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Abstract: Solar energy is one of the most important renewable energy sources due to its wide availability 

and applicability. One way to use this resource is by building-integrated photovoltaics (BIPV). Therefore, 

it is essential to develop a scientific map of BIPV systems and a comprehensive review of the scientific 

literature that identifies future research directions. For that reason, the bibliometric research 

methodology enables the quantification and evaluation of the performance, quality and influence of 

the generated maps and their elements. In this regard, an analysis of the scientific production related 

to BIPV, indexed from 2001 to 2022, was carried out using the Scopus database. This was done using 

a scientific mapping approach via the SciMAT tool to analyze the co-occurrence of terms through 

clustering techniques. The BIPV was integrated with the themes of buildings, investments, numerical 

models, office buildings, photovoltaic modules, roofs, solar cells and zero-energy buildings. As 

photovoltaic technology progresses, the production of flexible PV elements is increasing in lieu of 

silicon substrate-based PV elements, and this is of current scientific interest. The evaluations of BIPVs 

in various climatic contexts are encouraging in warm and sunny climates. BIPVs demonstrated high-

energy generation, while in temperate climates, BIPV windows exhibited a reduction in heating and 

cooling loads, indicating notable efficiency. Despite significant benefits, BIPVs face challenges such 

as upfront costs, integration complexities and durability concerns. Therefore, silicon solar cells are 

considered a cross-cutting theme within the BIPV research field. It is highlighted that this study 
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provides a comprehensive scientific mapping and critical review of the literature in the field of BIPV 

systems. This bibliometric analysis not only quantifies the performance and quality of the generated 

maps but also identifies key thematic areas that have evolved. 

Keywords: building integrated photovoltaics; renewable energy; silicon solar cells; shading effect; 

SciMAT; bibliometric analysis 

 

1. Introduction  

Although electricity is essential in today's society, there are approximately 1.2 billion people living 

without access to it [1]. Global energy consumption doubled in the four decades between 1975 and 2015, 

according to the International Energy Agency [2]. These facts highlight the importance of generating 

electricity from distributed sources in the presence of renewable sources to meet local demand [3]. Solar 

energy is considered the most preferred renewable energy source owing to its wide availability [2]. 

Therefore, photovoltaic (PV) technology is growing rapidly compared with other renewable energy 

sources, and the use of solar energy can be divided into two relevant fields. First, the term refers to 

solar thermal energy and deals with the use of solar radiation to generate heating. The second point is 

related to physical process phenomenon solar energy and focuses on the generation of solar energy 

into electricity using silicon solar cells [4].  

However, the efficiency of solar photovoltaic energy is influenced by local climatic conditions 

and the availability of solar radiation, and the efficiency of photovoltaic cells varies within a range  

of 7% to 40% [5]. Furthermore, only about 80% of the incident solar radiation found in the solar 

spectrum can be captured by photovoltaic cells, and the amount of electrical power generated depends 

significantly on the conversion efficiency inherent in the technology employed [6]. This photovoltaic 

technology is used in two different modalities to produce energy in buildings: Building-

applied/attached photovoltaics (BAPV) and building-integrated photovoltaics (BIPV). BAPV systems 

do not replace or interfere with conventional building construction materials, they are typically 

mounted on freestanding structures or installed separately. Its main function is to generate energy, 

which in turn contributes to mitigating heat accumulation by providing shade on ceilings or walls [7]. 

By contrast, BIPV systems are characterized by their ability to shape, incorporate, replace or substitute 

traditional building materials and envelopes, such as roofs, windows, skylights and shading elements, 

through the incorporation of photovoltaic components. These elements have the capacity to generate 

electricity to directly feed the energy needs of the building [7]. 

Due to the growing interest in BIPV systems, several researchers have carried out comprehensive 

reviews in this field. In the study [8], the research progress regarding heat transfer in photovoltaic 

panels integrated into double-skin facades was evaluated, considering various integration approaches. 

Similarly, in [9], the tools currently used for numerical simulation of energy in double-skin façades were 

examined, highlighting the possibilities for future development of BIPV systems. The analysis in [10] 

addressed the practical application of BIPV and explored the challenges it presents, as well as the 

directions it might take in the future. The review of [11] focused on the applications of BIPV systems 

to improve the energy performance of facades [11]. On the other hand, [12] synthesized various 

engineering design models applicable to BIPV systems, including the exploration of the use of 

photovoltaic cells with different colors to improve architectural aesthetics [12]. Finally, Rounis et al. 
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in 2021 provided a detailed review of the observed performance of BIPV systems and focused on the 

relevant modeling of the system, with a special focus on convective phenomena [13]. 

