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Abstract: Building-integrated photovoltaic (BIPV) glazing systems with intelligent window technolo-
gies enhance building energy efficiency by generating electricity and managing daylighting. This
study explores advanced BIPV glazing, focusing on building-integrated concentrating photovoltaic
(BICPV) systems. BICPV integrates concentrating optics, such as holographic films, luminescent solar
concentrators (LSC), Fresnel lenses, and compound parabolic concentrators (CPCs), with photovoltaic
cells. Notable results include achieving 17.9% electrical efficiency using cylindrical holographic
optical elements and crystalline silicon cells at a 3.5× concentration ratio. Dielectric CPCs showed
97.7% angular acceptance efficiency in simulations and 94.4% experimentally, increasing short-circuit
current and maximum power by 87.0% and 96.6%, respectively, across 0◦ to 85◦ incidence angles.
Thermochromic hydrogels and thermotropic smart glazing systems demonstrated significant HVAC
energy savings. Large-area 1 m2 PNIPAm-based thermotropic window outperformed conventional
double glazing in Singapore. The thermotropic parallel slat transparent insulation material (TT
PS-TIM) improved energy efficiency by up to 21.5% compared to double glazing in climates like
London and Rome. Emerging dynamic glazing technologies combine BIPV with smart functions,
balancing transparency and efficiency. Photothermally controlled methylammonium lead iodide
PV windows achieved 68% visible light transmission, 11.3% power conversion efficiency, and quick
switching in under 3 min. Polymer-dispersed liquid crystal smart windows provided 41–68% visible
transmission with self-powered operation.

Keywords: solar windows; building-integrated photovoltaics (BIPVs); zero-energy buildings; energy
efficiency; concentrating optics; thermotropic smart glazing; dynamic glazing technologies

1. Introduction

In a period characterized by growing worldwide apprehension regarding climate
change and environmental conservation, it is imperative to prioritize the tackling of energy
inefficiency and the emission of greenhouse gases (GHG). The construction and building
industries have taken center stage in this endeavor due to their substantial consumption of
resources and energy, which exerts immense pressure on natural ecosystems and limited
resources [1–3].

The scale of this challenge is staggering. The International Energy Agency (IEA)
indicates that over 30% of worldwide energy is utilized in buildings [4]. This significant
energy consumption is not only a drain on resources but also a major contributor to global
carbon emissions. The building sector’s impact on climate change is further exacerbated
by inefficient design and outdated technologies, particularly in older structures that lack
modern energy-saving features.

One of the most critical areas of concern is the management of solar radiation in
buildings. Especially in summertime, solar radiation penetrating rooms via windows can
notably elevate the energy usage of air-conditioning systems, especially in newly built high-
rise structures with extensive window-to-wall ratios [5]. This phenomenon is particularly
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problematic in urban areas where the proliferation of glass-facade skyscrapers has led to
increased cooling demands and, consequently, higher energy consumption.

Thus, diminishing solar radiation infiltration through windows presents an effective
strategy for curbing cooling demands and energy usage in air conditioning [6]. This ap-
proach not only reduces energy consumption but also improves indoor comfort levels and
can lead to significant cost savings for building operators and occupants. Innovative win-
dow technologies, such as smart glass and advanced shading systems, are being developed
and implemented to address this issue.

The worldwide attention to combatting climate change and promoting environmental
sustainability has resulted in the setting of ambitious goals for energy-efficient building
practices. These goals reflect a growing recognition of the urgent need to transform the
building sector to meet climate targets and ensure a sustainable future. In the United
States, there was an expectation for all new commercial building projects to attain zero-
energy status by 2030 [7]. This ambitious target has spurred innovation in building design,
materials, and technologies, pushing the industry towards more sustainable practices.

Similarly, the European Union (EU) has proposed transitioning from the existing
Nearly Zero-Energy Building (NZEB) standard to Zero-Emission Buildings (ZEBs), en-
suring that energy performance requirements for new buildings are in line with the EU’s
broader climate neutrality goals [8]. This shift represents a significant step forward, moving
beyond energy efficiency to address the total environmental impact of buildings throughout
their lifecycle.

These initiatives are part of a broader global movement towards sustainable architec-
ture and urban planning. Countries around the world are implementing stricter building
codes, offering incentives for green construction, and investing in research and develop-
ment of new sustainable building technologies. The focus is not just on new construction
but also on retrofitting existing buildings to improve their energy performance.

The challenge of creating energy-efficient buildings goes beyond just reducing energy
consumption. It also involves consideration of material sustainability, waste reduction,
water conservation, and the overall impact of buildings on human health and well-being.
This holistic approach to sustainable building design is driving innovations in areas such as
biophilic design, which incorporates natural elements into buildings to improve air quality
and occupant well-being.

A crucial element in meeting ambitious energy-efficiency goals involves adopting
advanced building envelopes, which encompass insulation, windows, roofing, solar chim-
neys, and exterior walls [9,10]. These components are instrumental in regulating energy
flow within structures, highlighting the critical importance of enhancing their performance
to effectively reduce overall primary energy consumption in buildings. The building
envelope serves as a barrier between indoor and outdoor environments, playing a vital
role in maintaining thermal comfort and minimizing energy usage. Studies have shown
that passive architectural strategies, including solar chimneys and Trombe walls, can im-
prove thermal comfort by up to 20% and reduce electricity consumption by as much as
46% [9]. Furthermore, building-integrated photovoltaic (BIPV) systems, when applied
to rooftops, windows, and facades, offer significant potential for energy generation and
savings. However, challenges persist in the widespread adoption of these technologies,
including economic feasibility, technical performance, and architectural considerations [10].
The integration of smart control systems for heating, ventilation, and air conditioning
(HVAC) has demonstrated energy savings of 10–28%, while advanced lighting control can
achieve savings of 43–71% [11]. These findings underscore the importance of a holistic
approach to building design, incorporating not only envelope improvements but also
occupant behavior and advanced technologies to achieve optimal energy efficiency [12].

Among these components, windows have emerged as a critical focus area due to their
significant impact on both energy performance and occupant comfort. Traditional windows,
while providing natural light and views, can be a major source of heat gain in summer and
heat loss in winter, contributing to increased energy demands for cooling and heating.
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The influence of windows on building energy consumption is a complex issue. Tradi-
tional windows with a high solar heat gain coefficient (SHGC) and visible light transmit-
tance (τvis) can lead to excessive heat and glare, necessitating solar shading solutions [13].
However, these shading devices may block useful daylight, increasing reliance on artificial
lighting and energy consumption. Smart windows offer a dynamic solution to this chal-
lenge. For instance, polymer-dispersed liquid crystal (PDLC) glazing can switch between
translucent and transparent states, providing low ultraviolet (UV) (8%) and near infrared
(NIR) (44%) transmission in its translucent state, with SHGC values of 0.68 and 0.63 for
transparent and translucent states, respectively [13]. Electrochromic windows controlled by
operative temperature have shown the highest potential for reducing energy demand across
various climates [14]. In tropical regions, semi-transparent photovoltaic (STPV) glazing can
offer both solar control and on-site electricity generation, with SHGC reducing significantly
at incident angles above 45◦ [15]. For subtropical climates, an optimum overhang and fin
height equal to half the window height can lead to significant energy savings, with one
study reporting a 7.05% reduction in annual energy consumption [16]. These advances
create a complex balancing act between managing solar heat gain, maintaining adequate
natural light, and minimizing energy use while potentially generating electricity.

The energy efficiency of buildings is influenced by multiple factors, including lighting
performance, electrical generation, and thermal properties [17,18]. Window performance is
evaluated through various metrics, each addressing specific aspects of energy efficiency.
Electrical performance is typically assessed based on photovoltaic (PV) conversion effi-
ciency and electricity generation per square meter, particularly relevant for BIPV compo-
nents. Thermal performance is mainly evaluated using metrics such as SHGC and U-value
(heat transfer coefficient) [19]. Studies have shown that advanced window technologies can
significantly impact energy consumption. For instance, switchable windows can reduce
annual heating and cooling energy by up to 59.1% and 64.9%, respectively, in certain U.S.
climates [19]. BIPV components with optimized design parameters can also offer substan-
tial benefits. Geometric transparency degree (GTD) has been found to most significantly
affect optical properties, with SHGC and visible transmittance (VT) positively correlating
with GTD [20].

In response to these challenges, innovative solar window technologies have been
developed to transform windows from passive elements into active energy-generating
components of the building envelope. Integrating PV cells into windows or shading devices,
known as BIPV, presents a promising solution to these challenges [21]. BIPV windows
can replace conventional windows entirely, generating electricity while reducing solar
radiation entering the building, thus decreasing the power consumption of air-conditioning
systems [22].

BIPV windows come in various forms, each with unique characteristics and applica-
tions [21,22]:

Crystalline Silicon Solar Cells: These are the most common type of PV cells used in
BIPV windows. They offer high efficiency but can be opaque, making them suitable for
spandrel areas or where transparency is not required.

Thin-Film Solar Cells: These cells can be made semi-transparent and are more flexible
in application. While they typically have lower efficiency than crystalline silicon, they
perform better in low-light conditions and at high temperatures.

