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Abstract: Building integrated photovoltaic (BIPV) technologies are promising and practical for sus-
tainable energy harvesting in buildings. BIPV products are commercially available, but their electrical
power outputs in practice are negatively affected by several factors in outdoor environments. Perfor-
mance improvement of BIPV applications requires mitigation approaches based on an understanding
of these factors. A review was, therefore, conducted on this issue in order to providing guidance for
practical applications in terms of the selection of proper PV technologies, temperature management,
solar irradiation enhancement and avoidance of excessive mechanical strain. First, major types of PV
cells used in BIPV applications were comparatively studied in terms of their electrical performances
in laboratorial and outdoor environments. Second, temperature elevations were widely reported in
outdoor BIPV applications, which may cause efficiency degradation, and the mitigation approaches
may include air-flow ventilation, water circulation and utilization of phase change materials. The
heat collected from the PV cells may also be further utilized. Third, mechanical strains may be
transferred to the integrated PV cells in BIPV applications, and their effects on electrical performance
PV cells were also discussed. In addition, the power output of BIPV systems increases with the solar
irradiation received by the PV cells, which may be improved in terms of the location, azimuth and
tilt of the cells and the transmittance of surface glazing. Suggestions for practical applications and
further research opportunities were, therefore, provided.

Keywords: building integrated photovoltaics (BIPV); solar cell; electrical response; mechanical
loading; sustainability; energy harvesting

1. Introduction

Photovoltaic (PV) panels mounted on rooftops are able to generate electricity from
solar energy without emitting greenhouse gases in operation or taking up additional
ground. This has been well practiced [1] and also been widely supported by Feed-in Tariff
programs (e.g., in Europe [2], North America [3], Asia [4] and Australia [5]). In order
to eliminate the structural mounting cost and enhance the aesthetic appearance of the
roof-mounted PV panels, an optimized prototype was fabricated by integrating the PV
cells into roof tiles in 1994, and it was reported that the total cost for the PV system was
reduced by 14 to 26% [6]. Such building elements with integrated PV cells are referred
to as building integrated photovoltaics (BIPV) in literature [7,8]. BIPV applications in the
early stage before 1996 were well reviewed in [9], where ten categories of BIPV applications
were introduced including rooftop applications, facades, windows, skylights and shading
systems. PV cells used in these applications were mainly based on polycrystalline and
amorphous silicon [9]. Recent BIPV practices have also been extensively reviewed [10],
where a wide range of commercial BIPV products and practical BIPV applications were
presented, and some innovations may include applications in new scenarios such as noise
barriers [11] and optimizations in energy storage systems [12]. In terms of the market
share, BIPV in facades and roofs plays the dominant role, and according to a review on
the market share in the BIPV field in 2017, roof applications account for a market share of
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about 80% and facade applications account for about 20%, while the market share of other
BIPV applications is minor [10].