A systematic analysis of the literature on the approaches, methods, tools and characteristics was 

conducted with the objective of identifying the bases for an integrated evaluation of the BIPV urban 

rehabilitation, evaluating the potential for facades [11]. Other works focus on reviews of BIPV 

technology, including major developments, numerical and experimental studies and the impact of 

BIPV systems on building performance [14]. Similarly, bibliometric reviews are presented on the 

panorama of applications of photovoltaic energy on rooftops [15]. A framework integrating 

bibliometric and scientific mapping approaches for solar cell technological advancement was 

developed to strategize and plan future development of the new technology-based industry [16]. 

Previous studies have mainly included a review of BIPV performance in building components, while 

other studies have analyzed the impact on building energy consumption. 

However, there are no bibliometric reviews that perform scientific and performance mapping of 

BIPV systems, where their structure, evolution and trends in this field can be highlighted. BIPVs have 

enormous power generation potential for urban applications. However, these systems are in their 

emerging stage, with few commercial installations [17]. In addition, it is necessary to establish 

standards and standardized evaluation criteria that address the energy performance of BIPV modules, 

considering aspects such as thermal management, solar energy capture, optical and electrical efficiency. 

On the other hand, the special operating conditions of BIPV systems, particularly those related to the 

variability of solar radiation, pose additional challenges in terms of electrical design and the ability to 

predict the performance of these systems. Therefore, finding an adequate balance between energy 

efficiency, aesthetics and visual comfort becomes a relevant factor for the successful implementation 

of BIPV systems [18]. Bibliometric techniques, on the other hand, provide an overview of the growth, 

expansion and distribution of scientific literature related to a specific research area [19]. 

Therefore, the main contribution of this study was the elaboration of a scientific map of the BIPV 

systems and a detailed identification of the scientific production that predicts future research directions. 

The bibliometric approach allows quantifying the performance, quality and impact of the scientific 

maps generated [20]. The document is organized as follows: Section 2 describes the scientific mapping 

approach based on the co-occurrence of terms through clustering techniques, scientific mapping and 

performance analysis that are applied in BIPV systems. In Section 3, the findings are analyzed. Finally, 

the conclusions are presented. 

2. Materials and methods 

2.1. Sources and data 

In this study, we use scientific map analysis, which focuses on monitoring a scientific field and 

defining its research areas, to determine cognitive and evolutionary structure [20]. To carry out the 

bibliometric analysis, two computer tools were used: a) Scopus as an analysis tool to perform the 

synthesis of performance, and b) SciMAT used in the bibliometric analysis of content from scientific 

maps. Rigorous analysis is performed using the procedures of the scientific mapping approach 

proposed in [21,22]. This model has been used in different research topics, including the photovoltaic 

thermal system in [23], the future of material applications for CO₂ capture in [24], and sustainability 

and challenges in biodiesel production in [25]. Consequently, scientific mapping analysis comprises 
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the following stages: Data collection and pre-processing, generation and normalization of networks, 

scientific mapping, analysis and visualization of the thematic network. 

The Scopus database was used for article searches. It is a multidisciplinary database, and relevant 

information for the treated field was found [19]. Additionally, Scopus contains a higher number of 

unique documents compared to other databases, which is very appropriate for the identification of 

original research documents [26]. The search was carried out by selecting only the keyword field and 

using the following search equation: KEY (“Build Integrate Photovoltaics” OR “BIPV”). Similarly, 

only original articles were considered for the period 200–2022 (April), considering the subareas related 

to the field under study. From this, 938 documents were obtained. According to the combined trends 

of scientific production, the period was divided into three sub-periods for evolutionary analysis of the 

research field under study [27]. This is how the periods 2001–2010, 2011–2016 and 2017–2022 were 

selected, considering the documentary volume of each period to allow the detection of lines of 

investigation. 

2.2. Bibliometric analysis tools 

The initial analysis was carried out using the Scopus database tool. For this, the major authors, 

universities, journals and other information that identifies the scientific production of the BIPV were 

identified, considering the h-index [19]. In the same way, SciMAT was used to evaluate the evolution 

of BIPV. This tool builds maps of scientific production, monitors the scientific field, delimits research 

areas to determine their intellectual, social and cognitive structure, and analyzes their structural 

evolution in the field [28]. 

To determine the scientific mapping related to BIPV, the protocols described in [20] were used. 

