century is the need to protect
the environment (Al Doghan et al., 2022; Arkorful et al., 2024; Inangoglu et al., 2020).
It necessitates a transition to renewable energy sources that are zero-emission during use
(Ofstad et al., 2017). Furthermore, considering the entire life cycle of the technology required
to generate this energy, its use should result in lower greenhouse gas emissions (Mularczyk,
Zdonek, 2022). Consequently, there has been a recent worldwide interest in solar energy,
with a particular emphasis on photovoltaic technology (Garcia et al., 2018; Hysa, Mularczyk,
2024; Mostafa et al., 2020).

Photovoltaics (PV) is one of the leading technologies for obtaining energy from renewable
sources (All Photovoltaic Barometers Archives..., 2025). It enables the direct conversion of
solar radiation energy into electrical energy. A significant increase in PV activity has been
observed over the last two decades of the 21st century (Liu, Huo, 2024; Masson et al., 2024;
Mularczyk, Zdonek, 2022; Novas Castellano et al., 2024; Stec et al., 2024; Wolniak,
Skotnicka-Zasadzien, 2022). It has resulted in a rapid increase in the use of photovoltaic
modules in various applications.

Recent research documents a wide range of photovoltaic (PV) applications (Franco, Franco,
2025; Garcia et al., 2018). For example, Vivar et al. (2024) explore water-related PV systems,
including floating, submerged, agrivoltaics, aquavoltaics, and PV-integrated water disinfection
technologies (Vivar et al., 2024). The integration of photovoltaics with agriculture is described
by Qazi (2016), who highlights standalone PV systems for rural, remote, and disaster-prone
areas, emphasizing affordability and resilience (Qazi, 2016). Mamun et al. (2022) discuss
agrivoltaics as a strategy to enhance rural energy access while supporting local agricultural
practices (Mamun et al., 2022). Smith et al. (2013) report on flexible photovoltaic modules for
portable device charging, field-deployable arrays, and niche markets (Smith et al., 2013).
Hao et al. (2022) focus on PV-powered self-sustaining applications, with particular attention to
energy harvesting, maximum power point tracking, and power management for specialized use
cases (Hao et al., 2022).

In comparison to the previously mentioned studies, this particular study is distinguished by
its contribution to the scientific literature on photovoltaic applications research through
the utilization of bibliometric analysis. This study provides an in-depth understanding of current
research trends in the use and application of photovoltaics over the years.

Therefore, the main objective of the study is to analyze the key areas and trends in
photovoltaic applications. Using bibliometric analysis to identify research trends and
knowledge gaps to discover the most promising areas for the development of photovoltaic uses

in the world.
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Therefore, the article intends to answer the following research questions:

RQ1: What were the main areas/directions of published research?

RQ2: Which countries dominate photovoltaic research?

RQ3: How has research on photovoltaics changed over time?

RQ4: What issues and trends appear most frequently in the analyzed articles?

This article consists of five parts: The first part provides an introduction and justification of
the study, as explained previously. The second part discusses the methods used in the study
analysis. This section explains the selection of the database, keywords, and tools. The third
section of the study presents the results and associated discussions. The final section is intended

to provide a concise summary of the conclusions.

2. Methods

There are several literature review methodologies available, including structured reviews,
model or framework reviews, meta-analyses, theoretical examinations, hybrid future research
frameworks, bibliometric reviews, and systematic reviews (Al Mamun et al.,, 2022;
Azarian et al., 2023; Munn et al., 2018; Oteng et al., 2021; Tawfik et al., 2019). The authors,
following the methodology described in the literature (Czakon et al., 2023; Kumar, 2021; Vivar
et al., 2024), adopted and proposed their own stages of procedure guided by the key principles
underlying the Hart methodology (Hart, 1998). The five-step procedure (as shown in Figure 1)
ensures the robustness and rigour of the study, eliminating subjectivity in data collection and
analysis.