Policies for encouraging BIPV applications have been initiated in recent decades,
among which the zero-energy or net-zero energy building is a major concept [13,14].
Zero-energy buildings are required to produce equivalent energy (e.g., from renewable
technologies) to balance their energy consumption [14,15]. For example, it was reported
that, all new public buildings in Japan should be zero energy by 2020 [16]. BIPV applications
are usually suggested as the core solution for achieving zero-energy buildings. However,
Feed-in Tariff (FiT) programs for renewable energies have provided monetary incentives
to BIPV applications, and their effects on promotion of BIPV are direct and obvious. For
example, the rate of FiT in Southeast Queensland, Australia, is presented in Figure 1 with
the annual number of installed small-scale household PV systems (mainly roof-mounted
panels) [17]. It can be seen in Figure 1 that from 2008 to 2012, a relatively high FiT rate of
AUD 44 c/kWh was provided and the annual installed number of small-scale PV panel
systems increased rapidly from about 42,000 in 2008 to about 1,674,000 in 2012, while
the installed number dropped to, for example, 443,000 in 2016 when the FiT rate was
reduced to less than AUD 10 c/kWh. National FiT programs were initiated in China from
2011 with a rate of 1.15 CNY/kWh, and this was reduced to 0.9–1.0 CNY/kWh in 2013
and 0.80–0.98 CNY/kWh in 2015 [18]. In similar programs in Germany, the FiT rate was
0.51 EUR/kWh in 2000 and adapted to about 0.55 EUR/kWh in 2003, about 0.25 EUR/kWh
in 2009 and about 0.12 EUR/kWh in 2012 [19]. It may be noticed that the expansion of
BIPV applications to some extent relies on FiT programs. However, the global trend in
reduction in the FiT rate made the BIPV market unable to reach the prospects made in
some early research. For example, the worldwide BIPV market was estimated to grow at
40% annually from USD 1.1 billion in 2017 to over USD 2.7 billion in 2021 [20], and the
installed capacity of BIPV was predicted in 2014 to have an annual growth rate of 18.7% to
reach a total installed capacity of 5.4 GW by 2019 worldwide [21].
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Figure 1. Rate of FiT and annual number of installed small-scale PV panel systems from 2007 to 2018
in Southeast Queensland, Australia (adapted from [17]).

In order to maintain the cost effectiveness of BIPV applications at the background
of the global reduction in the FiT rate for PV applications, the overall power output
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of the integrated PV cells is expected to be enhanced and, therefore, enhances the cost
effectiveness. As shown in Figure 2, the power output is determined by the actual efficiency
and the received solar irradiation of the integrated PV cells, and therefore, the related
influencing parameters are investigated in this work.
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The rated efficiency is a core parameter to quantify the ability of PV cells to transfer
solar energy into electricity, and this is defined as the ratio between the generated electricity
and the received solar energy at the standard test conditions (i.e., 1000 W/m2 solar intensity
and a temperature of 25 ◦C [21,22]). A wide range of research has been conducted to
enhance the rated efficiency of PV cells, and the highest confirmed efficiencies for a range of
PV cell technologies are summarized in “solar cell efficiency tables [23]”, with updates every
six months since 1993. For example, the present efficiency records for the aforementioned
polycrystalline silicon PV and amorphous silicon (a-Si) PV cells usually used in BIPV are
26.7 and 10.2%, respectively [23]. However, it is usually time-consuming and laborious to
develop an innovative PV cell with enhanced efficiency and durability, and such innovative
PV cells are usually not affordable for building applications. For BIPV applications, it is
more practical to compare the existing types of PV cells and then select the proper one for
practice.

The efficiency of PV cells may be negatively affected by several factors in outdoor
environments such as temperature and mechanical status of the PV cells as shown in
Figure 2, and the actual cell efficiency is usually smaller than the rated efficiency. For
example, the actual efficiency is only about 6% for PV panels with a rated efficiency of
11.9% according to annual monitoring of roof-mounted PV panels in Bangalore, India [24].
Mitigation approaches may, therefore, be proposed from the aspects of these factors.

First, the efficiencies of PV cells usually present a decreasing trend for temperatures
over 25 ◦C [25,26]. Elevated temperatures have been widely reported in operating PV cells
since only a part (usually smaller than 30%) of the absorbed solar energy is transferred
into electricity, while the others become heat [26,27]. In existing research, temperature
mitigation for operating PV cells is realized by taking away the excessive heat through
certain media. Air flow (through ventilation), water and phase change materials have
been used in this regard; the three types of approaches have been widely investigated,
and their effectiveness in temperature mitigation and cell efficiency enhancement have
been reviewed in literature [28,29]. However, in practical applications, the heat collected
from the PV cells may be further utilized [30,31]. Therefore, in order to properly evaluate
the actual energy-harvesting performance and cost effectiveness of BIPV systems with
temperature mitigation approaches, the electricity generated and the heat collected for
utilization should both be considered. It appears that literature reviews in this regard are
very limited.