SciMAT builds scientific maps by performing co-occurrence analysis on each research article selected 

for analysis. In addition, SciMAT analyzes the structural evolution in the elaboration of scientific maps 

and visualizes the evolution of a scientific area [27]. It is a bibliometric tool to produce a high-level 

analysis of research trends, productivity related to different fields, and patterns of scientific 

connections [29]. SciMAT has several advantages over other bibliometric tools, for example, 

CoPalRed, IN-SPIRE, VantajaPoint and VOsViewer [19]. 

In addition, SciMAT identifies thematic research networks through keywords. Moreover, the 

software builds strategic diagrams using indicators such as centrality and density. Furthermore, 

SciMAT identifies thematic research networks through keywords and builds strategic diagrams using 

indicators such as centrality and density [30], as shown in Figure 1. The concept of centrality shows 

the degree of strength of the external links between two terms or keywords, allowing interpretation of 

the importance of a topic in the global development of a field of research and is defined by the Equation: 

𝑐 = 10∑𝑒𝑢𝑣 (1) 

where u is a keyword that belongs to the topic and v is a keyword that is related to other topics. 

On the other hand, the density shows the internal cohesion of the related links between the keywords 

that the topic contains and provides an idea of the level of development of that topic and is defined by: 

𝑑 = 100(∑𝑒𝑒𝑖𝑗/𝑛) (2) 
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where i and j are the elements (keywords) belonging to the theme, and n is the number of 

elements (keywords) in the theme. Through centrality and density, a research field can be represented 

using a strategy diagram, as shown in Figure 1. SciMat shows a strategy diagram with a set of issues 

classified two-dimensionally into four categories [31]. 

Quadrant 1 illustrates the topics that have been extensively researched and that play a fundamental 

role in the construction of the scientific field. These themes, known as motor themes, have a high 

centrality and density, which makes them crucial elements for the development of research in this field. 

Density

Centrality

Quadrant 1 (Q1)Quadrant 2 (Q2)

Quadrant 3 (Q3) Quadrant 4 (Q4)

Motor themes
Highly  developed and isolated

themes

Emerging or declining themes Basic and transversal themes  

Figure 1. Structure of the strategic diagram. 

Quadrant 2, on the other hand, represents topics that have been deeply explored internally but are 

disconnected from other areas of the scientific field. These topics, classified as isolated and highly 

developed, despite their high degree of development, have limited importance in the context of the 

general field and tend to be specialized and peripheral. 

On the other hand, Quadrant 3 reflects topics that are in an initial phase of development and that 

have low density and centrality in the field. These topics, called emerging or declining topics, lack 

development and relevance in the field of research. 

Finally, Quadrant 4 highlights topics that are essential to the field of research but have not yet 

reached a high level of development. These themes, known as basic and transversal themes, are in the 

process of growth and consolidation in the field. 

3. Results and discussion 

3.1. Performance analysis 

Table 1 shows the bibliometric performance of the research field based on the number of articles 

published by the authors with the highest volume of research. The documents are shown by affiliation, 

and country/territory. Figure 2 shows the growing trend of research publications in BIPV from 2001 

to April 2022 (Figure 2a). The 36% of the documents analyzed comprise conference papers, while the 

rest are original journal articles. Figure 2b shows the trend of publications according to the most 

representative journals in the field of research according to the data extracted from Scopus. 

3.2. Strategic diagram 

Figure 3 shows six clusters from the bibliometric analysis for the period 2001–2010, of which 

three are classified as motor themes, and the other three are a basic and transversal theme, an emerging 
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or declining theme and a highly developed and isolated theme. The size of each cluster is proportional 

to the number of core documents associated with the topic. The performance analysis of the research 

topics is shown, through centrality and density, in addition to the sum of citations and h-index. It is 

observed that 55 articles report on studies directly related to BIPV systems, establishing this as a 

driving theme for the field of research. While two articles deal with maximum output, which is related 

to the extraction of the maximum power from the integrated photovoltaic module [32], it is also 

considered a driving theme. In the same way, the solar system is within the same quadrant and is 

related to the concentrating photovoltaic/thermal system [33]. In contrast, renewable resource are 

classified as a specialized and isolated topic, while thin films appear to be declining and are related to 

the efficiency of thin film solar cells [34]. 

Table 1. Documents by author, affiliation and country/territory. 

Documents by 

author 

Documents by affiliation Documents by country/territory 

Author  Units  Affiliation  Units Country/territory Units 

Rüther, R. 20 National University of Singapore 27 China 129 

Mallick, T.K. 14 Hong Kong Polytechnic University 25 Italy 77 

Yang, H. 14 Concordia University 22 United States 71 

Athienitis, 

A.K. 