Database: Scopus
Stage 1: searching key words search: ("photovoltaics” OR
"photovoltaic panel” OR "photovoltaic plant” OR "photovoltaic
cell") in a title, abstract, or keywords
n=140,199 documents

Identification and
collection of data

Stage 2: searching with added phrase (AND "application”)
n=33,842 documents

Stage 3: exclusion of non-article the document type “articles”
(AND (LIMIT-TO (DOCTYPE, "ar")) n=18,837 articles

Stage 4: a parallel searching AND (industry OR industrial)
n=1345, AND (houschold OR house OR domestic) n=537,
AND transportation n=172, AND (solar AND farms) n=103,
AND (remote AND locations) n=65,AND (military) n=53.

Data assessment-
verification

Analise 1: General information about publication distribution

‘ Analise 2: Differences by types document and country ‘

Analise 3: Main research areas and directions, along with
frequency

‘ Analise 4: Identifying the top authors in each field ‘

Bibliometric analysis with
visualization and interpretation

‘ Tools: Microsoft Excel, VOS viewer ‘

Discussion of emerging trends and future directions research

Description of
research
results.

‘ Developments, challenges, and future perspectives ‘

Figure 1. The five-step procedure adopted in the article.

Source: own work.
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The methodology consists of the following stages: (1) identification and collection of data,
(2) data assessment — verification, (3) bibliometric analysis, (4) visualization and interpretation,
and (5) description of research results. The central part of the methodology is bibliometric
analysis. Bibliometric analysis is a well-accepted scientific method used worldwide. It uses
mathematical and statistical techniques for evaluation. A literature review was conducted to
identify articles published on the topic until June 2025. The articles were classified according
to the type of study, the authors' region, the main subject, and the application area. Geographic
and temporal trends were analyzed. This study is based on the Scopus database because it
contains a significant number of publications published over the last four decades on
photovoltaic systems. VOSviewer (version 1.6.15) was used to perform co-occurrence analyses
on terms from titles and abstracts to visualize the main topics of the publications. Co-occurrence
analysis reveals how often two words appear together in the same text as well as the connections
between terms. In the resulting visual network, each sphere represents a term, and the size of
the sphere is proportional to the occurrence of the term. The links between the spheres represent
the association between words: the thicker the line, the stronger the association (co-occurrence).
The program identifies clusters of words that are very often cited together and likely refer to
the same topic. Time trends, geographical analyzes, and journal analyzes were carried out

in Microsoft Excel.

3. Results and discussion

The first three stages were intended to answer the first two research questions
(RQ1: What were the main areas/directions of published research? and RQ2: Which countries
dominate photovoltaic research?).

The first stage included searching the following terms: ("photovoltaics" OR "photovoltaic
panel" OR "photovoltaic plant" OR "photovoltaic cell") in a title, abstract, or keywords.
It resulted in 140,199 documents. The main information about the collection is presented in
Table 1.

Most of the items found were articles (55%) and conference papers (37%). The main subject
areas were engineering (56%), energy (43%), and materials science (30%). The most
considerable number of affiliations came from China (19%), the United States (16%),
and India (11%). In fourth place was Germany (5%), followed closely by the United Kingdom
(5%) and Japan (4%).
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Table 1
Main results of the first search
Description Results Description Results
Main information Main subject area
Timespan 1923:2025 (June) Engineering 78,674  (56%)
Documents 140,200 Energy 59,874  (43%)
Materials Science 42,675  (30%)
Document types Physics and Astronomy 30,318  (22%)
Article 77,640 (55%) Computer Science 23,231  (17%)
Conference Paper 51,505 (37%) Mathematics 18,388  (13%)
Review 5977 (4%) Chemistry 16,730  (12%)
Book Chapter 2,714 (2%) Environmental Science 11,259  (8%)
Conference Review 753  (1%) Chemical Engineering 8,714  (6%)
Note 465 Main country/territory
Book 354 China 27,287  (19%)
Editorial 177 United States 22,434 (16%)
Erratum 166 India 15,973 (11%)
Short Survey 149 Germany 7,045  (5%)
Retracted 125 United Kingdom 6,348 (5%)
Letter 94 Japan 6,163  (4%)
Data Paper 53 Italy 5,634 (4%)
Report 27 South Korea 4917  (4%)

Source: based on Scopus.

