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Abstract: Building-integrated photovoltaic technologies have considerable potential for the genera-
tion of onsite renewable energy. Despite this, their market penetration is in a relatively embryonic
phase with respect to grounded or building-attached solutions, and they have limited commercial
application. Their integration into building façades may represent a key asset in meeting the net-zero
emissions by 2050 scenario, in particular for high-rise buildings in which the roof-to-façade ratio is
unfavorable for the fulfillment of the energy load using only roof photovoltaic technology. Moreover,
different façade orientations extend the production time throughout the day, flattening the power
generation curve. Because of the present interest in BIPV systems, several researchers have conducted
high-quality reviews focused on specific designs. In this work, various photovoltaic technologies
and methods used to manufacture façade BIPV devices are reviewed with the aim of presenting
researchers with the recent technological advancements and providing an overview of photovoltaic
systems designed for different purposes and their applications rather than a detailed analysis of a
specific technology. Lastly, future prospects and the limitations of building-integrated photovoltaic
devices are presented.

Keywords: BIPV; solar façades; CdTe; CIGS; DSSC; perovskite; semi-transparent photovoltaics;
energy efficiency; glazing; zero-energy buildings

1. Introduction

The need to tackle climate change is leading to an intensified global interest in energy
generation based on renewable sources. Compared to other renewable resources, the
harvesting of solar irradiance is one of the most widespread, practical, and economical
ways to generate energy [1]. Because of the absence of mechanical motion components, the
low maintenance costs, and the abundance of solar energy that reaches the Earth’s surface
every year (1.8 × 1011 MW) [2], photovoltaics (PVs) represent one of the most promising
solutions to fulfill the increasing world power consumption. In fact, the improvement in
the cell conversion efficiency coupled with the decrease in manufacturing costs allowed for
the installation of 1185 GW by the end of 2022 [3]. According to the International Energy
Agency’s (IEA) “Renewable Energy Market Update” [4], the global solar PV capacity is
envisioned to be able to produce almost 1 TW in 2024, which is sufficient to meet the
yearly demand of 650 GW by 2030 and the net-zero emissions by 2050 scenario. The
commitment to decreasing greenhouse gas (GHG) emissions related to building energy
demands, which accounts for 40% of the global energy supply, is leading to the powering of
several operations that extend beyond mere electricity production with solar energy, such
as ventilation, air conditioning and refrigeration, water desalination, decontamination, and
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heating [5,6]. Figure 1 summarizes the possible applications for which a PV façade can be
designed.
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Figure 1. Possible applications and design concepts of PV technologies integrated into building
façades.

In particular, buildings’ air conditioning and electricity needs consume more than
55% of the global electricity supply, with an estimated annual growth rate of 2.5% [7].
This, coupled with land acquisition constraints and the vast impact that PV plants have on
biodiversity and the natural environment, has limited the growth of such plants in favor
of smaller-scale distributed installations, especially in urban environments [8,9]. Article
2 of the amended Energy Performance of Buildings Directive (EPBD) (2018/844/EU) [10]
aims to support the renovation of the national stock of buildings, residential and non-
residential, into highly energy-efficient and decarbonized buildings by 2050, facilitating
their transformation towards net-zero energy buildings (NZEBs). Building-integrated
photovoltaic (BIPV) technologies constitute interesting and alternative solutions to the
production of electricity, eliminating the necessity of areas exclusively dedicated to PV
plants [11]. Since BIPV devices directly replace building elements, the surface area for PV
installations is provided by the building envelope, and the building’s electrical system acts
as an interface between the PV panels and the public utility grid [12–14]. Happle et al. [15]
established that, if properly installed, BIPVs can limit GHG emissions by up to 50%. This
represents a cost-effective method to considerably reduce the environmental impact of a
sector that accounts for 39% of total GHG emissions [16].

In this regard, De Boeck et al. [17] identified the increase in a building envelope’s
insulation efficiency as a key parameter for increasing its energy performance. Furthermore,
BIPV technologies are designed to combine power production and insulation efficiency,
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improving a building’s architectural expression [18]. Indeed, according to IEA Task 15,
to actually consider PV modules as building-integrated elements, they must provide
additional functions other than energy production, such as mechanical rigidity or structural
integrity for the building, impact protection against atmospheric agents (rain, snow, wind,
and hail), shading, daylighting, or thermal insulation, as well as fire and noise protection.

A critical issue is represented by glazed surfaces since they highly impact a building’s
lighting, heating, and ventilation [19]. The design of windows plays an important role in
ensuring low cooling and lighting loads for NZEBs [20,21], leading to the implementation
of smart windows or dynamic shading systems that increase the resilience of a glazed
envelope in terms of energy savings [22,23]. The attention of the scientific community is
therefore focused on the study of active glazed surfaces that could improve the building
energy demand with respect to conventional static windows, especially for commercial
buildings with large transparent façades [24]. De Masi et al. [25] analyzed the impact of
windows on building performance in different European climates, showing that, depending
on specific factors, such as window typology and orientation, climatic conditions, and
window-to-wall ratio, the optimized design of a glazed building envelope may lead to
an energy saving varying from 27% to 62%. Similarly, the U.S. Department of Energy
reported that window-related energy losses account for up to 25% of a household’s energy
consumption [26].

A possible solution to further decrease the cost of BIPV technologies is the manufacture
of devices that have static or monoaxial concentrating components in the so-called building-
integrated concentrating photovoltaic (BICPV) technology. Data from [27–30] estimated that
systems with a low-concentration factor specifically designed for building integration can
reduce the cost of the device by up to 40% with respect to similar non-concentrating devices.
According to the most general definition, a solar concentrator is an object redirecting light
rays from a larger area, namely the aperture area, to a smaller one, called the receiver
of the absorber area [31]. The ratio between the aperture and the absorber area defines
the concentration ratio, which is commonly used to classify optical concentrators. The
concentrators enhance the luminous flux that reaches the active PV area by using relatively
cheap optical concentrating elements. The goal is to maximize the power generated by the
cells by a factor almost equal to the concentration ratio [32], while reducing the amount
of PV cells per active area. However, optical concentration also leads to a higher nominal
operating cell temperature; therefore, for a medium or high concentration factor, the
presence of active cooling procedures is particularly important to avoid limitations in the
system efficiency due to additional thermal losses within the PV cells [33,34].

A further strategy to maximize the utilization of solar radiation for building energy
efficiency is its concurrent conversion into both thermal and electrical energy via hy-
brid photovoltaic–thermal (PVT) systems [35,36], also efficiently coupled with BICPVs.
Building-integrated photovoltaic–thermal (BIPVT) devices are particularly indicated to
support net-zero energy constructions. In addition to their insulation and electricity gen-
eration functions, they efficiently harvest a portion of the thermal energy related to solar
irradiance [37]. The heat extracted by the thermal collectors of the PVT systems may be
used in ventilation air pre-heating [38,39], underfloor heating systems [40], domestic hot
water [41], passive and active cooling [42], and heat storage [43,44], thus increasing the
overall building energy efficiency.

In terms of architectural and functional design, a façade’s optical properties depend
on building energy and lighting needs. In Figure 2, an illustration that clarifies the effects
of external skin transparency on indoor spaces is presented.
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Figure 2. Graphical representation of the external skin transparency effect on the building in-
door spaces.

In light of the current surge in interest surrounding BIPV systems, numerous re-
searchers conducted comprehensive reviews that delve into distinct PV technologies. In
particular, Sirin et al. [45] reviewed BIPVT systems for green buildings, presenting the op-
eration of these systems, their classification, and potential contributions to building energy
efficiency. Several in-depth works on building-integrated and -attached photovoltaic solu-
tions have been performed by A. Ghosh in recent years [46]. In their review on fenestration
photovoltaic devices [47], the authors presented different PV-based fenestration-integrated
photovoltaic systems to estimate their impact on building energy consumption. Romani
et al. [48] further examined this topic by presenting the most common optical, thermal,
and electrical models, combined with the modeling capabilities of the most common build-
ing simulation tools. In 2022, Massod et al. [49,50] investigated the developments and
applications of concentrating photovoltaic technologies. They concluded that the best
concentrators for integration in building façades are asymmetric compound parabolic
concentrators (ACPCs) and 3D crossed compound parabolic concentrators (CCPCs). Li
et al. [51] discussed the recent advances in BIPVs with a particular emphasis on colored
technologies, presenting design principles, theoretical analysis, technical routes, and the
corresponding demonstration studies. All these works focused on specific PV categories
regardless of the building component in which they are integrated. As a further exam-
ple, Taser et al. [52] provided a comprehensive analysis of BIPV systems, ranging from
façade-integrated solutions to roof-mounted solutions. However, due to the breadth of the
review, the authors neglected some technical parameters, such as the U-value, the SHGF,
or the WWR, which may represent crucial information in the comparison of different PV
technologies.

The originality and the main purpose of this article is to provide a review of recent
works related to façade-integrated solutions regardless of the technology on which they are
based, as a way of providing a compact guide on this topic for readers.