12 Universidade Federal de Santa Catarina 21 United Kingdom 68 

Driesen, J. 12 Scuola Universitaria Professionale della 

Svizzera Italiana 

20 India 66 

Frontini, F. 11 KU Leuven 18 Spain 59 

Ravyts, S. 11 Politecnico di Milano 17 Switzerland 56 

Ghosh, A. 10 University of Exeter 17 South Korea 55 

Jelle, B.P. 10 Norges Teknisk-Naturvitenskapelige Universitet 15 Hong Kong 40 

Lau, S.K. 10 Indian Institute of Technology Indian School of 

Mines, Dhanbad 

14 Netherlands 38 

Martín-

Chivelet, N. 

10 Centro de Investigaciones Energeticas, 

Medioambientales y Tecnologicas 

13 Canada 37 

In the 2011–2016 period (Figure 4), the seven most relevant clusters were presented for the 

BIPV research field. Among them, the BIPV system cluster reappears as a driving theme, with a 

h-index of 41 and 4519 citations. Also in this quadrant is the grid-connected photovoltaics cluster, 

with a h-index of 2 and 79 citations. These on-grid solar power systems are directly connected to the 

grid, feeding power into the grid during the day or only when sunshine is available. Unlike off-grid 

solar power systems, which are equipped with an energy storage system, they can provide backup 

power to the load even when sunlight is not available [35]. However, the environmental impact and 

shading effect clusters are presented as specialized and isolated issues because they are in the second 

quadrant. The second case is related to the shadow effect to which the BIPV is subjected due to the 

integration of photovoltaic panels in the building envelope, such as in the replacement of roof tiles or 

wall cladding [5]. More specifically, other studies have focused on crystalline photovoltaic 

technologies that are prone to irreversible damage due to shading effects [36]. 
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Figure 2. (a) Research publications in BIPV; (b) Leading research journals. 
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Figure 3. Strategic map and bibliometric performance for the period 2001–2010. 
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Figure 4. Strategic map and bibliometric performance for the period 2011–2016. 

Within the seven relevant clusters for this period, solar irradiance was presented as a declining 

theme with a h-index of 1 and 5 citations. However, building materials and numerical models are 

considered transversal, and developing clusters for this period are evaluated within the BIPV. Building 

materials are photovoltaic products used in construction as substitutes for conventional building 
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materials [37]. Numerical models are related to studies on thermal comfort using BIPV systems [38]. 

Similarly, it focuses on the heat and mass transfer of materials with various concentrations of different 

nanoparticles connected to the back of the BIPV [39], the thermal and electrical performance of a 

hybrid collector that includes a BIPV system in [40], evaluation of the thermal comfort of a double 

envelope facade with a BIPV system considering several climatic zones [41] and others. 

For the last evaluated period 2017–2022, 8 representative clusters were presented within the BIPV 

systems, as shown in Figure 5. The BIPV system was maintained with h-indices of 32 and 3413 

citations. The experimental study cluster was in the same quadrant, with a h-index of 6 and 158 

citations. The HDKR model, DC-DC converters and thin films exist within the specialized and isolated 

clusters in the second quadrant of the strategic map. HDKR models are related to studies on the 

theoretical and experimental performance of photovoltaic cells and tracking surfaces using simulations 

of isotropic and anisotropic (HDKR) models in different applications, such as single- and double-axis 

systems [42]. 
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Figure 5. Strategic map and bibliometric performance for the period 2017–2022. 

Finally, the fourth quadrant covers issues that are both cross-cutting and in the process of development. 

Within this category, we find groups related to silicon solar cells (with a h-index of 10 and 301 citations), 

electricity generation (h-index of 7,243 citations) and alternative energy (h-index of 3, 58 quotes). 

Although silicon-based solar cells are currently dominant in the photovoltaic market, they still have 

relatively low-power conversion efficiency [43]. However, the shift towards photovoltaic technology 

based on flexible solar cells is motivated by the increasing demand for devices that offer high flexibility, 

lightness, conformability and flexibility, which are fundamental qualities for BIPV systems [44]. As a 

result, solar panels incorporating flexible silicon-based materials represent an emerging technology 

that is being adopted in BIPV systems. This change marks the beginning of a new era in solar energy 

conversion systems and flexible electronic devices. 