Second, mechanical status also affects the power output of BIPV applications [32,33],
and integrated PV cells may be subjected to certain mechanical strain, although they are
supposed to be applied in scenarios without structural loads. Studies have been conducted
to understand the strain effects on the electrical performance of the PV cells, but systematic
review is required to understand the applicable mechanical scenarios for different types
of PV cells. It should be aware that BIPV applications are currently excluded from load-
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carrying scenarios, which take up the major exterior surfaces of buildings, while such
research may break such limitation.

In addition, as shown in Figure 2, the total solar energy received by the PV cells
is determined by the sunlight intensity and the position and configuration of the PV
cells [34,35]. Unlike the constant light intensity provided in laboratorial conditions, the
sunlight received by the PV cells in outdoor environments varies with a wide range of
factors such as location, azimuth, tilt, time and weather conditions. In conventional BIPV
applications, the azimuth and tilt of integrated PV cells are determined by the facades
or roofs, while in several recent studies, PV cells were associated with a different tilt or
azimuth with the building envelope [36]. Future literature reviews in this regard are needed
to understand the effectiveness of these approaches.

The main objective of this review is to present the approaches, in use or recently
proposed, to enhance the power output of BIPV applications from the aspects of optimiz-
ing their operational conditions in outdoor environments. Such optimization requires
understanding of electrical properties of PV cells used in BIPV applications, which are,
therefore, firstly reviewed. Second, approaches for temperature mitigation using air flow
ventilation, water circulation and phase change materials were presented, and their ca-
pacities to harvest solar energy were evaluated considering both the electricity generated
and the heat collected for utilization. Third, effects of mechanical strain on the electrical
performance of integrated PV cells were reviewed in order to investigate applicable load-
carrying scenarios of different BIPV configurations, and the work in this regard is still very
limited at present. In addition, in several recent studies, PV cells were associated with
a different tilt or azimuth with the facades or roofs, providing new solutions to enhance
the solar irradiation received by the PV cells. Therefore, approaches to enhance the solar
irradiation were reviewed to include this recent research. Suggestions for optimization of
BIPV applications in practice were also provided.

2. Performance of Different Types of PV Cells
2.1. Main Parameters for Consideration

In order to understand the main parameters associated with the electrical power
output of PV cells in BIPV applications, the formula in calculating the power output is
provided as Equation (1). Theoretically, the amount of electricity generated, P(t), by an
integrated PV cell is determined by the actual efficiency and projected area of the PV
cells, the received solar intensity and the operation duration according to the following
equation [37],

P(t) =
∫ t

0
E(t)I(t)A(t)dt (1)

where E(t) is the actual efficiency of the PV cell at time t; I(t) is the solar intensity at time t;
and A(t) is the projected area of the PV cell at time t.

The actual efficiency of a PV cell is related to the rated efficiency and the effects
from the environment. Considering the cost, toxicity and commercialization, PV cells
based on crystalline silicon (c-Si), amorphous silicon (a-Si), copper indium gallium se-
lenide (CIGS) and cadmium telluride (CdTe) materials have been used in practical BIPV
applications [38,39] and their up-to-date cell efficiencies are listed in Table 1 according
to [23] together with their market share in 2018 Q4 and 2019 Q1 [40]. Since the cell effi-
ciency was tested based on small samples with a typical area of 1 cm2 while the actual
efficiency is affected by cell dimensions, encapsulation and other procedures in commer-
cialization, the efficiencies for PV modules and commercial PV panels are also provided in
Table 1 [23,41]. Furthermore, the efficiencies listed in Table 1 are obtained in the standard
test conditions, i.e., solar intensity of 1000 W/m2 and a cell temperature of 25 ◦C [21,22].
It can be seen in Table 1 that the c-Si technologies are usually associated with the highest
efficiency, and the a-Si technologies have the lowest.
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Table 1. Main properties of different types of PV cells.