Dye-Sensitized Solar Cells (DSSCs): These cells can be made in various colors and
transparencies, offering aesthetic versatility. They are particularly effective in low-light con-
ditions and can be integrated into windows without significantly compromising visibility.

Perovskite Solar Cells: A newer technology that has shown rapid improvements in
efficiency. Perovskite cells can be made semi-transparent and have the potential to offer
high efficiency at a lower cost than traditional silicon cells.

Quantum Dot Solar Windows: These utilize quantum dots to absorb sunlight and
re-emit it at infrared wavelengths that can be captured by PV cells at the edges of the
window. This technology allows for highly transparent solar windows.
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Beyond electricity generation, solar windows can also contribute to passive solar
design strategies. Passive solar systems, like solar walls (SWs), are significant develop-
ments in enhancing the thermal storage ability of materials and improving heat transfer
processes [23]. SWs, also known as Trombe walls, consist of a dark-colored wall with a
glass exterior and an air space in between. They work by absorbing solar radiation during
the day, storing it as heat in the wall’s thermal mass, and then releasing it into the building
at night or during cooler periods. This passive solar heating can significantly reduce the
need for active heating systems, particularly in colder climates [24]. The integration of
passive solar systems such as SWs into building envelopes, coupled with advancements in
energy storage materials, has the potential to boost solar energy as a sustainable alternative,
thus raising energy efficiency standards [25,26].

The main objective of this research is to assess the notable impact of merging photo-
voltaics with thermal regulation, particularly through SW, in addressing challenges within
the construction and building sector. This study will conduct an in-depth examination of
relevant literature, concentrating on the operational principles of SW and past research in
this field.

This investigation aims to elucidate how innovative building envelope solutions can
play a crucial role in establishing a sustainable and energy-efficient built environment, mak-
ing significant contributions to global efforts in combating climate change and alleviating
the negative impacts of environmental deterioration [27]. The building sector accounts for
over one-third of global energy consumption and a significant share of carbon emissions,
emphasizing the urgent need for improved energy efficiency, particularly in tropical re-
gions where future development is concentrated. Building-integrated photovoltaic thermal
(BIPV/T) systems within building façades can successfully produce both electrical and
thermal energy, thus improving buildings’ energy performance. These systems can over-
come space constraints in urban areas by utilizing building façades for energy production,
potentially reducing up to 40% of global energy demand [28].

Comprehensive reviews of building envelope design variables in tropical climates have
shown that insulation, glazing properties, and window-to-wall ratio (WWR) are promis-
ing solutions for improving energy efficiency. Optimized designs in cooling-dominated
climates can save 35% of annual energy and up to 60% in some cases [29].

Phase change material (PCM) solar walls, as a low-carbon technology, have shown
potential in both cold and warm seasons. Experimental investigations revealed that PCM
solar walls could maintain comfortable indoor temperatures for extended periods—up to
7 h above 20 ◦C during the heating season and within the comfort range for about 17 h
during the cooling season. By capturing solar radiation during the day and releasing
stored energy at night, these systems optimize energy utilization, lessening reliance on
conventional energy sources and resulting in substantial energy and carbon footprint
reductions [30].

This research provides an innovative and comprehensive exploration of integrating
photovoltaics with thermal regulation in sustainable building design, specifically focusing
on SW. The study uniquely synthesizes various cutting-edge technologies, including crys-
talline, thin-film, and emerging PV cells, with advanced thermal management strategies.

The work’s originality lies in its holistic approach, combining BICPV glazing systems
with thermotropic smart glazing technologies. This integration addresses both energy
generation and thermal regulation challenges in buildings, offering a novel solution to
reduce energy waste and greenhouse gas emissions.

The research breaks new ground by analyzing the potential of various concentrating
optics, such as diffused reflectors, holographic films, and luminescent solar concentrators
(LSCs), in the context of building-integrated applications. It also explores innovative non-
planar optics, like Fresnel lenses, prismatic lenses, and compound parabolic concentrators,
for enhanced energy capture and daylighting control.
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Furthermore, the study advances the field by examining the synergy between PV
and electrochromic technologies in smart windows. This integration represents a forward-
looking approach to creating energy-efficient and environmentally friendly buildings.

By comprehensively evaluating these diverse technologies and their potential combina-
tions, this research contributes significantly to the development of next-generation sustainable
building solutions. It provides valuable insights into optimizing energy performance, thermal
comfort, and architectural aesthetics, paving the way for more efficient and visually appealing
building exteriors that actively contribute to energy production and management.

2. Enhancing Building Energy Efficiency through Envelope Design

Enhancing building energy efficiency can be achieved through active or passive strate-
gies. Active strategies involve improvements to systems, like HVAC and lighting, while
passive strategies focus on optimizing building envelope components. There has been a
renewed interest in environmentally friendly passive building energy efficiency strategies
due to their effectiveness in addressing energy crises and environmental issues [31].

The building envelope plays a critical role in determining a building’s energy effi-
ciency by separating indoor and outdoor environments, controlling indoor conditions, and
managing energy transfer between them [26,32,33]. Elements like walls, windows, roofs,
foundations, insulation, thermal mass, and shading devices significantly impact the overall
performance of the building envelope.

Numerous academic studies have highlighted the substantial influence of building
envelope enhancements on energy usage. For instance, in the hot and humid climate of
Hong Kong, the adoption of passive energy-efficient strategies, such as thermal insulation,
reflective coatings, and shading devices, led to energy savings of 31.4% and peak load
savings of 36.8% [34]. Similarly, in Greece, the utilization of thermal insulation, low
infiltration strategies, and external shading resulted in energy consumption reductions of
up to 40% [35].

The incorporation of PV cells into windows or shading mechanisms, referred to as
building-integrated photovoltaics (BIPVs), presents a promising strategy for addressing
energy efficiency issues in architectural structures [36]. BIPV windows have the potential
to supplant conventional windows, generating electricity while mitigating solar heat gain,
thereby reducing the energy consumption of air conditioning systems [5,37].

This investigation endeavors to assess the notable influence of integrating photo-
voltaics with thermal management, with a specific focus on solar window setups. By
examining practical implementations and recent progressions in solar window technology,
the objective is to unveil the pivotal role these innovative approaches can play in fostering
sustainable and energy-efficient constructed environments. The primary aim of this re-
search is to offer a substantive contribution to global endeavors aimed at combating climate
change and advancing environmental sustainability.

The pursuit of energy efficiency in construction is a vital imperative, considering the
prevailing global environmental dilemmas. Solar window systems emerge as a propitious
pathway since they seamlessly incorporate PV and thermal regulation functionalities
into building frameworks. This amalgamation holds the potential to revolutionize our
methodologies for designing and erecting energy-efficient construction, paving the way
towards a more sustainable and eco-friendly trajectory.

3. The Challenges Posed by Traditional Windows (e.g., Heat Gain, Glare,
Energy Consumption)

Conventional windows present significant challenges in terms of heat transfer, glare,
and energy use, all of which can significantly affect a building’s overall energy performance.
According to statistical evidence, windows can contribute to as much as 40% of heat
dissipation in winter and up to 87% of heat accumulation in summer [38]. Overcoming
these challenges is crucial for fostering sustainable building designs and reducing overall
energy usage.
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One major challenge with conventional windows is the excessive accumulation of
heat. These windows are susceptible to heat transfer through conduction, convection,
and radiation, leading to heightened cooling demands during warmer months [39]. This
increased heat gain in warm climates can elevate energy consumption for air conditioning
systems [40].

Figure 1 illustrates the factors influencing the performance and characteristics of
windows. It presents two main mechanisms: heat conduction and solar heat gain. Heat
conduction pertains to the transfer of heat across window materials such as glass, frames,
air seals, and spacers between panels. This process is measured by the Uw value (thermal
conductivity of the window), which represents its thermal conductivity. A lower Uw value
indicates higher resistance to heat flow, indicating better insulation properties.
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Figure 1. Schematic illustration of heat transfer mechanisms in an energy-efficient window [38].

Conversely, solar heat gain denotes the solar radiation infiltration through windows,
leading to internal heat buildup. This parameter is quantified by the SHGC, which varies
from 0 to 1. A lower SHGC implies that the window allows less incident solar heat radiation
to pass through, thereby diminishing the heat transmitted, absorbed, and emitted within
the building, consequently reducing heat gain through windows.

Figure 2 visually represents how these two mechanisms, heat conduction and solar
heat gain, interact to influence the thermal performance of windows. It stresses the signifi-
cance of taking into account both the Uw value and SHGC when creating energy-efficient
windows for buildings. These factors are critical in managing heat transfer and solar heat
gain, which in turn affect energy usage for heating and cooling needs [38].

Additionally, direct sunlight penetrating through windows can create glare, diminish-
ing visual comfort and productivity and potentially escalating the use of artificial lighting,
thereby adding to energy consumption [41].