3.3. Thematic evolution 

Figure 6 shows the overlay map and thematic evolution structure of BIPV. Referring to the map 

superimposed on Figure 6a, in the first subperiod (2001–2010) of 127-word constructions, 78% are 

included in the second subperiod (99 terms), in addition to 133 new constructions, generating a 

consistent research field. Similarly, through the transition from the second (2011–2016) to the third 
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subperiod (2017–2022), of 232-word constructions, 170 thematic constructions were maintained, 

representing 73%. Finally, 62-word constructions were not transferred from the second to the third 

period, whereas 141 new terms entered the field of research. Therefore, research in this field is 

constantly growing. This is related to the thematic evolution map in Figure 6b, where the BIPV system 

cluster presents an increasing evolution in the number of articles found for each subperiod. This cluster 

is related in a conceptual way between sub-periods; it also has a direct relationship, although not 

conceptual, with environmental impact in the second sub-period. Similarly, between the second and 

third sub-periods, it was conceptually related to silicon solar cells, electricity generation and 

experimental studies. 

a) Overlapping map

b) Evolution map
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Figure 6. Thematic evolution structure of BIPV for the period 2001–2022. (a) Overlapping 

map; (b) Evolution map. 
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3.4. Thematic network 

Figure 7 shows the structure of the thematic network for BIPV, considering the driving and 

transversal themes of the final evaluated period 2017–2022. According to Figure 7a, the BIPV system 

and the experimental study are the motor clusters of the BIPV research field for the evaluated period 

and are presented in Figure 7b and c, respectively. Silicon solar cells, electricity generation and 

alternative energy represent the cross-cutting and developing themes, and their thematic networks are 

shown in Figure 7d, e and f, respectively. 

The BIPV system is integrated with the topics of buildings, investments, numerical models, office 

buildings, photovoltaic modules, roofs, solar cells and zero-energy buildings. This thematic network 

is oriented with the growing interest in BIPV, mainly because many countries are setting specific goals 

related to net-zero energy buildings [7]. In this sense, BIPV systems must respond to multifunctional 

roles, and several factors are considered, including the temperature of the PV module, installation 

angle, orientation and shading. However, the temperature and irradiance of the PV module are the 

most important factors because they are directly related to the energy performance of buildings based 

on the efficiency of the BIPV system. 

(a) (b) (c)

(d) (e) (f)
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Figure 7. Thematic network structure of BIPV to motor and transversal themes (2016–2022): 

(a) Strategic map 2017–2022; (b) BIPV system thematic network; (c) Experimental study 

thematic network; (d) Silicon solar cells thematic network; (e) Electricity generation 

thematic network; (f) Alternative energy thematic network. 
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Similarly, an experimental study is linked to the numerical method and thermal behavior, given that 

when the temperature of the BIPV increases, the conversion efficiency deteriorates. This thematic network 

focuses on evaluating the thermal behavior using numerical methods related to experimental studies. For 

this, systems that use phase change materials for BIPV thermal control have been proposed [45]. 

Numerical models are suggested which include empirical correlations for the estimation of the heat 

transfer coefficients by convection in the airspace between the photovoltaic panel and the rear wall of 

the system [46]. 

As PV technology has advanced, the possibility of developing flexible PV elements instead of 

PV elements based on silicon wafer substrates is currently of scientific interest [44]. Therefore, 

silicon solar cells are considered a cross-cutting theme within the field of BIPV research. However, 

focused technologies must be developed to overcome the current limitations associated with BIPV 

applications [47]. Similarly, the electricity generation cluster is a cross-cutting theme, and its thematic 

network is related to building envelopes, climate change, comparative study, solar photovoltaics and 

urban areas. This thematic network focuses on the interaction of different external factors that can 

affect the energy efficiency of a building. Among the various elements of a building, the envelope is 

an important part of energy consumption studies [48]. This is the physical separation between the 

conditioned and unconditioned rooms of a building from air, heat, sound, light and water. 

For example, in hot climates, low-cost methods, including roofs and walls with reflective exterior 

shades and low-radiation window treatments, can also reduce the energy used for cooling. In cold 

climates, the rate of passive heating can be improved by optimizing building design and using modern 

window and glazing systems. The efficient use of the energy used in the building envelope depends 

largely on the diffusion of current technologies in the market. Because it is a transversal thematic 

network, studies are being presented where it is reported that it is feasible to replace conventional 

facade materials with BIPV modules for the construction of cladding [49]. The results show that the 

BIPV system, as a building material encapsulating all building envelopes, can not only pay all 

investment costs, but also become a source of building revenue. 