To specity the search scope, the phrase (AND "application") was added in the second step.
It resulted in 33,842 documents (Table 2).

Table 2
Main results after the second stage
Description Results Description Results
Main information
Timespan 1949:2025 (June) Main subject area
Documents 33,842 Engineering 17,957  (53%)
Materials Science 13,198 (39%)
Document types Energy 11,465  (34%)
Article 18,837 (56%) Physics and Astronomy 8,660 (26%)
Conference Paper 10,281 (30%) Chemistry 6,082  (18%)
Review 2,866 (8%) Computer Science 4,603 (14%)
Book Chapter 1,118 (3%) Mathematics 3,611 (11%)
Conference Review 354 (1%) Chemical Engineering 2,901 (9%)
Book 205 (1%) Environmental Science 2,132 (6%)
Note 43 Main country/territory
Short Survey 25 China 6,557  (19%)
Erratum 24 United States 5,583  (16%)
Editorial 23 India 4273  (13%)
Retracted 23 Germany 1,916  (6%)
Report 16 United Kingdom 1,646  (5%)
Data Paper 14 Italy 1,526  (5%)
Letter 13 South Korea 1,335 (4%)

Source: based on Scopus.
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Once more, most of the items found were also articles (56%) and conference papers (37%).
The main subject areas were engineering (53%), materials science (39%), and energy (34%).
The most significant number of affiliations came from China (19%), the United States (16%),
and India (13%). In fourth place again was Germany (6%), followed by the United Kingdom
(5%), and then Italy (also approximately 5%).

In the third step, we decided to limit the document type to articles (AND (LIMIT-TO
(DOCTYPE, "ar")). A total of 18,837 articles were identified (Table 3).

Table 3
Main results after the third stage
Description Results Description Results
Main information
Timespan 1949:2025 (June)
Documents 18,837 Main country/territory
Main subject area China 4,442  (24%)
Materials Science 9,083 (48%) United States 2931 (16%)
Engineering 8,196 (44%) India 1,991 (11%)
Energy 6,374 (34%) Germany 1,190  (6%)
Physics and Astronomy 5,671 (30%) United Kingdom 1,002  (5%)
Chemistry 4,747 (25%) South Korea 1,001  (5%)
Chemical Engineering 2,145 (11%) Italy 878  (5%)
Environmental Science 1,383 (7%) Japan 740 (4%)
Mathematics 1,130 (6%) Saudi Arabia 716  (4%)
Computer Science 1,104 (6%) Spain 697  (4%)

Source: based on Scopus.

The main subject areas of articles in question were materials science (48%), engineering
(44%), energy (34%), physics and astronomy (30%), and chemistry (25%). In turn, the countries
with the highest number of published articles to date are China (24%), the United States (16%),
and India (11%), with Germany (6%), United Kingdom (5%), South Korea (5%), and Italy (5%)
following. For comparison, Poland ranked 16th with 375 articles (2%). Figure 2 displays
the countries of publication for the articles found.

China, the United States, and India have dominated photovoltaic research. On the one hand,
one could argue that the size of these countries compared to most other countries has had
a significant impact on this result, but countries such as Russia and Brazil do not confirm this
thesis. On the other hand, the explanation is probably the greater number of scholarly centers

in these countries, which translates into higher research potential.
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Figure 2. Article affiliation locations.
Source: own calculations.

To answer the third research question (RQ3: How has research on photovoltaics changed
over time?), graphs of time series showing the publication dates of the studied publications
were constructed and analyzed. Therefore, Figure 3 presents the number of items for all three

searches over the years.

Number of documents found
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Figure 3. Number of documents in steps I to III over the years.
Source: Scopus.