In Section 2, the methodology used to perform this review is described. Section 3
is divided into four sub-sections that provide the most common classification of the PV
systems reviewed as well as their working principles. In Section 4, the defined classification
is used to describe the contributions of these technologies with the objective of attaining
NZEBs, by reporting evidence of their application from the literature. Lastly, in Sections 5
and 6, the discussion and future directions as well as the conclusions of the overall work
are reported.
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2. Review Methodology

As indicated by the title, this paper focuses on the research and development of pho-
tovoltaic technologies integrated into building façades. This review is concerned with
the literature published in recent decades and was performed by consulting the relevant
databases, such as Scopus, Science Direct, Google Scholar, and Web of Science. The search
keywords were BIPV technologies, PV façades, vertically integrated PV panels, colored
BIPV, semi-transparent PV devices, integrated PV systems, solar glazing, smart windows,
second-generation PV, and third-generation PV. However, due to the wide number of key-
words related to this topic, we also employed other terms in order to expand the number of
analyzed documents, such as smart, adaptive, advanced, dynamic, and responsive, which
were combined with the ones mentioned above. Considering the extension of the analyzed
topic, we decided to provide the readers with an overview of the most common design
approaches related to vertical BIPV and BIPVT technologies, reviewing both numerical and
experimental studies, with particular attention to solutions that have a high technological
readiness level. Moreover, since BIPV devices may contribute to attaining NZEBs under
different aspects, a higher number of energetic parameters, like thermal and daylighting
properties, were considered if present in the investigated documents. In general, BIPV
technologies can be organized according to several classifications depending on the review
focus. The classification proposed in this paper was based on the PV technology or gener-
ation that indicates the active material, the design approach representing the functional
capabilities of BIPV systems, and the devices’ transparency since this characteristic is
independent of other categories, as displayed in Figure 3.
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Table 1 reports the list of acronyms used in this review.

Table 1. List of acronyms used in this work.

Acronyms Extended Names

PV Photovoltaic
IEA International Energy Agency

GHG Greenhouse Gas
EPBD Energy Performance of Buildings Directive
NZEB Net-Zero Energy Building
BIPV Building-Integrated Photovoltaic

BICPV Building-Integrated Concentrating Photovoltaic
PVT Photovoltaic–Thermal

BIPVT Building-Integrated Photovoltaic–Thermal
ACPC Asymmetric Compound Parabolic Concentrator
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Table 1. Cont.

Acronyms Extended Names

CCPC Crossed Compound Parabolic Concentrator
a-Si Amorphous Silicon
c-Si Crystalline Silicon

mc-Si Monocrystalline
pc-Si Polycrystalline

TF Thin Film
CIGS Copper–Indium–Gallium–Selenide
CdTe Cadmium Telluride
DSSC Dye-Sensitized Solar Cell
PSC Perovskite Solar Cell
OPV Organic Photovoltaic
CPC Compound Parabolic Concentrator
FR Fresnel Reflector

LSC Luminescent Solar Concentrator
STC Standard Test Conditions
PCM Phase-Change Material

STBIPV Semi-Transparent Photovoltaic
CCT Correlated Color Temperature
CRI Color-Rendering Index
DGP Daylight Glare Probability
DGI Daylight Glare Index

SHGC Solar Heat with Gain Coefficient
SF Solar Factor

WICPV Window-Integrated Concentrating Photovoltaic
WWR Window-to-Wall Ratio
CAGR Compound Annual Growth Rate

3. Overview of Different BIPV Typologies
3.1. Standard BIPV Systems

Cutting-edge BIPV solutions allow for the substitution of several envelope compo-
nents, such as façades, windows, shading elements, or roofs [53]. However, for high-rise
commercial or residential buildings, a rooftop PV alone is not sufficient to achieve the
NZEB goal, as the building energy demand is greater than the energy produced by the
roof PV installation. This forces a large part of the required PV installation to be placed on
the façade, namely, a part of the building envelope having a significant architectural value
and providing the building with a characteristic appearance and attractiveness. For this
reason, innovative BIPV solutions present a tailored design in terms of transparency, color,
or texture, thus increasing the building energy efficiency without compromising the façade
aesthetics or functionality [54,55]. Moreover, a façade PV has the possibility of exploiting
different orientations to guarantee a more uniform energy production during the entire
day [56–58].

Biyik et al. [59] presented the advantages of the implementation of BIPV systems
in comparison to utility-scale solutions that can be summarized as an increment in PV
deployment areas as well as a reduction in building thermal losses and capital costs.

The efficiency of PV modules, currently in the range of 12–23% for commercial de-
vices [2], depends strongly on the panel technology and its working conditions [41]. De-
pending on the technologies on which they are based, cutting-edge solar modules can have
either single or multiple active layers. These layers may perform the proper conversion of
solar energy into electrical energy, or improve the absorption of solar radiation in different
ranges, thus enhancing the entire device efficiency [60]. A widespread methodology to clas-
sify solar cells and PV panels is based on the technology used for solar cell fabrication: each
PV module can be subdivided into three main generations strictly related to the amount of
contained crystal silicon [61]. The different generations are depicted in Figure 4. The first
generation is characterized by the presence of crystalline silicon (c-Si) solar cells [62], which
can be subdivided into monocrystalline (mc-Si) [63,64] or polycrystalline (pc-Si) silicon
solar cells [65,66]. Standard second-generation PV panels are thin-film (TF) solar cells
that present several advantages over first-generation c-Si devices, especially for building
integration, having a lower thickness with respect to the first-generation ones. Indeed, the
possibility of achieving TF solar cells with a thickness that ranges from a few nanometers
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to a few microns opens the possibility to tailor the flexibility, weight, and transparency
of these devices according to their function in the building envelope. In addition, as the
cell cost accounts for roughly 50% of the total module price [67], if the manufacturing
cost of TF technologies competes with first-generation PV solutions, their implementation
may lead to a potential cost reduction [68]. For this reason, research activities aiming
to improve the efficiency of TF devices based on different technologies, such as copper–
indium–gallium–selenide (CIGS) [69,70], cadmium telluride (CdTe) [71,72], or amorphous
silicon (a-Si) [73,74], have significantly increased.
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Figure 4. Graphical representation of the three generations of PV technologies.

According to the theoretical Carnot limit, if efficiently converted, solar radiation
can generate electricity close to 95% [75]. However, single-junction cells of the first and
second generations can only convert 31% due to the Schockley–Queisser limit, whereas
third-generation solar cells are free from this limit [76]. The percentage of solar energy not
converted into electricity is dissipated as heat. Third-generation solar cells are characterized
by devices in which silicon-based solutions play a secondary role and have not yet achieved
large-scale manufacturing as opposed to first- and second-generation PVs. Examples of
third-generation solar devices are dye-sensitized solar cells (DSSCs) [77,78], perovskite solar
cells (PSCs) [79,80], and organic photovoltaics (OPVs) [81,82]. DSSCs include four main
components: the photoanode, the counter electrode, the dye sensitizer, and the electrolyte.
The first is a wide-bandgap semiconductor that, combined with the dye sensitizer, is
needed to actively harvest light, while the electrolyte contains the redox couple for dye
regeneration [83]. PSCs are distinguished by perovskite-structured compounds acting
as a light-harvesting active layer; the most common ones are hybrid organic–inorganic
lead or tin halide-based materials [84]. OPV devices are based on conductive organic
polymers or small organic molecules for light absorption and charge transport rather than
semiconductor p–n junctions [85]. Despite the technology on which they are based, PV
panels are very sensitive to environmental conditions, such as irradiance, dust, humidity,
and ambient temperature. Numerous investigations have focused on the influence of the
inclination angle and the orientation of PV panels on their performance [86].

3.2. Concentrating BIPV Systems (BICPVs)

The building-integrated concentrating photovoltaic (BICPV) systems represent a niche
that is still commercially under-exploited, mainly because of the esthetical constraints
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related to the concentrating components. Optical concentrators commonly used in PVT
systems can be broadly classified into two main families, namely, conventional and holo-
graphic concentrators [87]. These two families can be further subdivided into different
types, such as refractive, reflective, hybrid, and luminescent concentrators [88], which can
be in turn subdivided into compound parabolic concentrators (CPCs), V-trough reflectors,
Fresnel reflectors (FR), or luminescent solar concentrators (LSC) [89–91].

Due to their low transparency, CPCs and V-trough reflectors are preferably employed
in low-concentration systems, integrated into opaque roofs or façades [92,93], whereas FR
or LSC are usually integrated into transparent or semi-transparent installations [94]. A
further advantage of BICPVs is the higher working temperature of the PV cells, since the
excess of thermal energy generated on the modules can be used in residential spaces or for
water heating, drying and agricultural processes, as well as for other domestic or industrial
applications [95,96].

Devices with a concentration ratio greater than 100× are defined as high-concentration
systems, and they require both the implementation of high-precision dual-axis tracking and,
in some cases, active cooling systems [89]. Systems with a concentration ratio ranging from
10× to 100× are called medium concentration devices, and if their concentration ratio is near
100×, they can still feature active cooling but the tracking is limited to a monoaxial one [88].
Objects with a concentration ratio lower than 10× are identified as low-concentration
systems that do not require to be coupled with active sun tracking. However, single-axial
tracking can be implemented to extend light collection hours during the day [28,97]. The
system implemented in BICPV applications are usually medium and low concentrating
collectors, as they are stationary or single axial tracking systems [98,99], manufactured to
maximize the radiation that reaches the PV cells considering daily and seasonal changes in
the solar position [100]. To increase sunlight harvesting, the development of concentrators
with a large light acceptance angle is generally preferred to the coupling with a tracking
system, as this practice not only decreases the overall system cost but also allows for the
concentration of a larger portion of the diffuse radiation.