PV Technologies c-Si a-Si CIGS CdTe Organic

Cell efficiency (%) [23] 26.7 ± 0.5 10.2 ± 0.3 * 23.35 ± 0.5 21.0 ± 0.4 13.45 ± 0.2
Area of the cell (cm2) [23] 79.0 1.0 1.0 1.0 1.0
Module efficiency (%) [23] 24.4 ± 0.5 12.3 ± 0.3 19.2 ± 0.5 19.0 ± 0.9 8.7 ± 0.3

Area of the module (cm2) [23] 13,177 14,322 841 23,573 802
Temperature coefficient (%) [42] −0.37 to −0.52 −0.10 to −0.30 −0.33 to −0.50 −0.18 to −0.36 /

Efficiency of commercial panel (%) [41] 14.9 to 19.0 9.5 12.7 to 16.0 8.5 to 14.0 /
Energy payback time (year) ** [43] 2.9 to 3.3 3.1 2.9 2.5 /

Market share (%) [40] 95.70 0.05 1.13 3.12 /

* After 1000 h exposure to solar irradiance of 1000 W/m2. ** Estimated at the condition of 1117 kWh/m2 annual solar irradiation and
0.75 performance ratio.

Dye-sensitive and Perovskite PV cells have also been employed in the development of
BIPV components. For example, dye-sensitive PV cells were encapsulated in translucent
glass fiber reinforced polymer (GFRP) laminates for BIPV applications [44], and they
were also experimentally investigated for window applications [45]. Perovskite PV cells
were subjected to tensile loading to evaluate the feasibility for BIPV applications in load-
carrying scenarios [32]. However, BIPV applications in large scale practices with these PV
technologies are still limited, and their information is, therefore, not included in Table 1.

Energy payback time is also used to quantify the cost or energy effectiveness. It is
defined as the number of years needed for the PV cells to produce enough electricity to
cover the energy consumed in production [46]. However, the estimations of payback time
are inconsistent among different research [39,43] since the power output of a PV system
largely depends on the applied environment. The energy payback time for several PV
types based on results from the same estimation method is listed in Table 1 [43], providing
a reference for the energy effectiveness of the PV cells. For example, an energy payback
time of 3.1 years for a-Si cells means the electricity generated in 3.1 years could pay back
the energy in producing the cells. However, the payback time for BIPV applications
may be much longer due to more materials, time and labor required for manufacturing.
For example, the energy payback time for a rooftop BIPV system with c-Si PV cells in
Hong Kong was estimated to be 7 to 20 years depending on orientations and tilts of the
panels [27].

Temperature coefficients are used to quantify the dependence of power output of PV
cells on elevated temperatures. Existing results have shown that the power output of the
PV cells may decrease approximately in linearity with temperatures over 25 ◦C [25,42], and
the decrease ratio is referred to as the temperature coefficient. For example, as shown in
Table 1, the temperature coefficient for c-Si PV cells is −0.37 to −0.52%. This means when
the temperature is over 25 ◦C, the power output of c-Si PV cells may decrease by 0.37 to
0.52% for a temperature rise of 1 ◦C.

2.2. Comparison of Different Types of PV Cells

It can be seen from Table 1 that the c-Si technologies achieve the highest efficiency
in terms of cell, module and commercial panels and are the dominant PV types with a
market share of 95.7%. However, since glass encapsulation and a frame are used to protect
brittle c-Si PV cells, a typical thickness of traditional c-Si PV panels is several centimeters,
which is much thicker than thin-film PV cells. For example, the thin film a-Si PV cells
have a total thickness of only about 1 mm and the organic PV cells have a thickness of less
than 0.1 mm [33]. Thin-film c-Si PV cells have been developed in a laboratory and are not
commercially available [47]. The thickness and brittleness of c-Si PV panels made them
difficult for integration with building materials; therefore, they are usually mounted by
additional frames on roofs [27,48] or as facades [49]. Such PV panels mounted by frames
without integration into building components are also considered as BIPV in this research,
although they may be referred to as building-applied photovoltaics (BAPV) in literature [8].
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As shown in Table 1, the a-Si PV cells are associated with a relatively low efficiency.
The progress to enhance their efficiency seems relatively slow considering that the efficiency
of a-Si PV cells reached 13.0% in 1997 [50]. However, thin-film flexible a-Si PV cells have
been commercially available for at least two decades, and they have shown potential for
the development of BIPV integrations also with a relatively smaller degradation at elevated
temperatures as shown in Table 1.