Another significant challenge stems from the limited insulating properties of tradi-
tional windows, resulting in considerable heat loss during winter. This heat loss drives
up the energy needed for space heating, contributing to higher overall energy consump-
tion [42]. Integrating PV technology into windows provides additional benefits such as
shading and glare control. Strategically positioning PV cells can block direct sunlight,
lessening the need for external shading devices and enhancing visual comfort [43].
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Another promising technology is the utilization of thermotropic materials for energy-
efficient windows. Thermotropic materials are substances that change their properties in
response to temperature variations. These materials typically undergo phase transitions or
structural changes when exposed to different temperatures, altering their optical, mechan-
ical, or electrical characteristics [44]. These materials possess the capability to reversibly
modulate their light transmission properties, delivering holistic performance in terms
of indoor thermal conditions, energy efficiency, and daylight utilization. Thermotropic
double-glazed windows notably improved indoor thermal comfort in west-facing rooms
when compared to conventional options. They lowered the cooling electricity needs by
19% in west-facing rooms while providing suitable indoor illumination [45].

Moreover, studies show that the energy efficiency of windows is affected not only by
their thermal characteristics but also by climatic variations and the orientation of buildings.
The angle at which solar radiation strikes the window surface has a substantial impact on
heat transfer, with the highest transfer occurring when the sun is directly perpendicular to
the glass surface [46].

4. Categorization of PV Window System

The PV window system encompasses a diverse range of technologies classified into three
main categories: crystalline, thin film, and emerging solar cells. Each category represents
distinct materials and manufacturing processes that influence their efficiency and suitability
for BIPV applications. Figure 2 provides a visual representation of this categorization.

4.1. Crystalline PV Technologies

Monocrystalline Silicon (Mono-Si): These cells are created by slicing single-crystal silicon
rods into thin wafers. Mono-Si cells are renowned for their high purity and effectiveness,
achieving a peak cell efficiency of 26.1% for monocrystalline silicon, making it one of the
most efficient PV technologies currently accessible [47,48].

Polycrystalline Silicon (Poly-Si): The manufacturing process includes melting silicon,
shaping it into square ingots, and subsequently solidifying it into crystals with differ-
ent orientations. This process results in lower purity compared to Mono-Si but is more
cost-effective. The efficiency of poly-Si modules is enhanced through improved thermal
regulation and ventilation strategies, especially in building-integrated applications [49,50].

4.2. Thin Film PV Technologies

Amorphous Silicon (a-Si): This thin-film technology is formed by applying thin layers of
silicon onto a glass substrate using plasma-enhanced chemical vapor deposition. Despite
having lower efficiency compared to crystalline silicon, typically around 9–14%, a-Si offers ad-
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vantages such as flexibility and lower production costs. Its application in naturally ventilated
PV-DSF and STPV glazings showcases its potential in various BIPV scenarios [51–54].

Cadmium Telluride (CdTe): The CdTe thin-film technology involves layers of CdTe de-
posited onto substrates. It is notable for its lower production costs compared to crystalline
silicon. The effectiveness of CdTe modules in PV-DSF and STPV window glazings is demon-
strated by superior performance ratios compared to traditional crystalline technologies in
certain applications [55,56].

4.3. Emerging PV Technologies

Organic Solar Cells: These thin-film cells utilize organic materials as their active layer,
providing benefits such as flexibility and the potential for cost-effective production. How-
ever, their efficiency tends to be lower, typically ranging from 3% to 12.6%. Their perfor-
mance in BIPV arrays and energy-saving capabilities in glazings are notable, although
challenges such as degradation over time and lower efficiency compared to inorganic
counterparts persist [47,57,58].

Dye-Sensitized Solar Cells (DSSCs): The low cost, flexibility, and semi-transparency of
DSSCs make them suitable for building applications. Their efficiency ranges from 7% to
around 11.9%, depending on the specific design and materials used. Their potential is
seen in various orientations, energy-saving applications, and glare-reduction strategies in
building-integrated contexts [59].

Perovskite Solar Cells (PSCs): Attention has been gained by PSCs due to their rapidly
improving efficiency, reaching up to 23.3% in research settings. They are relatively easy
to manufacture and offer cost advantages compared to some traditional PV technologies.
Their potential in energy-saving applications like PV-DSF is highlighted, showcasing their
higher energy yield compared to other thin-film technologies, like DSSCs, under certain
conditions [60].

Different PV panels exhibit varying response ranges to solar spectra, which signifi-
cantly impacts their efficiency and performance. Recent research has explored innovative
approaches to optimizing PV systems by incorporating spectral beam splitters (SBSs) using
nanofluids. Hybrid nanofluids containing antimony tin oxide (ATO) and cupric oxide (CuO)
nanoparticles can effectively regulate spectral absorption. ATO shows high absorption in
the infrared region, while CuO strongly absorbs ultraviolet and visible light, allowing for
complementary optical properties. By adjusting the nanoparticle composition and concentra-
tion, the spectral absorption can be fine-tuned across the full spectrum [61]. Another study
investigated carbon quantum dot (CQD) nanofluids as SBSs in PV/thermal systems. These
CQD-nanofluid filters exhibited ultra-stability and tunable optical properties, which could
be adjusted by varying heating time and polyethylene glycol (PEG) concentration. This
approach allowed for enhanced absorption across the whole spectrum and the regulation of
absorption at specific wavelengths [62]. Table 1 presents a summary of important discoveries
from multiple studies that examine the effects of PV window systems.

Table 1. PV window systems.

Ref. Focus Type Key Findings

[63] STPV c-Si/a-Si

• The EnergyPlus software (version 9.6), which is extensively used for building energy analysis, faced
difficulties in modeling various STPV module types and failed to anticipate surface temperature
rises during power generation. This underscores the necessity of improving simulation algorithms
to precisely evaluate the energy efficiency of STPV systems in building contexts.

• Actual indoor temperatures (in Celsius) compared with simulation results:

✓ January (Winter): c-Si module—Mock-up: 7.2, Simulation: 6.0 | a-Si module-Mock-up:
5.9, Simulation: 6.6

✓ April (Spring): c-Si module—Mock-up: 18.4, Simulation: 14.7 | a-Si module-Mock-up:
17.5, Simulation: 15.4

• Maximum temperatures (in Celsius) based on mock-up vs. simulation:

✓ c-Si module: Mock-up—43.2, Simulation—20.01
✓ a-Si module: Mock-up—44.4, Simulation—22.36
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Table 1. Cont.

Ref. Focus Type Key Findings

[64] BIPV double-skin
façade (DSF) a-Si

• The BIPV-DSF configuration is observed to notably decrease peak daylight illuminance by 73%
compared to standard DSF.

• The mean and minimum daylight factors (0.65% and 0.00%, respectively) are found to fall short
of the established visual comfort criteria indoors, particularly in office environments.

• BIPV-DSF is seen to increase building energy consumption by 8% over regular DSF in the UK’s
climate, making it non-viable for commercial installation.

[65] CdTe Thin-Film Solar
Cell Optimization CdTe

• A thin-film solar cell made of CdTe demonstrates a short-circuit current density of
29.09 mA/cm2, an open-circuit voltage of 0.95 V, a fill factor of 83.47%, and achieves an efficiency
of approximately 23% under AM1.5G irradiance.

[66] Optimizing Window
Layers CdTe

• Oxygenated cadmium sulfide (CdS:O) with a low series resistance (Rs ≤ 1 E−1 Ω·cm2) and a
carrier concentration of 1016 cm−3 effectively aligns bands, enhancing photo-current collection
across different wavelengths compared to standard CdS/CdTe cells.

• Addition of cadmium zinc sulfide (CdZnS) improves performance metrics (QE, Jsc, Voc, η, FF),
but carrier recombination and saturation current density are increased, leading to unstable
performance.

• The incorporation of CdS:O improves conversion efficiency with Jsc (29.10 mA·cm−2), Voc
(0.889 V), and FF (70.39%), indicating its promise as a viable window material for CdTe thin-film
solar cells in BIPV settings.

[67] Transparent
photovoltaics Organic

• The study revealed a positive net energy gain, with advantageous energy return on investment
ranging from 102 in Phoenix for window applications to 208 in Honolulu for skylight
applications. Energy payback times ranged from 51 days to 1.1 years, varying based on location
and module type.

[68] Flexible Solar Cells Organic

• Power conversion efficiencies (PCEs) exceeded 18%, while flexible OSCs (F-OSCs) reached over
15%, showcasing significant progress.

• Potential applications like IoT and electric vehicles are highlighted by F-OSCs, with solar
modules being produced around 1.54 kWh/day in Beijing, aiding in reducing range anxiety in
electric vehicles.

[60] DSSC Windows for
Energy Efficiency DSSC

• Enhanced heat transmission (U-value) and decreased visible-light transmission (VLT) compared
to low-emissivity glazing result in reduced heating energy while increasing cooling and lighting
energy. Significant annual energy savings of 4861.44 kWh are predicted, with DSSC windows
meeting 13% PCE and 30% VLT criteria, highlighting their potential in energy-efficient
building design.

[69] Glazing Performance
Analysis DSSC

• Power generation efficiency of DSSCs varies with incident solar energy, showcasing
temporary increases.