The ability to focus diffuse radiation makes this type of collector particularly suitable
for BICPV applications, as in urban environments diffused contributions can be dominant,
especially in high-population-density areas [101,102].

Solar concentrators can be clustered according to the optics, as imaging or non-imaging,
or according to their concentration method, since they can be categorized as reflective,
refractive, hybrid, or luminescent concentrators [88]. Additionally, CPCs can be subdivided
into either two-dimensional or three-dimensional concentrators, depending on whether the
concentration is performed on one or two planes [88]. Figure 5 shows the classification of
BICVP technologies used in this review.
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3.3. Photovoltaic–Thermal Systems (BIPVTs)

The electrical power supplied by PV panels depends also on their temperature. In
fact, the rating plate of these devices is measured under specific Standard Test Conditions
(STCs): irradiance of 1000 W/m2, ambient temperature of 25 ◦C, and wind speed of
1.5 m/s [103]. Typically, during standard test procedures, the modules are irradiated via
flash lamps; thus, the ambient temperature corresponds to the cell temperature, even under
STC irradiance. However, in on-field working conditions, if cells are exposed to 1000 W/m2,
they reach a considerably higher temperature, thus diminishing the power produced by the
modules [104,105]. The prolonged increase in the panel surface temperature contributes to
an increment in the panel shunt resistance as well as to the creation of hot spots, which not
only decrease their performance, but also have an impact on their lifetime. For this reason,
the coupling of PV modules with thermal collectors is a widely adopted solution to control
the panel overheating, generating the so-called PVT systems. Figure 6 shows the difference
between PV and PVT systems and the efficiency increase due to the presence of a thermal
collector.
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Figure 6. Comparison between the PV and PVT systems’ working principles, adapted from [106].

A further advantage of these devices is that the thermal collector is embedded in the
system frame and placed behind the PV components, thus employing the same collector
area for the extraction of the additional thermal energy. Despite that typical PVT modules
are realized for low and medium temperature processes, with a fluid delivery temperature
ranging from 20 ◦C to 80 ◦C [107,108], the better efficiency for both thermal and electrical
components can only be attained at relatively low temperatures. For ideal operating
conditions, the reference temperatures are the ambient temperature and 25 ◦C for the
thermal and electrical components, respectively [109,110]. Considering the impact that
BIPVT systems may have on NZEBs, various thermal collectors have been developed to
enhance the overall system efficiency, such as air [111], water [112], bi-fluidic [113], or
thermoelectric [114,115] cooling. Concerning extraction methodology, some of the new
developments are nanofluids [116,117], evaporative cooling [118,119], and phase-change
material (PCM) [120,121]. As for standard BIPV technologies, BIPVT solutions can be
integrated into façades, rooftops, and shading devices [122]; however, in this article, only
those related to building façades were analyzed. The classification proposed in this paper
is presented in Figure 7.
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3.4. Semi-Transparent Photovoltaic Systems (STBIPVs)

As for opaque BIPV solutions, the absence of mechanical motion components, the
low maintenance costs, and the quantity of solar radiation filtering through traditional
windows, make semi-transparent PV technologies the best candidates to turn traditional
glazed surfaces into active building elements. In Figure 8, the heat and light transfer phe-
nomena characterizing a standard window are presented. The optimization of fenestration-
integrated PV performance is even more delicate with respect to opaque BIPV technologies
since the primary purpose of PV windows is the visual and thermal comfort of the building
occupants, whereas energy production represents an added value.
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Indeed, as also testified by De Masi et al. [25], for a proper smart window design,
additional parameters need to be taken into account, such as transparency, window-to-wall
ratio, coverage, fresh air infiltration, and the solar-heat-gain coefficient (SHGC).

The estimation of indoor visual comfort is usually defined by the external daylight
penetration [123,124], the correlated color temperature (CCT), and the color rendering
index (CRI) [125]. The last two parameters are typically used to define the colorimetric
properties of a light source. In this case, the PV glass is assimilated to a light source
enlightened by solar radiation and having an emission spectrum equal to its transmission
one. To ensure the occupants’ visual comfort, the CRI value should be higher than 80 out
of 100 and the CCT should range between 3000 K and 7500 K [55]. In the literature, the
external daylight that penetrates through fenestration BIPV devices is estimated by using
the daylight glare probability (DGP) and the daylight glare index (DGI) [126,127] or by
evaluating the illuminance of the building interior, which should be between 100 lx and
2000 lx to avoid discomfort due to glare [128].

All aspects related to thermal comfort are not of secondary importance, namely, the
thermal energy transmission coefficient, U-value (W/(m2K)), SHGC, and solar factor (SF).
The U-value quantifies the window heat-insulating properties, whereas the SHGC and SF
are dimensionless coefficients, respectively, measuring the solar radiation and the energy
transmitted to the window. Both the SHGC and SF range from 0 to 1, with 0 indicating a
glaze with no transmittance of radiation or energy while 1 represents the full transmittance
of the related quantities [129]. Despite having minor differences, the SHGC and SF are
used as alternative parameters to evaluate solar penetration through transparent or semi-
transparent surfaces.

Typical single-glazed windows have U-values of 3–5 W/(m2K), which decrease to
2–2.99 W/(m2K) if double-glazed air-filled windows are considered. This value can be
further reduced by manufacturing multiple-layered windows or by increasing the glass
thickness [130]. The adoption of multiple-glazed windows also allows the substitution
of the air inside the cavity with inert gas, aerogel [131], or vacuum [132]. Due to the
manufacturing process involving innovative techniques or materials, and the common
utilization of a multilayer structure, which facilitates the PV component integration, smart
windows typically have lower U-values when compared to traditional windows. Since a
portion of the incoming radiation is absorbed by the integrated solar technology for energy
production, the SHGC is usually lower, which is beneficial for hot climates as it decreases
the building cooling load, but it negatively impacts the buildings in cold climatic areas.
Smart windows can be subdivided into first, second, and third generation, according to the
integrated PV technology.

As c-Si absorbs 90.5% of the incident radiation [133], it behaves as an opaque surface
and the transparency of first-generation PV fenestration is obtained by spacing two adjacent
cells. Semitransparent PV glazing is therefore realized by encapsulating crystalline PV cells
between two glasses using standard encapsulant materials like EVA, PVB, or TPO. The
transparency of these smart windows may be varied by modifying the glass transmittance
or the cell interspacing. Thin-film PV technologies are particularly indicated for the integra-
tion in semi-transparent surfaces as they combine the reliability of first-generation PV cells
with the possibility of creating devices that have uniform and continuous transparency.
DSSCs, PSCs, and OPVs are becoming increasingly popular semi-transparent PV appli-
cations compared to those of previous generations due to their tunable transparency and
their simpler fabrication processes [134]. Moreover, DSSCs and OPVs are characterized,
respectively, by eco-friendly and low-toxicity properties [135].

4. Applications
4.1. Standard BIPV Systems

Due to the electrification process, a considerable increase in green energy production
is required. Considering only ground-based electricity generation, a vast land occupation
would be needed. Better alternatives, such as the integration of PV panels into buildings,
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are a driving force for countries’ energy transition [136]. For instance, the Enzian Office
in Bolzano (Italy) is mainly covered with PV modules integrated into the building’s glass
façade. The building uses PV glass (a-Si), which has a nominal peak power between 21%
and 10% depending on the data test conditions [137].

Maturi et al. [138] reported the performance of a BIPV façade system installed in an
office situated in the city center of Bolzano (Italy). The results were obtained by considering
the PV production data, the climatic conditions, and the module temperature for over
6 months. A subsequent simulation study based on typical environmental parameters was
used to project the need for the proper ventilation of PV modules to enhance the overall
power output.

Eke et al. [139] compared the performance of two PV façades in the Turkish climate.
The PV coverage was 405 m2 for a total installed power capacity of 40.3 kWp. The modules
were based on single- and triple-junction a-Si technology, and the shading effect on the
performance of two triple-junction PV systems was analyzed. The system was organized in
five PV rows and two identical strings whose energy rating values were compared. The
former had one row completely shaded, whereas the latter presented smaller shading. The
obtained values differed by 16%, with an annual and monthly average ranging between
10% and 24%, respectively. In winter months, the shading was caused by the trees’ line and
the difference in energy rating values was less than 1%, whereas, during summer, the sun
height led to an energy yield difference of about 15%.