Finally, the thematic network of alternative energy is related to renewable energies and 

photovoltaic technology. This network is oriented to be studied in a smaller market. Therefore, this 

technology is not competitively priced on a retail scale compared to conventional PV panels because 

it is still under development. Similarly, there are no standards, and further experience needs to be 

developed. Unlike the conventional PV module, it is relatively common worldwide; therefore, 

experienced installers use industry-developed standards [50]. However, applications involving sloped 

surfaces are generally employed in BIPV. In general, the ceiling system had a lower shading effect 

than that of the floor supply system. Roofs often provide large unused areas for BIPV applications. A 

more complex approach to BIPV system integration is the use of photovoltaic cells integrated with 

building materials. That is, the BIPV module is installed like any other block and can perform the same 

resistance work as the conventional one. 

In addition, the influence of wind speed on the interaction with the PV solar panel components 

and the increased weight that the BIPV power generation system adds to the roof are considered. 

However, it is crucial to highlight that translucent glass elements are widely used for aesthetic and 

architectural reasons [51], since they facilitate the entry of natural light into the interior of buildings. 

Adjustment of the amount of light passing through these structures is achieved through measurements 

and can be effectively balanced by varying the number and arrangement of the PV cells using 

crystalline silicon technology. 
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Transparent BIPV units find various applications in windows, facades and shading systems. In 

the context of windows, the incorporation of translucent BIPV modules presents significant advantages, 

as they concentrate the dispersion of light into a focal point and offer a clear surface for the installation 

of photovoltaic panels. Similarly, these BIPV modules can be integrated into window frames, allowing 

the creation of partially transparent facades [52]. Transparency is achieved by implementing flexible 

thin film BIPV technology or crystalline silicon (c-Si) BIPV technology. Translucent BIPV modules 

can play multiple roles, such as window shading elements or an integral part of architectural cladding. 

3.5. Comparative analysis of BIPV performance strategies across diverse climate zones 

Different types of climates have a significant influence on the environment and weather 

conditions of a region and BIPV systems [53], as shown in Table 2. For example, the arid climate is 

characterized by its extreme dryness and lack of precipitation, which results in dry conditions and a 

notable variation in temperatures between day and night due to the lack of moisture in the air. In 

contrast, cold weather is defined by low temperatures, especially during the winter months, and can 

include snowfall and temperatures that drop below freezing [54]. On the other hand, a hot and humid 

climate is found in areas with high levels of humidity in the air and high temperatures for most of the 

year. This type of climate is known for its hot and humid conditions, which can influence wind chill. 

Moreover, a warm climate is characterized by having high temperatures for a significant part of the 

year, although without the high humidity typical of hot, humid climates [55]. 

As for the climates most influenced by bodies of water, the maritime climate, also known as 

oceanic, is characterized by moderate temperatures throughout the year and a relatively uniform 

distribution of precipitation. Similarly, the Mediterranean climate presents hot and dry summers, 

contrasting with mild and humid winters, which are common in areas near the Mediterranean Sea. On 

the other hand, high-altitude or mountainous climates exhibit lower temperatures as one ascends in 

altitude, often presenting notable variations between day and night. In the case of semi-arid climates, 

they are located between arid and subtropical climates, showing moderate rainfall but insufficient to 

maintain dense vegetation [56]. 

Subtropical climates are distinguished by warm to hot temperatures and high humidity during the 

summer, although winters are relatively mild. For their part, temperate climates have well-defined 

seasons with warm summers and cold winters, which is a common climate in many parts of the world. 

In contrast, tropical climates are known for their high temperatures throughout the year and a rainy 

season that can be very pronounced. Similarly, hot, sunny weather combines high temperatures with a 

high incidence of sunlight, which can influence the design and efficiency of photovoltaic systems [53]. 

The energy performance of BIPV systems has been evaluated in different climatic contexts. In hot 

and sunny climates, such as Shenzhen, China, a BIPV system was implemented in an office, achieving 

a notable annual production of 133.19 kWh, indicating high performance in power generation [57,58]. 

Likewise, in areas with a warm and sunny climate in Brazil, it is suggested that a 1 MWp BIPV system 

could satisfy around 30% of the energy demand of a large commercial building [59]. 