The earliest document, found at the first stage, was printed in 1923 (Garrison, 1923).
Also, in the second and third stages, the oldest document dates back to 1949 (Yurkstas, Manly,
1949). However, it was not until another article from 1957, entitled "Converting Solar Energy
into Electricity", that the subject under investigation was presented (Pearson, 1957). Still,
the number of works was not at a significant level until the first decade of the XXI century.
From that point, the fast-growing trend is visible. This trend is a consequence of the sudden
growth of photovoltaic technology worldwide, observed by the authors cited above (Liu, Huo,
2024; Masson et al., 2024; etc.).
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Subsequently, to answer the fourth research question (RQ4: What issues and trends appear
most frequently in the analyzed articles?), an analysis of the co-occurrence of keywords and
terms from titles and abstracts was conducted to examine the subject matter of the articles
obtained. Shrivastava, Mahajan (2016) and Oteng et al. (2021) point out that keyword analyses
are essential for identifying key research areas within a given field of science (Oteng et al.,
2021; Shrivastava, Mahajan, 2016). Keywords characterize the main research of a published
article and demonstrate the scope of the research area. A keyword network provides insight into
the connections and organization of topics within a research domain, offering a good picture of
the research area. We examined the network of co-occurring keywords using VOSviewer
software. Figure 4 and Figure 5 display the keywords and their connections for the identified

articles, a visualization of keyword frequency and co-occurrence.
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Figure 4. Main keywords in the researched articles consolidated in clusters.

Source: own calculations.

Figure 4 highlights four clusters marked with different colours. On the contrary, the colours
in Figure 5 indicate the period in which they appeared in the publications studied. The yellow
cluster in Figure 4, as compared to Figure 5, includes the newest keywords, such as perovskite,
optical properties, nanocrystals, and other materials. The green one — the oldest. The red cluster

contains words associated with solar power, solar energy, batteries, and optimization.
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Figure 5. Main keywords in the researched articles over the years.
Source: own calculations.

The keywords obtained primarily concerned the materials used to build photovoltaic panels
and the methods of their production and operation. So understood, the keyword analysis
presented above did not reveal the expected division into clear application areas. Therefore,
based on the authors' research by Hao et al. (2022), Saidi et al. (2025), Diaz-Bello et al. (2025),
Zhang et al., (2025), and Pietrzak et al., (2025), as well as their own experience
(Hysa, Mularczyk, 2024), the authors decided to divide the searches into the six most important

photovoltaic application areas using a deductive method (Table 4).

Table 4
Six photovoltaic application areas for further analysis
Sector Key Applications
INDUSTRY — Hybrid PV/T for combining electricity and heat.
— Solar-powered sensors and nanomaterials for smart systems.
— Recycled PV waste.
— Enhancement of the durability of building materials.
HOUSEHOLD — Rooftop PV panels.

— Building-integrated PV (BIPV).

—  Hybrid PV/thermal systems for water heating.

—  Smart battery charging supporting off-grid PV usage.

— PV greenhouses reduce emissions and support sustainable farming.
TRANSPORTATION —  Solar roofs for ventilation in vehicles.

—  PV-charging for electric vehicles.

— Integrated solar panels in trains.

— Curved FPV panels on cars to improve aerodynamics and power.
SOLAR FARMS —  Utility-scale PV for grid integration.

— Use of tracking systems to optimize efficiency.
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Cont. Table 4.

REMOTELOCATIONS |- PV + wind hybrid systems for telecom.
— Islands and military outposts.
— Autonomous sensor systems.

MILITARY — Portable solar chargers for field operations.
— UAVs powered by solar cells.
—  Off-grid base support systems.

Source: own work based on Hao et al. (2022), Saidi et al. (2025), Diaz-Bello et al. (2025), Zhang et al.

(2025), Pietrzak et al. (2025), and Hysa, Mularczyk (2024).

Therefore, during the fourth stage of the analysis, parallel search was conducted in six areas

according to the following criteria:
1. AND (industry OR industrial).

2. AND (household OR house OR domestic).
3. AND transportation.

4. AND (solar AND farms).

5. AND (remote AND locations).

6. AND military.

In Table 5, the main results are presented.