• Performance order: red > green > blue; green at 56% and blue at 43% compared to red.
• Lower VLT leads to higher efficiency, with VLT 7% showing 157% and VLT 10% showing 133%

performance over VLT 20%.

[70]
Enhancing Efficiency
of Perovskite Solar
Cells

PSCs
• PSCs utilizing lead-based light harvesters achieve a power conversion efficiency of 25.5%.
• On the other hand, CsPbI2Br perovskites exhibit enhanced thermal stability and carrier transport

characteristics, achieving efficiencies ranging from 17.71% to 17.54% with different hole
transport layers.

[71] Perovskite Solar Cell
Efficiency PSCs

• The antisolvent chlorobenzene (CB) is widely employed in the production of high-efficiency PSCs.
A systematic exploration of CB antisolvent additives has yielded notable power conversion
efficiencies of 22.22% and 19.74% for rigid and flexible devices, respectively.

5. Building-Integrated Concentrating PV Glazing

Building-integrated concentrating photovoltaic (BICPV) glazing combines the advan-
tages of concentrating photovoltaics (CPVs) and BIPV to enhance electricity generation,
daylight control, and aesthetics in buildings. These systems utilize concentrating optics to
focus solar radiation onto PV cells integrated into windows or facades.

Figure 3 provides a comprehensive classification of BIPV concentrating optics, crucial
components of BICPV systems categorized based on their geometric shapes. The cate-
gorization comprises flat plate optical elements (also known as planar) and non-planar
optical elements. This specific focus enhances the efficiency of electricity generation while
preserving natural daylighting and visual transparency.

BICPV glazing represents an innovative solution for sustainable building design,
offering a balance between energy production and architectural integration, paving the way
for more efficient and visually appealing building exteriors [72,73]. Planar concentrating
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optics like diffused reflectors, holographic films, and LSCs, alongside non-planar options
such as Fresnel lenses, wedge prisms, and compound parabolic concentrators (CPCs), offer
diverse solutions for optimizing energy performance and architectural aesthetics in BICPV
applications [74].
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5.1. Planar Concentrating Optics

Flat-plate static solar concentrators (FPSCs) show great promise for BIPV applica-
tions. These concentrators can effectively capture and focus sunlight without requiring
sun-tracking systems, making them well-suited for integration into buildings. Figure 4
illustrates different configurations of FPSCs used in solar energy systems. In Figure 4a, a
sectional view shows FPSC modules that include v-grooved reflectors along with mono-
facial solar cells. Figure 4b showcases a similar setup but with bifacial solar cells. Both
designs demonstrate how reflectors are placed between adjacent solar cells on a transparent
planar waveguide. Figure 4c introduces another configuration using Lambertian diffused
reflectors. These illustrations highlight the versatility of FPSC designs, accommodating
various reflector types and solar cell arrangements to enhance solar energy capture and
generation efficiency [75,76].
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Figure 4. Cross-sectional configurations of FPSC modules with reflectors and solar cells: (a) monofa-
cial cells with v-grooved reflectors, (b) bifacial cells with v-grooved reflectors, and (c) Lambertian
diffused reflectors [75].

Figure 5 depicts a BIPV window system incorporating planar concentrating optics. In
colder conditions, as depicted in the upper diagram of Figure 5a, the transparent state of the
membrane allows solar radiation to penetrate, facilitating building illumination and passive
heating, with a portion of the radiation reaching the front-facing solar cells. Conversely, in
warmer conditions, as shown in the lower diagram of Figure 5b, the light-scattering state
of the membrane redirects the scattered light toward the solar cells, enabling electricity
production. This feature can aid in reducing solar heat gain and internal glare. By utilizing
a thermotropic membrane composed of hydroxypropyl cellulose (HPC) and a gelling
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agent such as gellan gum, the membrane not only adapts to varying weather conditions
but also enhances electricity production. A sophisticated optical model incorporating
Monte Carlo ray-tracing and inverse adding–doubling (IAD) techniques, was developed to
examine the membrane’s angular scattering distribution under different temperatures and
HPC concentrations. The model was validated using experimental data and subsequently
employed to refine the design of BIPV intelligent windows. The results demonstrated that
a 6 wt.% HPC membrane reduced total transmittance from 90% to 14% with increasing
temperature. The prototype BIPV smart window exhibited up to 1.15 times higher short-
circuit current compared to a similar system without the membrane [75].

Energies 2024, 17, x FOR PEER REVIEW 11 of 32 
 

 

membrane’s angular scattering distribution under different temperatures and HPC concen-
trations. The model was validated using experimental data and subsequently employed to 
refine the design of BIPV intelligent windows. The results demonstrated that a 6 wt.% HPC 
membrane reduced total transmittance from 90% to 14% with increasing temperature. The 
prototype BIPV smart window exhibited up to 1.15 times higher short-circuit current com-
pared to a similar system without the membrane [75]. 

 
Figure 4. Cross-sectional configurations of FPSC modules with reflectors and solar cells: (a) mono-
facial cells with v-grooved reflectors, (b) bifacial cells with v-grooved reflectors, and (c) Lambertian 
diffused reflectors [75]. 

 
Figure 5. (a) BIPV smart window system and (b) potential light paths within the system [75]. 

FPSCs can be divided into three primary categories based on their optical elements: 
diffuse reflectors, holographic films, and LSCs. In this text, we will explore each of these 
categories, highlighting their features, research outcomes, and relevant references. 

5.1.1. Diffused Reflectors 
Diffused reflectors, particularly Lambertian-type diffused reflectors, play a crucial 

role in FPSCs. These reflectors evenly disperse light regardless of the angle of incidence, 
allowing for consistent optical concentration effects across a broad range of angles [76,77]. 

The smart concentrating PV system incorporates Lambertian-type diffused reflectors 
within its thermotropic layer, crucially influencing its operation. In Figure 6, the system’s 
transparent state (Figure 6b) allows sunlight transmission for daylighting and passive heat-
ing when the thermotropic layer is below its temperature threshold. Contrastingly, in the 
light-scattering state (Figure 6a), as the layer temperature exceeds the threshold, Lambertian 
reflectors scatter light within the system, enhancing sunlight redirection towards solar cells 
for electricity generation. Figure 7 shows a cross-sectional depiction of a non-sequential ray-

Figure 5. (a) BIPV smart window system and (b) potential light paths within the system [75].

FPSCs can be divided into three primary categories based on their optical elements:
diffuse reflectors, holographic films, and LSCs. In this text, we will explore each of these
categories, highlighting their features, research outcomes, and relevant references.

5.1.1. Diffused Reflectors

Diffused reflectors, particularly Lambertian-type diffused reflectors, play a crucial
role in FPSCs. These reflectors evenly disperse light regardless of the angle of incidence,
allowing for consistent optical concentration effects across a broad range of angles [76,77].

The smart concentrating PV system incorporates Lambertian-type diffused reflectors
within its thermotropic layer, crucially influencing its operation. In Figure 6, the system’s
transparent state (Figure 6b) allows sunlight transmission for daylighting and passive
heating when the thermotropic layer is below its temperature threshold. Contrastingly,
in the light-scattering state (Figure 6a), as the layer temperature exceeds the threshold,
Lambertian reflectors scatter light within the system, enhancing sunlight redirection to-
wards solar cells for electricity generation. Figure 7 shows a cross-sectional depiction of a
non-sequential ray-tracing simulation, crucial for simulating the behavior of the smart CPV
system. This simulation helps in comprehending light characteristics, particularly when
the thermotropic layer functions as a Lambertian diffuse reflector, accurately predicting
light scattering and reflection. By optimizing the system’s design and performance under
varying temperature conditions, this approach contributes to enhancing overall energy effi-
ciency [78]. Figure 8 demonstrates the optical efficiency of the smart CPV system regarding
all-directional incidence angles. It indicates that while the lowest efficiency (around 25%)
occurs at perpendicular solar rays, efficiency increases as the angle ‘b’ deviates from normal
incidence. This increase in efficiency is attributed to a greater amount of solar radiation
reaching the solar cells directly, thus bypassing losses from reflection. Moreover, Figure 9
emphasizes the system’s performance under different solar incident angles (angle ‘a’ at 0),
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demonstrating its advantageous angular acceptance, which is particularly useful for the
diffuse solar radiation prevalent in northern European climates [78].
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It is noteworthy that the conventional ray-tracing technique may not yield accurate
predictions regarding optical performance when dealing with a translucent medium, given
the anisotropic nature of light reflection from such mediums [79]. In such scenarios,
employing a model that incorporates non-Lambertian scattering with angular distribution
becomes imperative to ensure more precise estimations [80,81].

5.1.2. Holographic Films

Holographic films, also called holographic optical elements (HOEs), are becoming a
hopeful flat concentrating optic for solar energy uses, especially in BIPV setups. These slim,
light films provide numerous benefits compared to traditional refractive or reflective optical
elements, which makes them appealing for solar concentration and easy incorporation into
building exteriors like facades or windows. By leveraging the unique properties of HOEs,
this system offers the potential for enhanced efficiency, reduced cell area, spectral matching,
and seamless integration with building façades [82,83].