Under mild climatic conditions, such as those observed in Daegu, Korea, an 18.2% reduction in 

heating and cooling loads has been demonstrated with amorphous silicon (a-Si) BIPV windows, 

demonstrating good performance in this context [60]. Regarding resistance to environmental 

conditions, the performance of BIPVs in different environments has been evaluated. In Shenzhen, 

China, a significant reduction in CO2 emissions was observed under hot summer and mild winter climate 
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conditions [57]. On the other hand, in Daegu, Korea, the performance of amorphous silicon (a-Si) BIPV 

in offices was analyzed, considering operating conditions in temperate climates (Article 16). 

Thermal analysis has also been addressed in these studies. In Shenzhen, China, a BIPV was 

implemented in an office with a hot summer and mild winter climate, which demonstrated improved 

energy savings [58]. In Daegu, Korea, the thermal performance of office buildings with amorphous 

silicon (a-Si) BIPV windows was evaluated [60]. Additionally, shadow analysis was examined, which 

is crucial to the efficiency of BIPVs. In Shenzhen, China, the performance of BIPV with bifacial PV 

modules was evaluated to provide shade and generate electricity [57]. In Daegu, Korea, the 

performance of amorphous silicon (a-Si) BIPV windows in offices was analyzed, considering 

orientation and shading [60]. 

Table 2. Comparison of studies on performance of BIPVs in different climatic conditions 

Article Climate type Energy 

performance 

Efficiency 

and losses 

Environmental 

conditions 

resistance 

Thermal 

analysis 

Shadow analysis 

[61] Arid  ✓ ✓ ✓ ✓ ✗ 

[62] Cold  ✓ ✓ ✗ ✓ ✓ 

[63] ✓ ✓ ✗ ✓ ✓ 

[64] ✓ ✓ ✗ ✓ ✓ 

[65] Hot and humid ✓ ✓ ✗ ✓ ✓ 

[66] ✓ ✓ ✗ ✓ ✗ 

[67] Hot  ✓ ✓ ✗ ✓ ✗ 

[68] Maritime  ✓ ✓ ✗ ✓ ✓ 

[69] Mediterranean  ✓ ✓ ✗ ✓ ✓ 

[70] ✓ ✓ ✓ ✓ ✓ 

[57] Montane  ✓ ✓ ✓ ✓ ✗ 

[71] Semi-arid  ✓ ✓ ✗ ✓ ✓ 

[72] ✓ ✓ ✗ ✓ ✓ 

[73] Subtropical ✓ ✓ ✗ ✓ ✓ 

[74] ✓ ✓ ✗ ✓ ✓ 

[75] Temperate  ✓ ✓ ✗ ✓ ✓ 

[76] ✓ ✓ ✗ ✓ ✓ 

[60] ✓ ✓ ✗ ✓ ✓ 

[77] Tropical  ✓ ✓ ✗ ✓ ✓ 

[78] ✓ ✓ ✗ ✓ ✓ 

[79] ✓ ✓ ✗ ✓ ✗ 

[80] ✓ ✓ ✗ ✓ ✗ 

[81] ✓ ✓ ✗ ✓ ✗ 

[82] ✓ ✓ ✗ ✓ ✗ 

[83] Warm and humid  ✓ ✓ ✗ ✓ ✓ 

[84] ✗ ✗ ✗ ✗ ✗ 

Continued on next page 
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Article Climate type Energy 

performance 

Efficiency 

and losses 

Environmental 

conditions 

resistance 

Thermal 

analysis 

Shadow analysis 

[59] Warm and sunny ✓ ✓ ✗ ✓ ✓ 

[85] ✓ ✓ ✗ ✓ ✓ 

[86] Warm  ✓ ✓ ✗ ✓ ✓ 

[58] ✓ ✓ ✗ ✓ ✓ 

Therefore, BIPVs show excellent performance in hot, sunny climates, generating a significant 

amount of energy in places such as Shenzhen, China and Brazil. Additionally, they demonstrate their 

ability to improve energy efficiency in temperate climates, as seen in Daegu, Korea. These systems 

also show good resistance to diverse environmental conditions and provide benefits in terms of 

reducing CO2 emissions. Thermal and shading analysis also demonstrates its positive impact on the 

energy efficiency of buildings. Overall, BIPVs are a promising technology for power generation and 

efficiency improvement in different climates. 

Other important strategies address the problem of heat losses in PV/T systems by proposing the 

integration of silica air gel on the top surface to reduce these losses and the inclusion of composite 

phase change material (PCM) on the upper surface. Back to dissipate accumulated heat [87]. Likewise, 

other work focuses on the integration of phase change material (PCM) walls, BIPVs and HVAC 

systems to highly achieve energy-efficient buildings and reduce heating/cooling loads. A platform is 

established to study the synergistic functions between these elements, including the improvement of 

thermal inertia, solar shading and renewable energy generation [74]. 