Table 5
Main results for the fourth stage
Description Results Description Results

INDUSTRY

Main information
Timespan 1965:2025 (June) Documents 1,345

Main subject area Main country/territory
Engineering 615 (46%) China 317 (24%)
Energy 549 (41%) United States 180  (13%)
Materials Science 541 (40%) India 111 (8%)
Physics and Astronomy 315 (23%) Germany 105 (8%)
Chemistry 228 (17%) Australia 77  (6%)
HOUSEHOLD

Main information
Timespan 1976:2025 (June) Documents 537

Main subject area Main country/territory
Energy 322 (60%) China 67 (12%)
Engineering 294 (55%) India 63  (12%)
Environmental Science 113 (21%) United States 50 (9%)
Materials Science 70 (13%) United Kingdom 46  (9%)
Mathematics 63 (12%) Germany 32 (6%)
TRANSPORTATION

Main information:
Timespan 1977:2025 (June) Documents 172

Main subject area Main country/territory
Engineering 85 (49%) China 52 (30%)
Energy &3 (48%) India 18 (10%)
Materials Science 41 (24%) United States 17 (10%)
Environmental Science 33 (19%) Germany 10 (6%)
Physics and Astronomy 29 (17%) Australia 8 (5%)
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Cont. Table 5

SOLAR FARMS
Main information

Timespan 1985:2025 (June) Documents 103

Main subject areas Main country/territory
Energy 64 (62%) China 52 (50%)
Engineering 55 (53%) India 18 (17%)
Environmental Science 28 (27%) United States 17 (17%)
Mathematics 17 (17%) Germany 10 (10%)
Materials Science 14 (14%) Australia 8 (&%)

REMOTE LOCATIONS
Main information

Timespan 1979:2025 (June) Documents 65

Main subject areas Main country/territory
Energy 36 (55%) India 11 (17%)
Engineering 34 (52%) United States 8  (12%)
Environmental Science 14 (22%) Australia 7 (11%)
Materials Science 9 (14%) Malaysia 6 (9%)
Computer Science 7 (11%) Spain 5 (8%)
MILITARY

Main information
Timespan 1984:2025 (June) Documents 53

Main subject areas Main country/territory
Engineering 37 (57%) United States 15 (23%)
Energy 17 (26%) China 11 (17%)
Materials Science 13 (20%) Poland 6 (9%)
Physics and Astronomy 13 (20%) Romania 4  (6%)
Mathematics 7 (11%) Greece 3 (5%)

Source: based on Scopus.

Industry was the subject of 1,331 of the articles found. The earliest item was dated 1965.
The main subjects of study were engineering (46%), energy (41%), and materials science
(40%). China (24%), the United States (13%), India (8%), Germany (8%), and Australia (6%)
were the most frequent countries of affiliation.

In terms of household FV applications, 537 articles were identified (the earliest dating back
to 1976). The main subjects of study were energy (60%), engineering (55%), and environmental
science (21%). This time, India surpassed the United States, ranking second in terms
of the number of affiliations, namely: China (12%), India (12%), the United States (9%),
the United Kingdom (9%), and Germany (6%).

There were 172 articles about transportation, with the oldest dating back to 1977. The main
subject areas included: engineering (49%), energy (48%), and materials science (24%).
The most often affiliated countries were China (30%), India (10%), the United States (10%),
Germany (6%), and Australia (5%).

Solar farms were the subject of 102 articles. The first was dated to 1985. The articles were
published mainly in three subject areas: energy (62%), engineering (53%), and environmental
science (27%). The five countries with the most frequent affiliations were China (50%),
India (17%), the United States (17%), Germany (10%), and Australia (8%).
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As many as 64 articles were found about the remote locations of PV applications,
with the oldest dating back to 1979. Their subject areas were mainly: energy (55%), engineering
(52%), and environmental science (22%). The most common countries of affiliation in this case
differed slightly from those in previous instances. They were, namely: India (17%), United
States (12%), Australia (11%), Malaysia (9%), and Spain (8%).