The key components of the holographic concentrating system are two cylindrical
HOEs strategically placed symmetrically on the same plane. These HOEs are designed to
diffract incident sunlight towards the centrally positioned Mono-Si PV cell, which receives
the concentrated light. The louvers are engineered to follow the solar altitude trajectory,
guaranteeing that the projection of incident sunlight rays on the YZ plane (θ) remains con-
stant at zero, while permitting variation in the angle on the XZ plane (φ). This arrangement
strategically aligns the high angular selectivity direction of the HOEs with the tracking
orientation (solar altitude), while positioning the low angular selectivity direction with
the non-tracking orientation (solar azimuth). Furthermore, the holographic concentrating
system offers the unique advantage of seamless integration with building façades, serving
as both a solar energy generator and a shading element. This dual functionality not only
contributes to energy savings but also enhances the overall building performance. The
envisaged system is planned for integration within solar shading louvers positioned on the
southern facade of buildings in the Northern Hemisphere (or on the northern facade in the
Southern Hemisphere) [84].

Table 2 summarizes the key results and findings reported by various researchers on
the use of HOEs in window solar applications, including theoretical and experimental
efficiencies, concentration ratios, system configurations, and potential applications for
building integration and shading.
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Table 2. HOEs in window solar applications.

Ref. Focus Key Findings

[85] Holographic PV
Systems

• Theoretical system efficiency of 41% was achieved using holographic concentrating and
spectral splitting PV systems with a GaAs-InGaAs tandem cell.

• The prototype system demonstrated consistent efficiency over a 15-min period without a
heatsink, highlighting the system’s robustness.

• A comparative analysis with a Fresnel system indicated that the holographic system
sustained superior efficiency over time. Specifically, the Fresnel system experienced a 50%
reduction in efficiency within 30 s in the absence of a heatsink.

• The cost analysis projected that once production levels reach a capacity of 20 MW per year,
the system could generate power at a cost of 5.7 cents per kWh, indicating potential cost
savings compared to existing systems.

[83] Holographic
Spectrum-Splitting PV

• A study achieved a system efficiency of 31.0% through the application of holographic
spectrum-splitting optical systems incorporating transmission holographic lenses alongside
GaAs and a 2.1-eV bandgap solar cell under one-sun illumination conditions.

• Additionally, the study demonstrated successful fabrication of high-efficiency transmission
holograms in dichromated gelatin, showcasing potential advancements in PV technology.

[86] Building-integrated
Solar Innovation

• We have suggested a building integration system that merges shading with PV power
generation by focusing diffracted light onto solar cells. This system was installed on the
facade of the Shell solar cell factory in Gelsenkirchen, Germany.

[87]
Sol-Gel Holographic
Lenses for
Concentration

• Sol-gel-based photopolymers recorded holographic lenses with low shrinkage (2.2%),
surpassing traditional materials with shrinkage values of 7–8%.

• Holographic lenses facilitated the creation of efficient solar concentrators with passive solar
tracking, enhancing the operation of PV cells within the visible range (400–700 nm) while
simplifying the design of cooling systems.

[82] Cylindrical HOE
Efficiency

• Attained 17.9% electrical efficiency using a cylindrical HOE system with crystalline silicon
cells and a 3.5× concentration ratio, indicating enhancement compared to unaided cells.

[88]
Axial HOE for
Advanced augmented
reality (AR)

• The study introduces an AR glasses optical system based on axial HOE, providing a wide
field of view (60◦), large eyebox (10 mm), and high spectral selectivity (<12 nm).

• Modeling, assembly, and experimental measurements validate the system’s high output
characteristics, indicating its potential for integration into AR systems, despite drawbacks
such as potential straylight and increased volume compared to other HOE-based
AR glasses.

[89]
Hybrid Solar Energy
Conversion
Innovations

• The research presents a photovoltaic/thermal system characterized by 93% optical efficiency
and a customizable power output ratio. This system tackles solar intermittency issues and
improves energy storage capabilities.

• Incorporating a PV system into an algal biofuel process substantially boosts energy
production while retaining 92% of the initial algae yield. This leads to a 2.4-fold increase in
energy return on investment compared to the standalone biofuel system, demonstrating its
economic feasibility.

[90] HLC system using
HOE and diffusers

• The system improved annual energy yield (AEY) by 4.5% to 3.8% with direct solar
illumination and AEYIs by 4.3% to 3.6% with both direct and diffuse solar illumination.

5.1.3. Luminescent Solar

LSCs are instruments consisting of a transparent polymer or glass layer embedded with
luminescent materials like organic dyes or quantum dots (QDs) [91]. These luminescent
materials absorb incoming sunlight and re-emit it at a longer wavelength, and the emitted
light is confined within the sheet through total internal reflection. The light is then directed
towards the edges of the sheet, where it can be captured by solar cells [92].

The architectural design of LSCs is accompanied by the optical losses related to them.
The visualization showcases the essential elements of an LSC, with luminophores depicted
as red spheres enclosed within a lightguide plate. The diagram illustrates the optimal
functioning of LSCs, where photons that have undergone downshifting are guided through
total internal reflection towards the edges of the lightguide. This mechanism facilitates PV
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cells in capturing the concentrated and amplified sunlight. LSCs are recognized for their
uncomplicated approach to capturing, spectrally transforming, and optically amplifying
solar photons, typically involving a luminescent material enclosed within a clear polymer or
glass plate. This visual aid elucidates the photoluminescence mechanism and the enhanced
energy efficiency facilitated by total internal reflection within LSCs [93].

The key advantage of LSCs for photovoltaic-integrated thermal windows is their
ability to selectively absorb and convert specific wavelengths of light while maintaining
transparency in the visible range [94]. This allows LSCs to function as power-generating
window elements, contributing to energy generation while also providing daylighting and
thermal insulation [95].

The target efficiencies for LSCs using ideal quantum dot (QD) luminophores are delin-
eated for both opaque and semi-transparent devices (with an average visible transmission
of 50%) as follows: (i) 11.0% and 5.5% for laboratory-scale devices; (ii) 10.0% and 5.0% for
pilot-scale modules; and (iii) 9.0% and 4.5% for commercial-scale modules. It is important
to note that the design requirements for QDs, particularly the overlap integral between
absorption and emission spectra, become increasingly critical as LSC dimensions grow [92].

A significant characteristic of LSCs is their capacity to concentrate both direct and
diffuse sunlight [96,97], making them particularly suitable for regions with substantial
cloud cover, such as central Europe [98]. Moreover, LSCs can function efficiently under
“cool light” conditions, which minimizes lattice thermalization losses and improves the
performance of integrated solar cells [99,100].

The utilization of semi-transparent LSCs in power-generating window components
holds significant potential, although opaque LSCs may face challenges in competing with
traditional flat-PV modules for building integration [92]. The transition of LSCs from small
laboratory-scale sizes to large commercial-scale modules presents technical obstacles such
as maintaining efficiency levels, optimizing transparency, and controlling light emission
direction [93,101].

Table 3 illustrates a comparative overview of LSCs with regards to their dimensions,
types of luminescent materials employed, and the associated power conversion efficiencies.

Table 3. Comparative Overview of LSCs.

Ref. LSC Size Luminescent Species Power Conversion Efficiency

[102] 5 cm × 5 cm Lumogen Red & Fluorescein Yellow 7.1% (with GaAs solar cells)

[103] 60 cm × 60 cm Lumogen Red 1.6%

[104] 150 cm × 100 cm (6 × 50 cm × 50 cm plates) Not specified 1.3%

[105] 122 cm × 61 cm Not specified 0.3%

[106] 30 cm × 30 cm CuInS2 quantum dots 6.8% (optical power efficiency)

5.2. Non-Planar Concentrating Optics

Non-planar optical components like Fresnel lenses, wedge prisms, and CPCs are
integral to BICPV glazing systems. These systems are commonly designed and optimized
using ray-tracing methodologies [107].

An important issue faced by BICPV systems is their reduced transparency, attributed
to the utilization of highly reflective or scattering materials necessary to achieve elevated
optical concentration ratios. The adoption of dielectric material-based compound parabolic
concentrators (DiCPCs) presents a practical solution for enhancing PV power generation
while maintaining daylight accessibility. Various dielectric materials, such as polycarbon-
ate [108], polyurethane [109], polymethyl-methacrylate (PMMA) [110], and Topas® (cyclic
olefin copolymer) [108] have been studied for use in dielectric compound parabolic concen-
trators (DiCPCs), demonstrating high visible light transmittance levels ranging from 70%
to 90% [108].
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5.2.1. Fresnel Lenses

Fresnel lenses have emerged as promising non-planar concentrating optics for BICPV
glazing systems. They have attracted considerable interest because of their compact struc-
ture, light weight, and capability to achieve elevated concentration ratios. Various con-
figurations have been explored, optimizing parameters such as lens profiles, secondary
optics, and solar cell sizes to enhance overall system performance. While challenges exist,
such as the impact on indoor daylighting, ongoing research efforts aim to address these
issues and further improve the integration and efficiency of Fresnel lens-based BICPV
systems [111,112].