Martín-Chivelet et al. [140] performed a building retrofit case study in which standard
PV modules were integrated into a new ventilated façade. The integration of PV devices
into the substitution of polymer concrete panels has been very positive, ensuring a self-
sufficiency index of 6.6%. The panels were integrated on different building façades: because
of shading, the east-oriented ones exhibited a performance ratio below 60%, except for
during wintertime. To limit the partial shading effects, the façades were associated with
different sub-systems, ensuring an increment of 0.37 MWh per year. In this particular
case, dividing the PV generator into three parts increased the PV’s overall production. The
module rear ventilation led to an annual efficiency increase of 2.5% when compared to the
non-ventilated condition.

In Norway, the Powerhouse Brattørkaia is an “energy positive” office building in
Trondheim where PV modules were installed on the roof and the upper part of the façade
covering an area of 2860 m2, producing roughly 458 MWh/year [141]. The building is
expected to generate twice as much energy as was required for its construction and will be
required for its operation.

In Denmark, the Copenhagen International School has a façade made out of more
than 12,000 solar tiles, each with 50 Wp [142]. As reported by Nørgaard and Poder, the
building has about 39% of the total electricity consumption covered by the solar cells:
the approximate 6000 m2 solar cell area corresponds roughly to a 720 kWp capacity. The
70 × 70 cm2 sea-green solar panels are angled in four different orientations to create a
sequin-like effect [143].

An efficient way to protect indoor environments can be achieved using double-skin
façades. As reported by Naddaf and Baper [144], an annual cooling demand reduction
between 9 and 14% was observed when DSF was used.

In 2017, Zanetti et al. [145] reported an improvement related to the integration of
colored PV modules into large-scale case studies, such as offices, residential, and public
buildings. As an example, a building in Basel was retrofitted by installing BIPV panels in
both the northern and southern façades for a total of 23 kWp, which covered around 37%
of the total building’s energy demand. A further case study, in which the BIPV penetration
was even more important, was conducted in the Netherlands, where a residential building
with 48 apartments was converted into a ZEB, since the PV modules installed on all
façades entirely covered the building energy demand. The utilization of colored solar
filters covering the cells to increase the module’s architectonic value inevitably leads to a
reduction in their efficiency with respect to a bare traditional PV module. According to
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Saretta et al. [146], for commercially available devices, this reduction corresponds to −4.6%
for grey, −6.2% for blue, −5.4% for green, and −10.8% for gold. In Figure 9, some of the
retrofits analyzed in this section are presented.
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The main characteristics of the works analyzed in this section are summarized in
Table 2.

Table 2. List of the opaque PV modules integrated into building façades.

Authors, Year PV Technology Façade
Orientation Research Objective Location

Eke et al. [139], 2015 Single- and triple-junction
a-Si

East Shading impact on PV
façade

Turkey
West

Maturi et al. [138], 2010 pc-Si
South–Est Performance monitoring

Italy
South–West Simulation projection

Martín-Chivelet et al. [140], 2018 mc-Si

East

Building refurbishment SpainSouth

West

Devetakovic et al. [141], 2020 not specified South Building refurbishment Norway

Nørgaard and Poder [142], 2018 not specified

East

Building refurbishment Denmark
South

West

North

Zanetti et al. [145], 2017 a-Si
South

Building refurbishment Switzerland
North
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4.2. Concentrating BIPV Systems
4.2.1. Opaque BICPVs

The implementation of BICPV systems in opaque building façades opens the possibility
of thermally coupling the back of the PV cells with thermal receivers, thus reducing the
overheating produced by the photovoltaic process. This configuration allows for the
simultaneous generation of electricity and heat, with an increment in the PV conversion
efficiency when compared with the configuration without the thermal receiver, due to the
cell’s lower temperature. If hybrid CPV systems are integrated, limiting glaring effects
and combining their heat extraction necessity with the building energy needs, they may
constitute interesting alternatives to flat PV devices. In fact, they maximize the solar energy
utilization, reducing the semiconductor material for the active area; therefore, several
research works concerning building-integrated or -attached configurations are available in
the literature [147–149].

In 2001, Huang et al. [150] estimated the performance of an integrated PVT system
in which polycrystalline commercial solar cells were coupled to a heat-gathering system.
They demonstrated that the integration of the two solar components proficiently increased
the energy-saving efficacy of the entire system, when compared to that of a traditional
solar water heating system with a PV module having the same dimensions but working
individually. Moreover, the obtained results showed that the integration of an optical
concentrator increased the temperature of the overall system and that the produced heat
could be potentially used in low-to-medium-temperature thermal applications.

In 2015, Li et al. [151] evaluated the performances of a façade-integrated PVT system
based on air-gap lens-walled CPCs, having a geometrical concentration ratio of 2.4×. The
device was designed for installation in a Chinese city and its optical, electrical, and thermal
properties were assessed during two typical days of March and May. During the outdoor
characterization tests, the concentrator showed a half acceptance angle of 35◦ and an
average optical efficiency of 83.0% only when direct solar irradiation was considered. This
value decreased to around 60% when the diffuse irradiance was considered. Water was
used as cooling fluid, recirculating between the thermal collector and a storage tank, with a
consequential temperature increase. This variation affected the overall system efficiency,
which decreased from 65.5%, for a water temperature of 26.6 ◦C, to 47.3%, when the cooling
fluid was at 70 ◦C. The overall efficiency values were calculated using the electrical and
thermal efficiencies, which were equal to 6.6% and 52% in the first case and to 6% and 35%
in the second one, respectively.

Cappelletti et al. [152] designed a PVT for integration on building façades, using a
semi-parabolic mirror as a concentrator. The device was equipped with a monoaxial sun
tracing system, and a concentration ratio of 20× was achieved by concentrating the solar
radiation on a linear focus. An array of monocrystalline PV cells was placed on the device
focal line and coupled with a thermal receiver designed for heat recovery. Depending on
the building’s architectural needs, the device could be horizontally and vertically mounted:
a horizontal-mounted single unit of three meters in length produced 120 kWh/year and
500 kWh/year of electrical and thermal energy, respectively. The results of the numerical
analysis, developed thanks to the experimental data collected by a mock-up consisting
of four semi-parabolic mirrors, showed that vertical mounting resulted in a lower power
production of about 30%.

Lu et al. [153] designed and characterized an ACPC for building façade integration.
The ACPC was manufactured with a geometric concentration ratio of 2× and acceptance
half angles of 0◦ and 55◦, which enable full-year operation in most European climatic con-
ditions. The module was tested under two different irradiances equal to 69 and 280 W/m2

and the PV output was, respectively, 1.74 and 1.33 times higher compared to the same
module without the ACPC. Subsequently, the authors thermally coupled the PV module
back with PCM to decrease the cell working temperature. This integration resulted in an
increment in the module efficiency greater than 5% when the incident radiation intensity
was equal to 280 W/m2, and over 10% for a superior solar radiation of 670 W/m2. In a sim-
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ilar study, Lu et al. [154] investigated the optimization of the PCM heat transfer properties,
thanks to the installation of horizontal and vertical aluminum fins, thus proving that both
arrangements can improve the module’s thermal performance. In particular, during the
PCM phase change, the presence of the fins led to a reduction in the PV system temperature
to 25 ◦C and to an increment of over 12% in the module efficiency, when compared to the
CPV panel without the PCM under a solar irradiance of 670 W/m2.

Rahmanian et al. [155] studied the performance of a heat sink based on PCMs by
developing a numerical model that evaluated the system’s thermal and electrical perfor-
mance for both passive and active cooling conditions. To improve the system’s thermal
conductivity, the PCM was immersed in a nanofluid container in two configurations: single
or multi-smaller packs. The passive cooling single-pack configuration was characterized by
a decrease in the cell temperature from 96 ◦C to 78 ◦C, providing a 12% and 23% increment,
respectively, in the electrical and thermal efficiency with respect to the same systems in the
absence of PCM. The multi-pack configuration provided the highest thermal energy storage
thanks to 97% of the PCM melting. In the active cooling condition, the cell temperature
was reduced up to 43 ◦C with a uniform distribution. The list of the opaque concentrating
solutions presented in this section is summarized in Table 3.

Table 3. Summary of the opaque BICPV analyzed in this work.

Authors, Year Concentrating
Technology

PV
Technology

Concentration
Ratio

Sun
Tracking

Research
Objective Location

Li et al. [151],
2015

Air-gap
lens-walled CPC Not specified 2.4× No Outdoor characterization

testing China

Cappelletti et al.
[152], 2018

semi-parabolic
concentrator mc-Si 20× Monoaxial

Performance monitoring
Italy

Simulation projection

Lu et al. [153],
[154], 2018 ACPC c-Si 2× No

Experimental
characterization

Not specified
Improvement due to PCM

integration

Rahmanian et al.
[155], 2021 Not specified c-Si 5× No Numerical simulations on

PCM heat sink design Not specified

4.2.2. Semitransparent BICPVs

In 2012, Mammo et al. [156] created a CPV system that was suitable for low-concentrating
PVs used in façade integration in buildings. The prototype was based on a three-dimensional
CCPC system made of 81 single aluminum CCPCs positioned in a 9 × 9 matrix and coupled
with as many solar cells as possible. Each truncated CCPC was manufactured with a height
of 16.16 mm and with two square surfaces. The aperture had a side of 19 mm, whereas the
absorber area was 10 mm. This geometry ensured a concentration ratio equal to 3.61× and
a half acceptance angle of 30◦. The prototype showed a 14% maximum electrical conversion
efficiency, and the maximum power produced was three times higher than the one of a
similar system without the CCPCs.