CIGS PV and CdTe PV cells have moderate efficiencies comparing to c-Si or a-Si
PV cells. CdTe PV cells have the shortest energy payback time, indicating a high energy
effectiveness. Their BIPV applications include roofs and facades [51]. Flexible PV cells
based on CdTe technology have also been developed [52], and BIPV windows have been
manufactured based on semitransparent CdTe PV cells [53], showing their superior po-
tentials. However, a concern has been raised for their application in residential buildings
considering the cadmium element in cadmium telluride as a core material in the PV cells
is toxic especially in fire [54]. Most CIGS PV cells also contain cadmium, and this may
hinder their wide applications in buildings. Therefore, CIGS PV cells have been developed
without cadmium [23].

Although organic PV cells have a rated efficiency of 13.45% (see Table 1), the efficien-
cies of commercial organic PV cell tapes are as low as 2–6% [33]. Large scale applications of
organic PV cells are limited by their high producing cost, low efficiency and short service
life [55]. Three types of semitransparent dye-sensitive PV cells with different colors and
efficiencies were produced for glazing system with the efficiencies of 2.51, 4.49 and 5.93%,
respectively [45]. Dye-sensitive PV cells have also been encapsulated into GFRP plates
to develop BIPV components where their resistance to temperature cycles was investi-
gated [44]. The perovskite material is an emerging technology, and they have been made
into thin-film or flexible PV cells, transparent or with different colors, while most of them
are currently not commercially available [56]. Effects of tensile strain on thin-film flexible
Perovskite PV cells have been investigated for further BIPV applications, as reported in [32].

PV cells for large scale BIPV integrations have to be selected from commercially
available products in consideration of their efficiency, payback time and temperature
coefficient. In a short summary, the c-Si PV cells are associated with high efficiency but
usually mounted on rooftops and facades. The a-Si PV cells have only a light market share
but show potentials for large scale BIPV applications. The potential toxicity of CdTe PV
and CIGS PV cells may hinder their applications in buildings.

3. Mitigation of Temperature Effects

As introduced, temperature mitigation for operating PV cells is realized by taking
away the excessive heat by certain media in existing research. Air flow (through ventilation),
water and phase change materials have been used in this regard, and the three types of
approaches are correspondingly presented and individually discussed in this section.

3.1. Natural or Forced Ventilation

Temperature elevation is among the core factors causing power output reduction in
PV cells in BIPV applications [25]. The most direct way to avoid excessive temperature
elevation of the PV cells in operation is to maintain adequate ventilation. PV panels
mounted by frames on rooftops and facades usually leave a gap between the building
envelope as shown in Figure 3 [27,57]. Such a gap allows heat convection by air flow, and
if the ventilation relies only on natural air flow, it is referred to as natural ventilation in
literature [58]. For example, a roof-mounted PV panel is shown in Figure 3a, showing an air
gap between the panels and the rooftop. According to estimations through computational
fluid dynamics (CFD) simulation and experimental validation, a maximum reduction of
20 ◦C could be achieved by natural air flow in such gaps [59]. It should also be noted that
air flow may be also powered by fans, and this ventilation method is then referred to as
forced ventilation [60].
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Figure 3. (a) CdTe PV panels mounted on the rooftop of a residential building in Zhejiang Province,
China (courtesy of Zhiqian Liu) and (b) the analytical model for heat transferring between the PV
panel and the building envelope.