Fresnel linear concentrators for BICPV applications, demonstrating the effectiveness
for combining linear Fresnel lenses with secondary concentrators, are discussed. The solar
generator developed integrates an optical concentrator and a photovoltaic thermal absorber.
By fine-tuning the optical assembly, a concentration ratio exceeding 9 is attained, channeling
more than 85% of the yearly direct radiation onto the mobile solar receiver. This setup
comprises a curved linear Fresnel lens serving as the primary concentrator and a compound
parabolic reflector acting as the secondary concentrator. Feasibility for building integration
is demonstrated with a concentration ratio between 2.5 and 10. Key achievements include
optimized optical, thermal, and electrical designs, which are validated through I-V curves
and numerical thermal analysis. The system functions within a Reynolds number span of
200–250, maintaining a temperature difference exceeding 6 ◦C and a PV cell temperature at
approximately 55 ◦C, with a Nusselt number of approximately 7 [113].

A proposed BICPV system integrates a Fresnel lens concentrator as a secondary
optical element (SOE) along with a highly efficient triple-junction solar cell. The system
components, including a secondary concentrator designed to improve light reception
efficiency, are illustrated in Figure 10. The concentrator, made of K9 glass with excellent
optical transmittance, had specific dimensions of 12 mm (upper opening), 5.35 mm (lower
opening), and 20 mm (height). The system achieved efficiencies of up to 40% within a
temperature range of −40 ◦C to 100 ◦C, with a maximum operational temperature of
180 ◦C. Simulation and experimental results indicated an optical efficiency of 86.5% and a
geometric concentration ratio of 1000 suns, with a wide acceptance angle of ±1.2◦ suitable
for building integration [114].
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In addition to electricity generation, heating and cooling contributions can be made
by BICPV systems incorporating Fresnel lenses into buildings. The integration of a Fresnel
lens solar collection system into a building facade to meet apartment heating needs was
evaluated, and energy savings were analyzed. The suggested system was found to save
16% in the Dutch climate compared to a conventional modulating boiler with the same heat
pump. Savings of 43% were observed compared to the boiler directly connected to floor
heating [115].

Balancing energy production and visual comfort is important when BICPV systems
are integrated into buildings. The quality of daylight can be improved by adjusting the
thickness of the integrated PV modules [116]. An optimal equilibrium can be attained
by semi-transparent PV systems that strike a balance between decreasing energy usage,
enhancing power generation, and mitigating glare. These systems typically have a trans-
parency level ranging from 20% to 30% [117].

5.2.2. Prismatic Lenses

Prismatic lenses utilizing total internal reflection (TIR) have surfaced as a compelling
non-planar concentrating optical solution for BICPV glazing systems. They provide a
distinct advantage by concentrating direct solar radiation onto PV cells while permitting
diffuse solar radiation to penetrate into the building interior. This dual functionality
enhances both energy generation and daylighting within buildings. The suggested design
of a building facade, depicted in Figure 11, illustrates transparent acrylic segments arranged
in a prismatic pattern, along with the integration of solar cells onto these segments [118].
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Prismatic solar concentrators, which exploit TIR within materials of high refractive
index, underwent extensive study to enhance their efficiency and performance for building-
integrated solar applications [119,120]. The development of low-concentration static prism
concentrators (prism CPV modules) aimed to reduce costs by substituting expensive solar
cells with more affordable concentrators made of plastic and glass [121,122].

However, challenges such as incident angle dependency were deemed crucial. This
dependency necessitated adjustments in the geometry of prism CPV modules to optimize
performance across different latitudes and tilt angles. In response, their methodology
expanded the angular range of optical efficiency for prism concentrators, leading to notable
enhancements in performance across different sunlight conditions. Additionally, they
developed a transparent prism CPV module by integrating a low-concentration prism
concentrator with PV cells. Through thorough ray-tracing analysis and field experiments,
they illustrated that the prism concentrator efficiently directed direct solar radiation onto
the PV cells while enabling diffuse radiation to enter the building interior [123].

Sophisticated ray-tracing simulations were utilized to implement a low-concentration,
PV-integrated prismatic segmented façade aimed at effectively capturing direct normal
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irradiance (DNI) incident on these specific façade configurations, particularly during
summer periods. Different prismatic TIR façade segments were employed, each with
different head angles ranging from 17◦ to 25◦. Façades featuring smaller head angles
effectively captured radiation in more concentrated intervals around midday, whereas
those with larger head angles efficiently gathered DNI throughout the day, demonstrating
adaptability in energy capture strategies [118].

5.2.3. Compound Parabolic

Dielectric-based CPCs offer promising solutions for BIPV applications, enabling im-
proved power generation and daylighting capabilities. Researchers have explored various
geometrical designs and dielectric materials to optimize optical efficiency, acceptance
angles, and temperature management. While challenges remain, such as high solar cell
temperatures and non-uniform illumination, ongoing research efforts aim to address these
issues and facilitate the widespread adoption of dielectric-based compound parabolic con-
centrators (DiCPCs) in BIPV systems [124,125]. The fundamental geometry of a compound
parabolic concentrator (CPC), depicted in Figure 12, consists of two parabolic reflecting
surfaces that concentrate sunlight onto a target surface [126,127].
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Researchers have explored various geometrical configurations of DiCPCs, including
three-dimensional crossed CPC [109,110], rotational asymmetric CPC [128], linear asymmet-
ric CPC [129,130], and lens-walled CPC [131], with the goal of improving optical efficiency,
current–voltage (I-V) characteristics, and temperature distribution, as summarized in Table 4.

One notable example involves the use of 3D crossed compound parabolic concentrators
(3DCCPCs), made from transparent polyurethane (Crystal-clear 200®, AMT Composites,
Johannesburg, South Africa) and attached for solar cells utilizing encapsulation material
(Sylguard-184, Dow Inc., Midland, MI, USA). Simulations indicated an acceptance half-
angle of 34.5◦ and a peak optical efficiency of 73.4%. Compared to a non-concentrating
setup under normal light conditions, the CPV system exhibited a maximum power output
2.65 times higher [109,132].
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The asymmetric compound parabolic concentrators (ACPCs) developed by the Uni-
versity of Exeter team allowed for efficient light collection within the acceptance angle
range of 0–55◦ while also permitting daylighting. Testing indoors revealed that under a 20◦

angle of incidence, the system reached a peak optical efficiency of 80.5% and a maximum
power ratio of 2.27 compared to a non-concentrating configuration [133,134].

The PV facades of reduced costs incorporating devices with optically concentrating
elements (PRIDE) technology, featuring 3 mm and 9 mm wide single-crystal silicon solar
cells, exhibited enhanced power generation capabilities compared to non-concentrating
systems. Indoor characterization using flash and continuous solar simulators highlighted
this advantage. However, long-term characterization revealed durability issues with the
dielectric material when using casting technology [135].

Table 4. Dielectric-based compound parabolic concentrators (DiCPCs).

Ref DiCPC Design Concentration
Ratio

Acceptance
Half-Angle

Maximum Optical
Efficiency

Maximum Power
Ratio/Increment

[109] 3D Crossed CPC
(3DCCPC) - 34.5◦ 73.4% 2.65× higher than

non-concentrating

[133] Linear Asymmetric
CPC (ACPC) 2.8× 0–55◦ 80.5% 2.27× higher at 20◦ incidence

[135] Linear Asymmetric
CPC (ACPC) 2× 0–66◦ 10.5% electrical

conversion efficiency 62% increase in max power

[136] absorptive/reflective
CCPC (AR-CCPC) 3.6× to 4× 4.65◦ 91% 2.84× compared with the bare

solar cell

[137]
Dielectric

Asymmetric CPC
(DACPC)

2.4× - 93.3% (sim), 77.9%
(exp)

96.6% increase in max power,
87% increase in Isc (0–85◦)

Introducing absorptive/reflective CCPC (AR-CCPC), a novel CPV concept derived
from CCPC. AR-CCPC’s optical, thermal, and total efficiency were simulated using APEX
software (version 5.03), comparing concentration ratios from 3.6 to 4. Results favored the
3.6 CCPC for solar cell efficiency and incident tolerance. The 3.6/4 AR-CCPC showed
superior overall optical efficiency across all angles. A basic thermal model without water
flow indicated an increased wall temperature with added thermal absorbents. Experimental
results aligned with simulations, promising enhancements for solar concentrator systems.
AR-CCPC’s potential for combined thermal and electricity generation in integrated systems
was highlighted, paving the way for practical PV/T hybrids [136].

Despite the substantial increase in power generation, the use of dielectric CPCs often
results in elevated temperatures in solar cells and uneven light distribution across their
surface. Analysis and monitoring of the thermal and electrical performance of a linear
ACPC setup revealed a peak temperature rise of 51 ◦C in the solar cells, leading to a decline
in power conversion efficiency from 18.5% (at 23 ◦C) to 15.6% (at 74 ◦C) [107]. The uneven
flux distribution across the solar cell surface can lead to negative effects such as hot spots,
current imbalances, and a decline in cell performance [107,113].