In 2013, Sellami et al. [157] suggested an innovative idea for a double-glazed window-
integrated concentrating photovoltaic (WICPV) system, based on three different geometric
properties. The concentrating components were optimized by imposing three constraints:
an elliptical and a square shape for the aperture and the receiver area, respectively, and
a section having a hyperbolic profile at the end. To preserve the system’s transparency
and decrease the system’s costs, the concentrators were manufactured by using trans-
parent dielectric materials. The criterion for selecting the most promising concentrator
profile depends on the trade-off among the highest efficiency, compactness, and the widest
acceptance range.

Sabry et al. [158] analyzed the effect of truncation on the performance of a CPC
manufactured using acrylic material and having a geometric concentration ratio of 3.2×.
The low-concentration integrated photovoltaic system, designed for integration on façades
or windows, consisted of a linear CPC segment extending across the horizontal direction,
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and with the concentrator axis having an angle of 30◦ with respect to the horizon. The
inclination was chosen to correspond to the latitude of most Middle East countries. The
overall system was completed by distributing several concentrators along the panes’ vertical
direction, with their number depending on the pane height. In their work, Sabry et al.
compared the performance of a complete CPC with eight different truncations realized
by truncating a different percentage of the concentrator side area. As the CPC side area
decreased, the number of CPC units for the unit area increased. The optical efficiency and
the concentration ratios of the complete and truncated CPCs were calculated at different
incidence angles, and all CPC segments performed better for larger incidence angles. The
truncation with a side area of about 70% relative to the complete CPC is of particular interest,
as it corresponds to the intersection point between the increase in electricity generated and
the reduction in the radiation transmitted by the system.

Most of the research studies from the early 2010s focused on optical simulations as
testified by the work of Tang and Wang [159] and Li et al. [160].

Tang and Wang [159] designed a novel static asymmetric lens CPC, demonstrating
that truncated and air-gap lens-walled CPCs have a large acceptance angle and guarantee
a uniform flux distribution for lower incidence angles. Li et al. investigated several
representative designs of lens-walled CPCs obtained by varying different parameters, like
the geometric concentration ratio, base height, and truncation ratio. The best-performing
configurations were chosen to validate the simulation with experimental measurements
performed in Nottingham. The results highlighted that the annual performance of lens-
walled CPCs improved with respect to the one of the traditional mirror CPCs, as the overall
solar radiation harvested by the lens-walled CPCs was higher.

Xuan et al. [161] designed and manufactured an asymmetric lens CPC for integration
into a building’s south walls, having a unique rotation angle at the bottom that was
introduced to optimize its performance. The authors evaluated the device’s optical and
electrical performance thanks to ray-tracing simulations and an indoor data acquisition
campaign. The peak power of the concentrating module was compared to that of a non-
concentrating module, resulting in an output value that was 1.74 times higher. Moreover,
the concentrator’s optical efficiency was larger than 90% for sunlight incidence angles
between 0◦ and 60◦, making the module suitable for integration in south building façades.

In another study, Xuan et al. [162] proposed a general optimization strategy for a
unitary asymmetric CPC-based concentrator. The structure was designed to be coupled
with PVs or PV/thermal modules for integration in the south-facing wall of a building.
Based on this asymmetric structure, four kinds of concentrators were evaluated, namely,
a mirror concentrator, a lens–mirror concentrator, a dielectric concentrator, and an air-
gap–lens–mirror concentrator. The optimization parameter was the annual performance,
analyzed by comparing ray-tracing simulations with the experimental data. The developed
systems were found to be suitable for installation in south-facing façades in Chinese
regions, since most of them have a latitude that ranges between 25◦ and 45◦. Indeed, the
structure with dielectric concentrators presented an acceptance angle between 0◦ and 85◦,
even before the optimization, whereas the acceptance angle of the lens–mirror and the
air-gap–lens–mirror concentrators was improved after the optimization. In any case, the
optimization procedure allowed for the expansion of a geometrical concentration ratio
that initially was equal to 2.34×. The results presented in [162] were due to a previous
work of Xuan et al. [163], in which a PV window integrating an ACPC for simultaneous
electricity generation and daylight was reported, having a geometric concentration ratio
of 2.50×. The authors evaluated the optical performance of the system installed in the
southern façade of a building considering also the possible shading effects. The optical
simulations indicated that the asymmetric concentrator maintained a high optical efficiency
even for wide acceptance angles (10–85◦). This analysis led to the optimization of the
distances between the different concentrator arrays. In fact, the presence of gaps between
two subsequent concentrators alleviated the mutual shading and incorporated daylight
as a possible feature for the system. Subsequently, Xuan et al. evaluated the illuminance
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distribution at the ground floor of a typical office room incorporating the developed PV
window, considering 500 W/m2 as the external irradiance value with several incidence
angles. The obtained results testify to the possibility of using the developed BICPV system
for domestic applications.

The work presented by Li et al. [164] and Liang et al. [165] show further confirma-
tion that CPCs can be implemented as curtain walls in semi-transparent façades. The
former ensured an interesting power generation efficiency in winter, of 26.5%, but a limited
transmittance, of 9.1%, when compared to other concentrating technologies. Moreover, it
contributed to a more uniform indoor light environment and complied with the require-
ments of building insulation. This was a photovoltaic thermal technology that presented
a significantly lower electrical efficiency, of 4.18%, but an overall energy efficiency above
59.7%.

Technologies that employ transparent or semi-transparent slabs as concentrating
components are alternatives to most standard BICPV systems. In this case, the light is
concentrated on the solar cell thanks to the total internal reflection by a unique object
rather than several separated concentrators. The main advantage of these concentrators
is the possibility of designing PV devices that have a tunable transmittance and uniform
transparency, as they only depend on the position in which the PV cells used for energy
production are placed. An example is provided in the research of Barone et al. [166], in
which a smart concentrating photovoltaic glazing module was developed for integration in
a transparent façade. It was composed of a 50 cm × 50 cm double-glazed panel, in which
the outside glass was shaped into several concentrators having thin layers of colored pho-
tovoltaic cells in their optical focus. Moreover, the concentrating elements were designed
to reduce the direct component of the solar radiation transmitted inside the building, thus
maximizing both the natural daylight during the winter season and the PV production
in summer. This configuration ensured a PV efficiency between 15.5% and 17.2%, while
significantly decreasing the loads associated with artificial lighting and building cooling.
Panels that use the total internal reflection as the concentrating phenomenon are partic-
ularly indicated for integration in metropolitan areas, since they are able to harvest both
direct and diffuse radiation and they are extremely tolerant to shading [167,168].

In particular, in LSC panels, the glass or plastic slab is functionalized with fluorescent
materials that collect and re-emit a portion of the sunlight that reaches the slab. The
coupling of fluorescence and total internal reflection makes them tolerant to the steep
shading generated by trees, streetlights, or chimneys, which usually significantly reduces
the performance of standard PV systems [169]. A further advantage of LSC panels is
their PV conversion efficiency. The fluorophores used for the slab functionalization are
responsible for a down-shifting of the wavelengths that cross the slab, which exposes
the silicon solar cells to a wavelength range in which their external quantum efficiency is
higher [170].

An example is provided by the work of Corrado et al. [171], in which prototypes
of windows with front-facing solar cells were evaluated. In the majority of LSC panels
designed for building integrations, the PV components are optically coupled with the
panel edges. The investigated configurations allowed the cells to harvest both direct solar
irradiance and wave-guided radiation emitted from the fluorescent material embedded
in the slab. The authors manufactured several prototypes to evaluate different designs by
modifying several parameters, such as the slab thickness, the cell width, and their position.
A 5% PV cell coverage of the slab main area ensured an increase in power of 2.2×, when
compared to the bare cells, and a larger power conversion efficiency of 6.8% was achieved,
with a coverage of 31%. The design with the lowest price-to-Watt ratio was manufactured
by balancing the power gain and efficiency, and it guaranteed an efficiency equal to 3.8%
and a power gain of 1.6×. Figure 10 presents some examples of the reviewed opaque and
semi-transparent BICPV applications.
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Figure 10. (a) Vertical installation of PVT-integrated devices described in [152] (reproduced with
copyright permission). (b) Picture of the window-integrated concentrating photovoltaic system
designed in [157] (reproduced with copyright permission). (c) Interior view of the mock-up building
realized in [164] (reproduced with copyright permission).

The papers reviewed in this work concerning semi-transparent BICPV solutions are
listed in Table 4, which presents the main characteristics of each work.

Table 4. Summary of the semi-transparent BICPVs analyzed in this work.