The temperature difference between the operating PV cell and ambient environment
is defined as ∆T, and proper dimensional parameters of the gap between the PV panel and
building envelope have been investigated in several studies to mitigate the temperature
elevation (i.e., ∆T). For example, two parallel fiber reinforced Bakelite plates, each with
a dimension of about 2.0 m high and 0.8 m wide, were prepared as facade specimens
in [61]. The surface of one plate was then covered by a series of thin metal heaters to
simulate integrated PV cells. The specimens were placed vertically and associated with
different gap depths and then subjected to different heating power levels to simulate
temperature elevation of PV cells at different solar intensities. When the thermal status of
the configurations became stable, temperatures at different locations of the surface with the
heaters were measured. It was found that ∆T increased with the position of the measuring
points until a height of 0.8 m. For the measuring points at higher positions, the temperature
variation became minor. ∆T decreased when the gap depth increased from 3 to 5 or 10 cm,
but remained unchanged when the depth increased from 10 to 16 cm. It was also found
that if the heaters (as simulation of PV cells) were not continuously installed, ∆T could
also be mitigated. In addition, it was shown that the heat flux levels applied in this study
ranged from 75 to 200 W/m2 [61].

In theoretical analyses and CFD simulations for the heat transfer behavior in BIPV
facades and roofs with natural ventilation, the PV panels and wall were often simplified as
two parallel plates with a surface heated from outside as shown in Figure 3b. The results
showed that the length, depth and inclination of the gaps (see Figure 3b) would affect
their temperature mitigation effects. When the inclination increases and the parallel plates
change gradually from horizontal to vertical, the velocity of the air in the gap increases
and, therefore, ∆T decreases. As a result, vertical BIPV facades are associated with a better
ventilation condition than horizontal or pitched PV panels on rooftops [62]. The depth of
the air gaps was found to have the most obvious effects on temperature mitigation [63].
Such mitigation effects of the air gaps increase with gap depth until the optimal value. The
suggested gap depths reported in different research are summarized in Table 2, where the
gap depth is referred to as D and its length is L as also shown in Figure 3b.
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Table 2. Suggested gap depths for ventilation in building integrated photovoltaics (BIPV).

Suggested Gap Depth Method Ventilation Method Scenario Year

D = 14–16 cm when L = 120 cm;
D = 12–15 cm when L = 360 cm [62] CFD Natural Roof pitches 2009

22 cm [64] CFD Natural Facades 2016
D = 23 cm when L = 400 cm [59] CFD Natural Roof pitches 1997

D = 10 when L = 160 cm [61] Experimental Natural Facades 2008
D/L = 0.05 [63,65] Experimental and theoretical Natural Roof pitches 2006

D = 5–10 cm when L = 100 cm [66] Experimental and theoretical Natural Roof pitches 2008
D/L = 0.11 [60] Onsite tests Forced Roof pitches 2014

It can be noticed in Table 2 that the suggested gap depth based on the CFD results
ranges from 12 to 23 cm for facades or roof pitches with natural ventilation, while the
effects of gap length were not addressed in detail. Results from theoretical analysis [63,65]
and an onsite experiment [60] showed that the temperature mitigation effects of the gap
depth (D) are in collaboration with its length (L), and a shorter gap length is favorable for
temperature mitigation. It was reported that the suggested D/L ratio ranged from 0.05 to
0.10. A strategy to reduce the gap length is to arrange the panels discontinuously as shown
in Figure 3a.

In terms of forced ventilation, according to an experimental investigation [60], the
power output was increased by 19% when forced ventilation was applied, after deducting
the electricity used to power the fans. Therefore, use of additional fans for forced ventilation
may be effective in terms of energy production, but it requires higher investments and
maintenance and may cause noise. The forced ventilation may also be optimized to enable
the fan operation to adjust according to the air temperature in the gap [67].