A systematic design methodology was proposed for asymmetric CPCs, focusing
on achieving a desired angular acceptance range. The resultant dielectric asymmetrical
compound parabolic concentrator (DACPC) exhibited near-optimal angular acceptance
efficiency. Ray-tracing simulations and practical evaluations showed that the DACPC, with
a geometric concentration ratio of 2.4, enhanced the short-circuit current and maximum
power output by 87.0% and 96.6%, respectively, within an incident angle range of 0–85◦,
compared to a non-concentrating PV cell. The average optical efficiencies from simula-
tions and real-world tests were 93.3% and 77.9%, respectively. The efficiency of angular
acceptance, vital for evaluating yearly performance and local suitability, peaked at 97.7% in
simulations and 94.4% in experiments [137].
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To address the overheating problem, researchers have proposed integrating con-
centrated photovoltaic (CPV) systems with passive cooling techniques such as natural
ventilation and PCMs [26,138]. Nevertheless, these remedies pose challenges in terms of
expenses and intricacy in architectural amalgamation.

6. Thermotropic Smart Glazing Technologies

Thermotropic smart glazing technologies provide an innovative method for dynamically
managing solar heat gain and daylighting within buildings. This is achieved by integrating
thermotropic materials into window systems. These materials exhibit a reversible change in
optical properties, particularly light transmittance, in response to temperature variations.

The core working mechanism lies in thermotropic hydrogels, which are water-based
polymer networks containing both hydrophilic and hydrophobic groups. When the tem-
perature is below the lower critical solution temperature (LCST), which is generally in the
range of 25–35 ◦C, the hydrophilic polymer chains are soluble in water, leading to a trans-
parent hydrogel state. As the temperature exceeds the LCST, the polymer chains undergo a
phase change, gathering together and pushing out water molecules. This phase transition
induces light scattering at the boundaries between the polymer-rich and water-rich areas,
resulting in the hydrogel appearing translucent or opaque [139,140].

Extensive research has been conducted on both synthetic polymers, like poly(N-
isopropylacrylamide) PNIPAm, (N-isopropylacrylamide)-2-aminoethylmethacrylate hy-
drochloride) PNIPAm-AEMA, and biopolymers, such as HPC, for developing thermotropic
hydrogels with desirable optical properties and transition temperatures. Various strate-
gies, including copolymerization, addition of co-solvents, and salt inclusion, have been
employed to tune the LCST and optical performance [141,142].

Table 5 provides an overview of the optical characteristics of specific thermotropic
hydrogels, outlining their capacity for modulating visible transmittance (∆Tlum), near-
infrared transmittance (∆TIR), and solar transmittance (∆Tsol).

Table 5. Optical performance of thermotropic hydrogels.

Ref. Hydrogel Thickness ∆Tlum ∆TIR ∆Tsol

[143] PNIPAm 78 µm 65.9% 31.7% 49.6%

[144] PNIPAm-AEMA 240 µm 87.2% 75.6% 81.3%

[142] HPC-gellan gum - ~80% (at 600 nm) - -

Diverse approaches have been investigated to adjust the optical qualities and transition
temperatures of thermotropic hydrogels, encompassing copolymerization, incorporation
of co-solvents, and salt integration. For instance, PNIPAm hydrogels can be customized
to display lower critical solution temperature (LCST) values varying between 25 ◦C and
40 ◦C through copolymerization with either hydrophobic or hydrophilic monomers [145].
The LCST of PNIPAm hydrogels could be decreased from 32.2 ◦C to 20.4 ◦C by increasing
the glycerol concentration from 0 wt.% to 35 wt.% in the water-glycerol solvent blend [141].
Moreover, the inclusion of glycerol co-solvent not only improved the freezing resilience of
PNIPAm hydrogels but also reduced water evaporation.

Regarding biopolymer-based hydrogels, HPC-based thermotropic hydrogels with
varying polymer and gelling agent concentrations are shown in Table 6. Higher HPC
concentrations resulted in lower transmittance and higher reflectance in the translucent
state above the transition point (~42 ◦C), demonstrating the ability to control the light-
scattering performance [142].
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Table 6. Optical properties of HPC-gellan gum hydrogels at 60 ◦C [142].

HPC (wt.%) Gellan Gum (wt.%) Transmittance (600 nm) Reflectance (600 nm)

6 1.5 ~20% ~50%

4 1.2 ~40% ~35%

2 0.8 ~60% ~25%

Moreover, the addition of salts has been shown to shift the cloudy point (phase
separation temperature) of HPC aqueous solutions. Heightening the sodium chloride
(NaCl) concentration from 0 to 1.4 mol/L, for instance, triggered a decrease in the clouding
point of HPC solutions from 42 ◦C to 20 ◦C [146].

Incorporating thermotropic hydrogels into window systems shows significant promise
in enhancing building energy efficiency and indoor environmental conditions. HPC-based
thermotropic windows, for example, delivered up to 22% annual energy savings in a
Mediterranean climate due to decreased cooling demands. Additionally, a smart window
system covering a large area (1 m2) and utilizing a PNIPAm-based thermotropic hydrogel
achieved a 45% decrease in HVAC energy usage compared to standard double glazing in
Singapore’s climate [147].

To enhance the efficiency of thermotropic windows, a window structure known as
thermotropic parallel slat-transparent insulation material (TT PS-TIM) has been developed,
as depicted in Figure 13. This system merges thermotropic substances with insulating slats to
provide dynamic control over solar heat gain and daylight infiltration while boosting thermal
insulation. Simulations carried out for various climates (London, Stockholm, Rome, and
Singapore) indicated that the TT PS-TIM system could yield energy savings of up to 21.5%
compared to standard double glazing, alongside improved access to daylight [148,149].
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Adjusting the optical properties and transition temperature of the thermotropic mate-
rial layer is crucial to achieve a balance between energy efficiency and daylight provision.
They noted that reducing absorptance in the translucent state could decrease energy usage
while aiming for a lower transition temperature, approximately 21 ◦C for the London
climate, which could enhance daylight performance. Furthermore, they proposed varying
optimized designs tailored to different climatic conditions [149].
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Table 7 summarizes the energy-conserving abilities and daylight performance of
distinct TT PS-TIM window prototypes tailored for London’s climate. The table outlines
different prototypes along with their corresponding transition temperatures (◦C), energy-
saving potential, and average UDI 500–2000 lx values. The prototypes are labeled as CS-TSt
followed by their transition temperature and optical characteristics, with “r” indicating
reflectance and “T” representing transmittance in the visible spectrum. For example,
the CS-TSt40r35 prototype, featuring a transition temperature of 35 ◦C, demonstrates
an energy-saving potential of 21.7% and an average UDI 500–2000 lx value of 67.1%.
Similarly, other prototypes such as CS-TSt20r35, CS-TSt10r35, and CS-TSt10r19 exhibit
varying energy-saving potentials and average UDI values, providing insights into the
performance variations based on different design parameters [149].

Table 7. Energy and daylighting efficacy of TT PS-TIM windows in London’s climatic conditions [149].

Prototype Transition Temp. (◦C) Energy Saving
Potential Average UDI 500–2000 lx *

CS-TSt40r35 35 21.7% 67.1%

CS-TSt20r35 35 21.2% 69.8%

CS-TSt10r35 35 20.7% 72.2%

CS-TSt10r19 19 19.8% 74.4%
* Indicates the mean effective daylight illumination (UDI) level ranging from 500 to 2000 lx delivered by each model.

7. Technologies in Dynamic Glazing for the Purposes of Generating Electricity and
Managing Daylight

The integration of smart window technology with BIPV windows has given rise to
an emerging area of study referred to as BIPV smart window. In recent times, innova-
tive concepts have emerged by merging partially see-through PV systems with optically
changeable materials.

Switchable PV-electrochromic (PV-EC) glazing technology, which combines PV-EC glaz-
ing, is viewed as a forward-looking solution for creating energy-efficient and environmentally
friendly buildings. Theoretical models for windows incorporating PV-EC technology were
developed as feasible architectural solutions [150,151]. This process entailed a comparative
evaluation of three PV-EC technologies: side-by-side (SBS) technology, tandem solid tech-
nology (TST), and tandem liquid technology (TLT). The evaluation considered functional
aspects such as thermal and visual comfort, energy efficiency, and aesthetics, thus outlining
the advantages and disadvantages of each technology. From this analysis, seven window mod-
els were devised, showcasing the potential of effectively combining PV and EC technology.
Recommendations were made for PV-EC glazing configurations for building facades, with
a focus on insulated facades in moderate climates, highlighting the importance of thermal
protection while maintaining a visually pleasing environment. Table 8 offers a comparative
evaluation of three varieties of switchable PV-EC glazing technologies [152].

Table 8. Comparative assessment of architectural and construction applications for PV-EC technolo-
gies: SBS, TST, and TLT [152].

Aspects SBS TST TLT

Thermal Comfort

- It is appropriate for solar
control glazing, although a
gradual phase transition
might necessitate
supplementary assistance.
The PV elements offer
enduring solar control
measures.