Authors, Year Concentrating
Technology

PV
Technology

Concentration
Ratio

Sun
Tracking

Research
Objective Location

Mammo et al.
[156], 2012 3D CCPC Not specified 3.61× No Performance

analysis Not specified

Sellami et al.
[157], 2013 3D CPC Si 4× No

Optical
characterization

and optimization
Not specified

Sabry et al. [158],
2013 Linear CPC Not specified 3.2× No

Effect of
truncation on the

concentrator
performance

Location with a
latitude of 30◦

Tang and Wang
[159], 2013

Air-gap
lens-walled CPC Not specified Not specified No

Effect of
truncation on the

concentrator
performance

Different
locations

Xuan et al. [161],
2017; [163], 2019

Asymmetric lens
CPC mc-Si 2.50× No

Effect of rotation
angle on the
concentrator
performance

Not specified

Li et al. [164],
2021 ACPC c-Si 2.0× No

Experiment
performance
evaluation

China

Liang et al. [165],
2022 Linear CPC Not specified 3.14× Monoaxial

Design and
performance

validation
China

Barone et al.
[166], 2022

Concentrating
lens pc-Si Not specified No

Design and
performance

validation
Multiple locations

Corrado et al.
[171], 2013 LSC mc-Si Configuration-

dependent No
Design and

performance
validation

Not specified

4.3. BIPVT Systems

Buonomano et al. [172] presented a detailed exergetic and technoeconomic analysis of
a flat-plate PVT solar collector integrated into the south façade of a non-residential high-rise
building. The building behavior was modeled via TRNSYS 17 and then compared with a
reference building model for three thermal zones. The average exergetic efficiency of the
electricity storage system was about 90%, whereas the condensing boiler one was close to
2%. In addition, the economic viability of the proposed system resulted in a simple payback
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period of about 4 years. The comparison of the analyzed European weather zones high-
lighted that the highest destroyed exergy of BIPVTs occurred in Larnaca (150 MWh/year),
while the lowest was recorded in Belfast (87 MWh/year). The BIPVT collectors’ exergetic
efficiencies range from 8.4% for Larnaca to 8.8% for Belfast.

Novelli et al. [173] designed a prototype of a transparent, concentrating photovoltaic
thermal system using the direct irradiance for electricity generation and thermal energy.
The system was implemented as the interior layer of a façade and it was demonstrated
that, in small-scale testing, a cogeneration efficiency of 43.6% (relative to direct normal
irradiance transmitted through the building’s exterior glazing) at 58 ◦C could be achieved.
Considering a working temperature of 70 ◦C, which could supply active thermal processes
at nominal coefficients of performance, the efficiency decreased to 39.0%. The diffuse light
was instead transmitted as illumination and views. By simulating the project scale-up, the
cogeneration efficiency increased to 71.2% at 70 ◦C.

Pugsley et al. [174] described the realization of a façade BIPVT system prototype
composed of a PV panel coupled with a solar water heating system. The work demon-
strated the practical operation of a vertical BIPVT prototype based on planar liquid–vapor
thermal diodes and integrated collector–storage solar water heaters. The key areas for the
design development were identified and the benefits of application in NZEB façades were
highlighted. The device was subjected to multi-day solar simulator laboratory thermal
and photovoltaic testing for different irradiance levels, in both covered and uncovered
configurations. The measured solar thermal performance values were 60% and 58% for
the cover and uncovered configurations, respectively. As expected, the PV conversion
efficiency decreased with the temperature: without the transparent cover, it ranged from
11.4%, when the absorber temperature was about 25 ◦C, to 5.6%, at 89 C. The low PV
conversion efficiency was due to partial delamination and PV cell damage.

In 2022, Ge et al. [113] proposed a BIPVT system based on water-cooled walls, in
which the water-based heat exchanger was not in direct contact with the PV module, as air
was used as the intermediate dissipation fluid. The air used to control the overheating of
the PV module was, in turn, used to provide hot water or hot air according to the building’s
needs. The paper experimentally investigated the system’s thermo-electrical efficiency,
showing an average power generation efficiency equal to 12.6% and providing 35 ◦C of
domestic hot water for more than 7 h.

Pereira and Aelenei [175] installed, in an office building façade, a BIPVT system
coupled with PCMs, whose performance was optimized by using the genetic algorithm
method. The system was designed starting from a mathematical model, developed with
MATLAB/SIMULINK, which was then validated via experimental measurements. The
overall energy efficiency of the system was evaluated for winter and summer conditions,
adopting different utilization strategies. The parameter optimization allowed a maximum
total yield of 64% for the winter configuration and 32% for the summer one.

Sohani et al. [176] enhanced the thermal energy storage capacity of a BIPVT system
by employing PCM layers, whose thickness was found using dynamic multi-objective
optimization. The optimization was conducted for a residential building in Tehran, Iran,
by employing numerical modeling for the system simulation and was based on energetic,
economic, and environmental perspectives. According to the simulation results, the best
PCM thickness was 0.772 m. This condition was compared to a base case, in which air was
used as a heat sink. The implementation of PCM allowed for an increase in the energy
storage capacity of 22.24% and the electricity production of 9.93% as well as to reduce the
carbon dioxide emission of 17.69%. Moreover, in the optimum conditions, the payback
period was estimated to be 3.321 years, with a levelized cost of electricity that was decreased
by 9.59%.

Kim et al. [177] assessed the performance of an air-based BIPVT designed for a building
façade having in-channel perforated baffle plates as collectors through indoor and outdoor
measurements. The indoor thermal characterization was conducted in both open-loop and
closed-loop conditions. The former revealed a thermal efficiency between 18% and 42%,
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which corresponded to an airflow rate from 85 to 350 kg/h. Under closed-loop conditions,
the outdoor measurements provided thermal efficiencies between 12% and 39% with a flow
rate varying between 117 and 234 kg/h.

Trombe wall structures are BIPVT systems that are becoming increasingly popular.
They are the most popular double-skin structures used to improve the thermal perfor-
mance in buildings [178,179]. Different configurations between these passive solar heating
structures and PVT technologies can be arranged in order to decrease both thermal and
electrical building energy needs. Ke et al. [180] investigated the impact of a PCM layer on
the performance of a PV system integrated into a Trombe wall. The PCM layer position was
changed to identify the best placement for application in the heating season, and the tested
configurations are presented in Figure 11. For warm winter regions, the recommended
system configuration was characterized by the PCM layer on the back of the PV absorber.
This had the lowest space heating effectiveness that was, however, balanced by the best
electrical performance. When the PCM layer was located on the wall’s inner surface, the
system presented moderate electrical performance and space-heating properties, as well as
the best energy-saving potential. This disposition was recommended for severely cold win-
ter regions. Comparable results were obtained also for the configuration having the PCM
unit coupled to the insulating material. In conclusion, it was found that the performance of
the first configuration was the most affected by the PCM layer thickness. Similar innovative
applications integrating PV Trombe walls and additional thermal heat sink applications for
performance enhancement, such as nanofluids [181] and porous surfaces [182], are present
in the literature.Energies 2023, 16, x FOR PEER REVIEW 21 of 37 
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Figure 11. Configurations tested in [180]: (a) without PCM, (b) with the PCM layer next to the
absorber back surface, (c) with the PCM placed close to the insulation layer, and (d) with the PCM in
contact with the building wall inner surface.

The list of the hybrid PV solutions reviewed in this work, as well as their main features,
is presented in Table 5.
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Table 5. Summary of the BIPVT analyzed in this work.

Authors, Year PV
Technology

Design
Approach

Cooling
Fluid

Circulation
Technique Research Objective Location

Buonomano
et al. [172], 2019 Not specified Flat Water Forced

Exergy and
thermo-economic

modeling

Multiple
locations

Novelli et al.
[173], 2021

Triple-junction
cell Concentrating Air Forced Performance

investigation
United
States

Pugsley et al.
[174], 2020 mc-Si Flat Water Forced Physical realization and

laboratory testing
Not

specified

Ge et al. [113],
2022 CIGS Flat Bi-fluidic Forced Performance

investigation China

Sohani et al.
[176], 2022 Si Flat Air Forced

Multi-objective
performance
optimization

Iran

Kim et al. [177],
2022 mc-Si Flat Air Natural Performance assessment Canada

Ke et al. [180],
2023 mc-Si Flat Air/PCM Natural

Effects of the PCM
layer’s position on the

BIPVT system
China

4.4. Semi-Transparent BIPV Systems

Park et al. [183] analyzed the thermal and electrical properties of several porch-
integrated semi-transparent glass–glass modules, in which the back glass was of different
colors, namely, clear, colored, or reflective. Moreover, to ensure a higher thermal resistance,
the panels were equipped with a further rear glass separated from the colored one thanks
to specific spacers. The panel’s performance was evaluated both under STC and on-field
conditions, highlighting that the rear pane difference affected the amount of daylight and
heat gained by indoor spaces as well as the module’s electrical performance. This study also
investigated the influence of the temperature on the module power production, showing
that, when exposed to STC, except for the temperature, the power produced by the modules
decreased by about 0.48%/◦C, a reduction that increased by 0.52%/◦C in the outdoor tests.

Lu et al. [184] simulated the energy performance of semi-transparent single-glazing
integrating c-Si PV cells for a typical office in Hong Kong. To consider the overall energy
performance in terms of electricity benefits, they converted the total heat gain from semi-
transparent BIPV modules into the electricity consumption of water-cooled and air-cooled
air-conditioning systems. Examining the impact of the BIPV system for different orienta-
tions, they proved that energy saving due to conditioning systems plays a primary role,
while the reduction in electricity consumption due to artificial lighting is secondary. The
estimated overall electricity benefits were about 900 kWh/year and 1300 kWh/year for
water-cooled and air-cooled air-conditioning systems, respectively.