Finally, only 53 articles addressed the use of PV for various military applications. Military
uses were niche but present. The earliest one found was dated to 1984. They were most often
published in engineering (57%), energy (26%), materials science, and physics and astronomy
(both of 20%). This time, the territory of affiliation also differed, including the United States
(23%), China (17%), Poland (9%), Romania (6%), and Greece (5%).

The following two figures (Figure 6 and Figure 7) illustrate the number of articles published

over the years in all six areas.
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Figure 6. Number of articles in the first three areas published over the years.

Source: Scopus.
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Figure 7. Number of articles in the last three areas published over the years.

Source: Scopus.
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When analysing the abstracts and keywords of articles in specific areas, it is clear that terms
such as "vehicle", "battery", "hybrid", "charging", and "range" dominate the field of
transportation. The field of household highlighted "building", "fagade", "rooftop", and
"insulation design integration" issues. Papers on remote locations clustered around "off-grid",
"island", "rural", and "standalone" topics. Solar farm articles emphasized "utility-scale", "large-
scale", "grid", and "cost". Industrial applications focused on" manufacturing and process
optimization", as well as "flexible roll-to-roll lines". Keywords in military articles included
"tactical", "soldier", "lightweight", and "battlefield power".

Identifying the top authors in each area revealed interesting results presented in Table 6.

Table 6
Top-cited authors in each area
Area Author Cited by

INDUSTRY — Gritzel M., 41822
— O'Regan B, 27196
- GaoP, 9544
— Nazeeruddin M.K., 9344
— Moon S.-J. 8881

HOUSEHOLD - YangY., 2638
- LY, 2052
- LiZ, 1848
- YangH.,, 1617
— Wang Y. 1606

TRANSPORTATION - LiY,, 6687
- WangyY., 6257
— QGritzel M., 5400
— ZhangJ., 5066
— Friend R.H. 5056

SOLAR FARMS — Gritzel M., 28830
— O'Regan B, 27176
— ZhangJ., 1967
- WangY., 1885
— HanY. 1791

REMOTELOCATIONS - DasBK, 824
- Wangy,, 660
— Hoque N, 614
~ Mandal S., 614
— Houl. 544

MILITARY - Kist]J.A, 251
— Essner 1.B., 251
— Baker G.A., 251
— Polo- Parada L., 251
—  Wirthner F. 219

Source: own work.

Gritzel M. and O'Regan B. dominate in every industrial or solar farm-related context,
indicating a close connection between these areas. In contrast, the transport and household
sectors appear to be more dispersed, and among authors in the field of applied energy are
Yang Y., Li Y., Wang Y. Finally, remote-location initiatives are spearheaded by a distinct set

of authors (e.g., Das B.K. et al.), who concentrate on standalone rural electrification and micro-
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grids. Military PV remains a niche slice; a single 250-citation paper skews the ranking and

places its author group at the top.

4. Summary

Photovoltaics is a broad research area due to its multidisciplinary applications in various
fields. However, previous research on photovoltaics has focused on general applications,
capacity building, exploring advantages and disadvantages, and side effects. Photovoltaic
applications have diversified across key societal sectors. In industry, PV drives innovation and
circularity; in agriculture, it powers eco-efficient cultivation; in households, it supports
autonomy and resilience; in transport, it enhances mobility electrification; in construction,
it promotes sustainable materials; and in infrastructure, it underpins systemic energy transitions.
Each sector carries unique integration strategies and benefits.

The analysis of emerging trends in photovoltaics includes perovskite solar cells, nanocrystal
integration, optical property optimization, and hybrid photovoltaic systems that combine energy
generation with agricultural, water, or architectural functions. Future research directions may
include the use of advanced materials, improving photovoltaic performance in diverse
environments, and increasing affordability and durability in rural electrification and specialized
applications. Challenges for the future of photovoltaics include continued innovation
in materials and system integration, greater penetration in developing regions, expanding hybrid
applications, and growing synergies between photovoltaic systems and smart grids or energy

storage solutions.
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