- In colder regions
characterized by ample
sunshine, the sluggish phase
transition renders it less
effective for solar control

- Higher and faster phase
transition than TST, making it
more suitable as solar glazing.
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Table 8. Cont.

Aspects SBS TST TLT

Visual Comfort

- It offers versatility in
managing both EC-PV
systems for lighting control
purposes. Additionally, it
serves as a regulator for
light access by maintaining
visual contact with the
surroundings.

- Problems with transparency
and color uniformity.

- Low Tv values limiting
daylight access.

- It presents enhanced
characteristics in contrast to
TST, making it suitable for
spaces that need both natural
light and glare mitigation.
However, the stripes may
distort visual connection with
the surroundings more than
the insulating elements in TST.

Energy Efficiency

- Flexibility in configurations
optimizes protection against
overheating.

- Lowest risk of damage.
- Greater possibilities in

selecting PV technology.

- Provides protection against
overheating, but reduces
daylight access.

- Most complex structure
with potential damage risks.

- Limited PV usage.

- Similar to TST but with higher
Tv values, reducing
artificial lighting.

- Less complicated structure
with lower risk of damage.

An innovative photothermally controlled PV window has been introduced, boast-
ing remarkable features suitable for both power generation and daylight management.
This innovative technology provides a high level of visible light transmission, achieving
68%, along with an impressive power conversion efficiency of up to 11.3% and a rapid
switching time of less than 3 min. The crucial element enabling its operation is the switch-
able absorbing layer consisting of a methylammonium lead iodide-methylamine complex
(CH3NH3PbI3·xCH3NH2). This layer’s capability to form or dissociate allows the PV
window to transition between a clear state with 63% visible light transmission and a tinted
state with 3% visible light transmission, providing flexibility in light management. The
transition process is influenced by the CH3NH2 gas partial pressure and the temperature
of the CH3NH3PbI3·xCH3NH2 solid. In its transparent state, the PV window remains col-
orless; however, when exposed to sunlight, it undergoes a significant color transformation,
leading to a notable increase in short-circuit current density, reaching up to 21.2 mA/cm2

under standard conditions (1000 W/m2, AM1.5). This technology effectively resolves
the traditional trade-off between the high visible light transmission and efficient power
conversion encountered in semi-transparent PV systems. Nonetheless, it is crucial to note
that prolonged usage may lead to performance decline due to degradation or structural
alterations in the CH3NH3PbI3 layer [153].

Numerous methods have been investigated to improve the capabilities of smart windows
in managing daylight and generating electricity. An example of an approach involves the
development of a self-powered smart window using PDLC, which achieves 41% visible light
transmittance in the OFF state and 68% in the ON state [154]. A smart window incorporating
a VO2-based thermochromic film demonstrated modest power conversion efficiencies of
only up to 0.52% [155]. The integration of an HPC-based thermotropic reflective layer into
BIPV windows yielded an optical efficiency of 10% and a concentration ratio of 0.5 [78].
PV thermochromic smart windows with LCS temperatures ranging from 20 ◦C to 40 ◦C
achieved solar energy modulations of up to 76% and exhibited a 12% enhancement in power
output compared to conventional crystalline silicon PV glazing [156–159]. Table 9 provides a
summary of key performance parameters in selected BIPV smart window technologies.
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Table 9. Performance of BIPV smart window technologies.

Reference Technology Visible Light
Transmittance Power Conversion Efficiency Solar Energy Modulation

[153] Photothermally
modulated PV Up to 68% Up to 11.3% -

[151] PV-EC Adjustable (0–3.5 V) - -

[154] PV-PDLC 41% (OFF), 68% (ON) - Limited

[155] PV-VO2 - Up to 0.52% -

[156–159] PV-TT - Up to 12% higher than c-Si PV Up to 76%

8. Solar Windows and Solar Protection on Building Performance

Solar windows, also known as LSCs, are an innovative technology that can serve dual
purposes: generating electricity from sunlight and providing solar protection for buildings.
The use of solar protection strategies, including specialized glazing, can significantly affect
both the thermal and lighting performance of buildings. These strategies aim to balance
the need for natural daylight with the requirement to reduce solar heat gain, especially in
climates with hot summers [160].

Window design plays a crucial role in energy efficiency and functionality. Factors
such as window area, proportions, position, external shading, and glazing properties all
impact heating, cooling, and lighting needs [161]. The integration of daylight with artificial
lighting systems can lead to substantial energy savings, varying based on room dimensions,
geographic location, and external illuminance levels [162].

Interestingly, a study on red LSCs (similar to solar windows) found that covering 25%
of a window with an LSC was judged favorably by participants compared to a normal, clear
glass window. This suggests that solar windows could potentially improve both energy
efficiency and occupant well-being [163].

Building codes often require a balance between energy efficiency and occupant comfort.
Window parameters such as U-value, SHGC, and visible transmittance (Tvis) are essential
factors in meeting these requirements [40]. The WWR also plays a significant role in
determining interior temperature, energy consumption, and CO2 emissions [164].

Table 10 summarizes the multifaceted effects of solar windows and solar protection
technologies on building performance, including their influence on interior lighting condi-
tions, building code compliance, occupant comfort, and environmental impact, based on
findings from various studies.

Table 10. Impact of solar windows and solar protection on building performance.

Reference Visible Light Transmittance Aspect

[160] Can reduce excessive daylight while still allowing natural light. Lighting Conditions
PV-PDLC[163] Can potentially improve occupant well-being.

[40]
Assists in meeting requirements for SHGC.

Building Code ComplianceContributes to achieving desired visible transmittance (Tvis).

[164] Helps in managing WWR effects.

[164] Can reduce discomfort hours related to temperature.
Occupant Comfort

[163] May be perceived favorably by occupants (when covering 25% of a window).

[164] Can reduce CO2 emissions by about 22%. Environmental Impact

9. Discussion and Conclusions

This comprehensive review has unveiled a myriad of innovative BIPV glazing so-
lutions that seamlessly integrate with smart window technologies, enabling remarkable
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strides toward energy efficiency and daylighting control in buildings. These state-of-the-art
technologies fall into three main categories depending on their primary functions: concen-
trating PV glazing, thermotropic smart glazing, and dynamic glazing systems that integrate
BIPV with smart window features.

BICPV glazing systems have demonstrated exceptional performance by leveraging
various concentrating optics to boost the efficiency of integrated PV cells while facilitating
controlled daylighting transmission. Significant breakthroughs have been achieved in
planar concentrating optics, such as diffused reflectors, holographic films, and LSCs, as
well as non-planar optics like Fresnel lenses, prisms, and CPCs. Notably, a BICPV system
incorporating a Fresnel lens concentrator achieved an optical efficiency of up to 86.5%
and an impressive geometric concentration ratio of 1000 suns. Holographic concentrating
systems employing transmission holographic lenses and GaAs/2.1-eV bandgap tandem
solar cells attained a remarkable 31.0% system efficiency under one-sun illumination. LSCs
employing optimal quantum dot luminophores demonstrated ambitious yet attainable
target efficiencies of 11.0% and 5.5% for laboratory-scale devices with opaque and semi-
transparent (50% visible transmission) configurations, respectively.

Thermotropic smart glazing systems utilizing the distinctive characteristics of ther-
mochromic hydrogels have demonstrated impressive energy-saving abilities by dynami-
cally controlling solar heat gain and daylight transmission based on temperature fluctua-
tions. An exemplary instance is a PNIPAm-based thermotropic window system covering
a significant area (1 m2), which managed to reduce HVAC energy consumption by 45%
when contrasted with standard double glazing in Singapore’s tropical climate. Addition-
ally, the TT PS-TIM window system exhibited energy savings of up to 21.5% compared
to double-glazing in various climates like London, Stockholm, Rome, and Singapore, all
while improving the availability of daylight.

Emerging dynamic glazing technologies have successfully integrated BIPV function-
ality with smart window capabilities, resolving the trade-off between high visible light
transmission and efficient power conversion. These systems offer the unique advantage
of simultaneous electricity generation and daylight regulation within a single glazing
unit. A photothermally controlled methylammonium lead iodide PV window exhibited
an outstanding 68% visible light transmission, coupled with an impressive 11.3% power
conversion efficiency and a rapid switching time of less than 3 min. PDLC smart windows
achieved visible light transmittance ranging from 41% in the OFF state to 68% in the ON
state, with self-powered operation enabled by integrated PV cells.

Furthermore, switchable PV-EC glazing technologies, such as SBS, TST, and TLT
configurations, have demonstrated promising thermal and visual comfort, energy efficiency,
and aesthetic potential. The TLT technology, in particular, exhibited higher and faster phase
transition compared to TST, making it more suitable for solar control glazing in various
climatic conditions.

These innovative BIPV glazing and smart window technologies hold transformative
potential for establishing sustainable and energy-efficient built environments, significantly
contributing to global initiatives aimed at mitigating climate change and promoting envi-
ronmental sustainability. By seamlessly integrating PV energy generation with dynamic
thermal regulation and daylighting control, these glazing systems offer a game-changing
solution for reducing energy consumption and carbon footprint in buildings.
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