In 2005, Miyazaki et al. [185] simulated the implementation of an a-Si-based smart
window in a standard office building in Japan with Energy Plus. According to the study,
a 40% transparency and 50% window-to-wall ratio (WWR) represented the optimum
combination, ensuring that the electricity consumption was halved (55% reduction) when
compared to the single-glazed window with a WWR of 30% and no lighting control.

He et al. [186] compared the thermal performance of a double-layer PV glass with
a single-glazed smart window, showing an indoor heat gain reduction of 46.5% and a
power-to-conversion efficiency of 3.65% (standard conditions).

Liao and Xu [187] investigated the energy performance of 20% and 32% transparent,
single-glass a-S PV fenestration, proving that they positively impacted the building cooling
load when compared to both 87% and 71% transparent single and double glazing. However,
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they underperformed with respect to 62% low-emissivity, coated double glazing because of
the control over NIR transmission.

Chae et al. [188] investigated the energy performance of an office building after the
implementation of a-Si-based double-pane windows with different transmittance values.
The analyses were performed for six different climatic conditions in the USA, and the test
building had 10,000 m2 and 652 m2 of floor and window areas, respectively, with 30% WWR.
Two different solar cell typologies were used: one had a 180 mm textured a-Si absorber as
the PV active material, showing a 6% visible transmissivity, whereas the other had a flat a-Si
component with different absorber properties. Using the non-textured sample, two devices
with 120 nm and 180 nm in thickness and 30% and 14% in transparency were manufactured.
The work demonstrated that all the BIPV solutions reduced the building consumption in
terms of the annual HVAC system’s energy savings for most of the low-latitude locations.
In particular, the PV glaze based on the textured morphology saved 34% and 66% of the
annual cooling and heating energy, respectively, when compared to a double-layer clear
glass window [188].

In 2016, Zhang et al. [189] studied the net energy performance of a-Si PV fenestration
integrated into an office room with a WWR of 0.41 by using the Energy Plus software. The
dimensions of the simulated building were 2.3 m × 3.0 m × 2.5 m, and the performance of
the semi-transparent PV panel (15% visible transmittance) was compared to that of clear
single glazing, double-pane glazing, and low-E glazing. In addition to the SHGC, the solar
and visible transmittance, and the pane thickness, the authors also reported the U-values
of the different systems. The simulations proved that, in Hong Kong, South–West was the
best orientation for electricity production, whereas the South guaranteed the best results in
terms of overall energy performance. The total energy saving was evaluated based on the
simulated energy uses of the air-conditioning and the artificial lighting of the room, and
the a-Si smart window saved up to 18%, 16%, and 1% compared to clear single glazing,
double-pane glazing, and low-E glazing, respectively.

Chow et al. conducted multiple studies [41,190] concerning double-glazed ventilated
PV windows. The basic structure was composed of a semi-transparent a-Si PV and a glass
acting as the external and internal panes, respectively, and in between an air ventilation
cavity was left. Air circulation was ensured thanks to two louvers being installed above
and below the PV modules. This design represents an example of a cooled PV device, as the
air entering from the bottom opening reduced the module overheating, cooling the entire
cavity, and exiting from the top aperture due to the stack effect. Therefore, the air buoyancy
both reduces the building cooling load and the cells’ operating temperature, thus increasing
their PV conversion efficiency. The authors used Energy Plus to simulate the thermal and
optical properties of the systems by using the meteorological weather data of Hong Kong.
The results showed that a PV pane transmittance between 0.45 and 0.55 guaranteed the
best power production and reduced up to 55% of the building energy needs.

Barman et al. [191] evaluated the integration of smart windows based on CdTe. The de-
vice’s opto-thermal characteristics were analyzed using both experimental and simulation
data. The system was composed of a double-pane structure, with the CdTe TF as the exter-
nal layer and a low-E glass as the internal one. The comparison of PV glass with different
transmittances in the visible range was conducted, specifically, 7.0%, 12.3%, 17.7%, 25.2%,
and 32.7%, but maintaining an identical U-value of 1.812 W/m2K allowed the comparison
between several SHGC levels. The increase in the TF transmittance considerably impacted
the building heating load and the window energy production; at the same time, the increase
in cooling loads was moderate. As expected, the annual energy generation was the highest
when the devices were South-oriented, with a maximum of 119.6 kWh/m2/year, ensuring
the covering of the artificial lighting energy demand, with a 20% WWR. Compared to the
reference window, the savings in net energy consumption was 60.4%.

In 2018, Meng et al. [192] simulated the performance of a PV fenestration based on
CdTe. The research was performed using Energy Plus as simulation software, considering
an installation in a 10-story building located in Hong Kong and with a 0.6 WWR. The
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energy potential was evaluated by comparing the obtained results with the performance of
both a-Si PV glazing and a traditional window, presenting a saving increment of 15.5% and
19.6%, respectively.

Alrashidi et al. [193] presented the potential of three 15 cm × 15 cm CdTe-based
solar windows with different transmittances, namely, 5.77%, 9.54%, and 12.34%. The
prototypes’ optical properties were evaluated via indoor spectral characterizations, which
highlighted that the module with the highest transmittance was the best candidate for a
glazing application as it presented visible transmission values that were 113% and 25%
higher with respect to the darkest samples, while the SF only increased by 21% and 7%,
respectively.

Regarding third-generation PV technologies, Kang et al. [194] investigated the optical
and thermal performance of six DSSCs based on red and green dyes with 7 µm, 9 µm, and 11
µm thick TiO2. The dimensions of the cells were 10 mm × 10 mm × 4.5 mm, and their aver-
age visible transmittance, whose values varied from 6% to 30%, was strongly influenced by
the TiO2 thickness. The sample with a visible transmittance of 27% presented a 0.29 SHGC,
which reached a maximum of 0.72 for the glazing with 79% visible transmittance. Similarly,
Yoon et al. [195] created four different DSSCs whose visible transparency varied between
20% and 39% by modifying the thickness of the TiO2 layer. The higher short-circuit current
of the cell with thicker semiconductor layers ensured a higher power conversion efficiency.
Morini and Corrao [196] investigated the thermo-optical and electrical performance of
DSSC-integrated patented glass blocks. The analysis was performed via three different
software, allowing the estimation of the device’s U-value (3.0 W/(m2K)), the SF (79.7%),
and the visible transmittance (79.5%).

Selvaraj et al. [197] proved that a 37% transparent PV fenestration based on DSSC
decreased by 21% the disturbing glare with respect to a traditional double-glazed window.
This comparison was conducted by considering a clear sunny day in a temperate climate. A
further work demonstrated that, despite the reduced visible transmittance, the light trans-
mitted through the device two years after its fabrication led to a CRI enhancement [198].

In 2021, Tong et al. [199] studied perovskite modules with dimensions of 5 cm × 5 cm
and 10 cm × 10 cm with efficiencies of 14.55% and 10.25%, respectively. The former
performed for 1600 h, maintaining 80% of its standard efficiency, while the latter maintained
its 10.25% efficiency for over 1100 h.

Ghosh et al. [200] experimentally and analytically analyzed the properties of a per-
ovskite solar cell to evaluate its performance for a BIPV window application. The device
showed a solar and visible transmittance of 20% and 30%, respectively, and a power-to-
conversion efficiency of 8.13%. The SF angular dependency was measured, presenting
values varying between 0.14 and 0.33. The measured U-value was 5.6 W/m2K.

In 2022, Bhandari et al. [201] investigated how different properties of carbon PSCs
designed for BIPV applications may be affected by temperature. Both the transparency
and the efficiency presented contained variations in the temperature range from 5 ◦C to
75 ◦C, showing an average visible transmittance of around 28.5% and a power conversion
efficiency of around 8.25%. The AVT slightly increased above 55 ◦C in ambient conditions,
which was explained by correlating the transmittance with the temperature coefficient and
efficiency coefficient of transparency. The measured correlated color temperature (CCT)
(>4800 K) and CRI (>80) testified the possibility of perovskites in different climates.

Alrashidi et al. [202] evaluated the thermal performance and energy-saving potential
of semi-transparent PV devices based on CdTe by analyzing the panel U-value and SHGC.
The result highlighted that, when installed facing in the South–West direction, the glazing
with the least transparency reduced 96% of the heating due to solar radiation and 23.2% of
the cooling energy with respect to conventional clear glazing.

Figure 12 displays the three generations of PV devices used for semi-transparent
applications. The list of the reviewed semi-transparent technologies is provided in Table 6,
which also highlights their individual properties.
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Table 6. Summary of the STBIPVs analyzed in this work.