In the context of environmental assessments, both passive and active strategies have been 

formulated with the aim of moving towards decarbonization, giving priority to the implementation of 

on-site renewable energy systems. The findings underline the crucial relevance of active strategies, 

evidencing significant reductions in emissions by integrating photovoltaic solar panels into built 

infrastructure [73]. Likewise, the notable effectiveness of data-based models is highlighted, while an 

approach supported by Artificial Intelligence (AI) is proposed to enhance operational robustness in 

environments characterized by uncertainty. AI also finds valuable applications when it comes to the 

security and stability of renewable energy systems. These advances represent a comprehensive 

overview covering the historical development, most recent progress and challenges on the horizon of 

AI applications in renewable energy systems [88]. This perspective contributes significantly to the 

configuration of intelligent and robust energy systems that drive decarbonization in the field of 

buildings. 

3.6. Holistic perspectives on BIPV technology: trends, challenges and future 

The evolution of hot topics in Building Integrated Photovoltaics (BIPV) research responds to 

changing priorities within this field. Initially, the research focused mainly on fundamental aspects, 

with an emphasis on understanding the essential principles of BIPV systems. Over time, however, 

there has been a notable shift toward more applied and multidisciplinary approaches. This is reflected 

in the emergence of issues related to environmental impact, shading effects and the integration of BIPV 

with construction materials. Researchers are exploring new ways to optimize power generation while 

ensuring harmonious integration with architectural designs. Furthermore, the rise of flexible solar cell 
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technology indicates a growing interest in adaptable and aesthetically appealing BIPV solutions. These 

trends denote a broader recognition of the potential of BIPV in sustainable construction practices. 

BIPV faces several challenges in both research and practical application. One of the main 

concerns is the cost associated with manufacturing and installation. Although BIPV systems offer 

long-term energy savings, the initial investment can be a significant barrier to wider adoption. 

Additionally, integrating BIPV into existing structures can be complex and may require structural 

modifications. Ensuring the durability and longevity of BIPV components under various 

environmental conditions is crucial, as these materials must withstand exposure to varying weather 

patterns and external factors over time. Addressing issues related to shading effects and potential 

damage to crystalline PV technologies is essential to optimizing the performance of BIPV systems. 

The future of BIPV technology looks bright and is poised for continued growth. Ongoing research 

and innovations in materials and manufacturing processes are expected to reduce costs, making BIPV 

more accessible to a broader market. As environmental regulations and sustainability initiatives 

become more stringent, BIPV will play an increasingly vital role in improving energy efficiency and 

reducing carbon footprints in buildings. The integration of energy storage solutions with BIPV systems 

represents an interesting area for further development, allowing better management of the generated 

energy and greater independence from the grid. Furthermore, the adoption of flexible silicon-based 

materials in solar panels signals a new era in BIPV technology, characterized by greater flexibility, 

lightweight design and adaptability. This shift heralds a transformative phase in both solar energy 

conversion systems and flexible electronic devices. 

4. Conclusions 

Our main objective of this study was to create a scientific map of building integrated 

photovoltaics (BIPV) and provide a comprehensive understanding of the scientific production in this 

field. A close interconnection of the body of research is observed with related areas such as buildings, 

investments, numerical models, office buildings, photovoltaic modules, roofs, solar cells and zero-

energy buildings. 

• Flexible solar panels are expected to lead to products suitable for applications requiring 

lightness, mechanical flexibility and the ability to take on complex shapes. 

• Likewise, the central and multidisciplinary role of silicon solar cells in the field of BIPV 

research is highlighted. 

• Regarding the different types of climates, their significant impact on the performance of BIPVs 

is confirmed. 

• The results of evaluations in various climatic contexts are encouraging in warm and sunny 

climates, BIPVs demonstrated high-energy generation, while in temperate climates, BIPV 

windows exhibited a reduction in heating and cooling loads, indicating notable efficiency.  

• Despite significant benefits, BIPVs face challenges such as upfront costs, integration 

complexities and durability concerns.  

Therefore, research in BIPV has undergone an evolution towards more applied and 

multidisciplinary approaches, focusing on optimizing energy generation, environmental impact and 

architectural integration. Advances in materials and manufacturing processes are expected to reduce 

costs and make BIPV technology more accessible. The integration of energy storage solutions and 

flexible silicon-based materials represents an exciting prospect for the future of BIPVs. 
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