Authors, Year PV
Technology SHGC/SF WWR U-value

(W/m2K) Transmittance Research
Objective Location

Park et al.
[183], 2010 pc-Si Color-

dependent Not specified Not specified Color-
dependent

Analysis of the
thermal and

electrical
performance

Korea

Lu et al. [184],
2013 Not specified Not specified 57% Not specified 20% Energy-saving

simulations China

Miyazaki et al.
[185], 2005 a-Si Not specified 50% Not specified 40% Energy-saving

simulations Japan

He et al. [186],
2011 a-Si Not specified Not specified Not specified Not specified Performance

investigation China

Liao and Xu
[187], 2015 a-Si

26% Configuration-
dependent 5.18

20% Energy
performance
comparison

China
41% 32%

Chae et al.
[188], 2014 a-Si Configuration-

dependent 30% Configuration-
dependent

Configuration-
dependent

Performance
comparison

Multiple
locations

Zhang et al.
[189], 2016 a-Si 47% 41% 5.50 15%

Energy
performance
comparison

China

Barman et al.
[191], 2018 CdTe Configuration-

dependent 20–50% 1.81 Configuration-
dependent

Efficiency
assessment India

Meng et al.
[192], 2018 CdTe Not specified 60% Not specified 10% Performance

investigation China

Kang et al.
[194], 2013 DSSC Configuration-

dependent Not specified Not specified Configuration-
dependent

Performance
evaluation Not specified

Morini and
Corrao [196],

2017
DSSC Not specified Not specified Configuration-

dependent
Configuration-

dependent
Energy

optimization Not specified

Ghosh et al.
[200], 2020 PSC 0.14–0.33 Not specified 5.60 30% Performance

evaluation Not specified

Alrashidi et al.
2022 CdTe Configuration-

dependent 100% Configuration-
dependent

Configuration-
dependent

Thermal and
energy

performance
Penryn
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5. Discussion and Future Perspectives
5.1. Economical Consideration on the Spread of BIPVs

Mainly thanks to its higher stability and durability, when compared to other gener-
ations, c-Si covers about 95% of the global PV market, with mc-Si accounting for 84% of
the total c-Si production [204]. TF technologies account for the remaining 5%, with CdTe
covering the major share (>4%) and CIGS (~0.8%) and a-Si (~0.1) having marginal roles.

Third-generation solar cells do not have, at present, a market share because of their
short-term durability when exposed to outdoor ambient conditions (e.g., solar radiation,
moisture, and temperature). Although encouraging results have been reported at milder
or controlled environmental conditions, to date, they are still far from presenting satisfy-
ing stability standards for thin-film PV technology (IEC 61646) and crystalline silicon PV
technology (IEC 61215). However, the intrinsic potential of these devices is confirmed by
the rapid increase in their energy conversion efficiency [204] and by the compound annual
growth rate (CAGR) prevision (2020–2030), which for DSSCs and PSCs is 12.6% and 32%,
respectively. The difference in market share is testified also by the price learning curve
that shows a reduction between the inflation-adjusted price-to-Watt ratio registered in
2006 3.70 €2021/Wp (TF) 4.78 €2021/Wp (c-Si) and in 2021 0.21 €2021/Wp (TF) 0.18 €2021/Wp
(c-Si) [204]. However, due to the presence of multiple business models, different incentives,
and application contexts, the BIPV market remains a niche presenting a market share
difficult to estimate. In fact, considering opaque façades and glass curtain walls, BIPVs
cover different segments with a large variety of products, for which the difference between
custom-made and traditional elements can be difficult to assess. As reported by the Inter-
national Energy Agency in “TRENDS IN PHOTOVOLTAIC APPLICATIONS 2022” [205],
even if prices are showing a decrement, BIPV systems present a higher price-to-Watt ra-
tio with respect to both utility-scale ground-mounted PV and distributed rooftops’ PV
solutions. In fact, as almost 65% of the PV market is below 1 USD/W, the ratio is almost
eight times higher when considering building-integrated PV devices. Metrics used for the
competitiveness of BIPV solutions must be considered against additional parameters other
than mere power production, such as the replacement of traditional building elements
with advanced and better-performing solutions, since PV component integration might be
justified by non-economic factors or the perspective of secondary added values.

As reported by SolarPower Europe and ETIP PVs [206], the cost per square meter of
PV cladding based on TFs is comparable with that of other materials used in the building
sector, such as wood or brick stone, and even if the installation of PV modules based
on crystalline silicon is more expensive with respect to these materials, its cost is lower
than that of high-standard claddings. Thin-film solar cells are expected to become much
cheaper than first-generation solar cells. However, due to the current price decline in
wafer-based devices, most thin-film solar cells have not yet become economically viable.
Third-generation technologies represent a key asset for the development of BIPV devices
with efficiency values that extend beyond that of silicon-based systems. However, up to
now, they have a technological readiness level that is too low for their industrial scale-up.

5.2. Future Perspectives

The BIPV market ranges from 200 MW to 400 MW per year in Europe [205]. The proper
installation of high-performance and reliable BIPV technologies is correlated to zoning laws
and safety regulations. For these reasons, in recent years, BIPV devices have been subjected
to wide-ranging research initiatives in which the possibility of improving their performance
and reliability was mediated by architectural and safety requirements [207–209]. In that
respect, since more expensive systems are often associated with roof-integrated slates, tiles,
or tailored designs, the realization of simplified BIPV devices based on conventional PV
modules having dedicated mounting structures for building integration is leading the BIPV
market towards a positive development in numerous EU countries.

Parallelly, several countries are creating regulatory environments promoting direct
self-consumption or decentralized or virtual self-consumption. Self-consumption could be
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understood as the compensation of production and consumption locally and represents
23% of the distributed PV market. Decentralized (or “Virtual”) self-consumption expands
to delocalized production and consumption, enabling the sharing of electricity between
several users or between distinct individual buildings.

As highlighted by Skandalos et al. [210], a further aspect that may facilitate the transi-
tion to sustainable buildings is the alignment of BIPV technologies with the environmental
and architectonic conditions in which they are used. In their work, they analyzed four
climatic regions for a total of 127 cities, underlining that, in cold, moderate, and warm
climates, opaque-façade BIPV solutions are increasingly indicated to satisfy building ener-
getic needs. PV windows have been reported to be very effective in zones with high and
very high solar radiation, as they counterbalance the excess cooling needs. Nonetheless, the
implementation of BIPV systems is not yet common due to several factors concerning the
lack of proper knowledge in terms of safety and maintenance. Indeed, research initiatives
that will enhance the deployment of BIPV technologies are being studied, focusing on
properties that extend beyond power production. For instance, it is essential that BIPV
implementation does not adversely affect the safety of construction products or building
occupants. Fire safety is of vital concern in using these systems. Unfortunately, as reported
by Yang et al. [211], although some researchers investigated the fire hazards related to BIPV
modules, several knowledge gaps are still present, not only in the mitigation of hazards
related to electrical faults but also on BIPV fire resistance or the mitigation of fire spreading.
Another limiting factor for the integration of PVs in buildings is soiling due to atmospheric
agents [212,213], since dust and snow negatively affect the module power generation. The
overcoming of these knowledge gaps represents a crucial step for the further spreading
for opaque-façade BIPV solutions, in particular for first-generation devices. Self-cleaning
methodologies can represent a considerable asset for the BIPV industry, especially for
semi-transparent technologies [214,215]. Correlated to the smart windows concept, there
is the possibility of exploiting the electricity generated by the PV component in power-
independent appliances and smart systems. A recent example is the device presented
by Kou et al. [216], who developed an electrochromic smart window that integrates self-
powering, intelligent solar radiation management and energy storage. The creation of
multifunctional and standalone PV windows that are able to perform different functions
using only the energy produced only by its PV component could allow the overcoming of
the limiting factor of these devices, namely, the intrinsic tradeoff between their transparency
and efficiency. The localized utilization of the generated electricity represents an additional
added value for STBIPV devices as the additional costs related to the connection to the
building’s electrical grid will be avoided.

6. Conclusions

In this review, we analyzed the possible applications of PV solutions integrated into
building façades, considering the most common designs and use purposes. Façade ap-
plications are becoming more frequent due to the necessity of increasing building energy
efficiency and enlarging the implementation area. BIPV typologies that are gaining more
interest are the ones characterized by the ease of installation and multifunctional behavior,
such as hybrid or semi-transparent BIPVs, since they not only replace structural materials,
providing electrical power, but also have an impact on the building’s thermal manage-
ment. The implementation of opaque 1-sun solar panels characterized by dark colors is
decreasing in favor of colored PV modules that have hidden cells, which are actively used
to preserve the façade’s architectural value, thus guaranteeing the distinctive appearance
of the building.

At present, most STBIPV devices are realized and optimized considering only optical
properties and power generation. However, the inclusion of standalone appliances or smart
systems, such as motorized shading or small ventilation devices, will be a considerable
added value for these technologies. For semi-transparent BIPV devices, c-Si-based spaced
glazing is still considered an attractive solution due to its maturity and technological
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readiness. Nonetheless, second- and third-generation PV-based smart windows should
be the leading alternatives in future STBIPV technologies, as their uniform transparency
allows for finer control of SHGC, CCT, and CRI, which are essential factors for building
windows.

From a broader perspective, the utilization of BIPV solutions is not yet largely imple-
mented because of factors mostly related to technical and political regulations as opposed
to the device efficiency, such as missing knowledge related to safety or maintenance.
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