The heat from ventilation of BIPV facades is further utilized in some studies by
incorporation with the Trombe wall system [30,68–70]. The mechanism is shown in Figure 4
where the heated air flow from the gap can be discharged to outside in summer and to
interior side in winter. This helps to reduce the energy required for indoor heating in
winter. In such applications, forced ventilation with a fan is usually used to accelerate the
air flow [30]. The existing research and main results concerning the Trombe wall system
comprising PV cells are listed in Table 3, and the main research approach is the combination
of experiments and theoretical analysis or CFD simulation. It can be noticed in Table 3
that polycrystalline silicon (poly-Si) PV and a-Si PV cells were used in these studies, and
the maximum temperatures in the PV cells were well controlled within 50 ◦C. However,
this research only investigated the winter performance of the system, while the summer
performance, where the PV performance would be more negatively affected, was not
investigated. This is possibly because Trombe walls mainly function in winter, and the
heat efficiency (usually over 20% according to Table 3) is much higher than the electrical
efficiency of the PV cells. Future research is, therefore, required in terms of the possible
performance degradation due to the elevated temperature in summer, in order to accurately
predict the annual electrical and thermal performances of such applications.
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3.2. Water Circulation

When the PV cells were integrated with structural materials and ventilation from
back side is largely prevented, the temperature elevation would be more obvious if no
other approaches were applied [61]. A practical way is to introduce water circulation
by embedded pipes to take away the excessive heat from the PV cells. In some studies,
such a water circulation system is connected to heating systems of the building for room
heating or providing hot water [31], and they are referred to as building integrated pho-
tovoltaic/thermal (BIPVT) systems in literature [71]. A brief summary of the research on
BIPV systems with water circulation is presented in Table 4, where it can be noticed that
both roof and vertical applications (walls and facades) have been investigated. Usually
poly-Si or mono-Si silicon PV cells were used. CdTe PV cells were experimentally compared
with c-Si in [72] and were found to have a smaller actual efficiency. The heat efficiency
from outdoor experiments listed in Table 4 was taken as the average of annual data, and it
ranges from 30 to 39%, while the results from theoretical analysis or indoor experiments
were obtained at one or several fixed sunlight intensities and they range from 45 to 57%.
The higher efficiency from theoretical analysis or indoor experiments may be attributed to
the limited sunlight intensities investigated or the phase change materials (PCMs) applied.
PCMs show potential to further increase the total efficiency of BIPV system with water
circulation, but the effectiveness still requires validation from outdoor experiments. The
heat efficiency in these systems is three to four times of the electrical efficiency of the PV
cells; therefore, the heat collected from the PV cells should be further utilized, and the total
efficiency would be much higher than the electrical efficiency of PV cells.

A prototype BIPVT roofing system was built [31] where c-Si PV modules were em-
bedded between a transparent protective surface layer and a conductive aluminum back
layer (thermal conductivity of 238 W/mK). Water pipes were attached to the aluminum
layer, and then an insulating polyethylene layer (thermal conductivity of 0.26 W/mK) was
applied at the bottom to prevent heat conduction to the building structure. This prototype
had a dimension of about 0.5 × 0.6 m and was subjected to artificial sunlight. At a solar
intensity of 850 W/m2, the PV temperature ranged from 49 to 51 ◦C at different locations;
and when a water flow with a temperature of 20 ◦C and a flow rate of 33 mL/min was
applied, the temperature was reduced and ranged from 32 to 39 ◦C, and the temperature
reduction was, therefore, 14.5 ◦C on average. Similarly, at a solar intensity of 1100 W/m2,
the PV temperature was reduced from 53–57 ◦C to 32–39 ◦C with a water flow rate of
66 mL/min. The prototype was designed to be integrated into building skin and the
circulation water was planned to be further used for room heating.
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Table 3. Temperature and efficiency results from research on Trombe wall system with BIPV facade.

Reference Year Location PV Type Research Method PV Efficiency (%) Max PV Temperature * Heat Efficiency (%) Season

Jie et al. [73] 2007 China Poly-Si Theoretical 14.7 (Rated: 14.0) 18 ◦C (5 ◦C, 700 W/m2) - Winter

Jie et al. [74] 2007 China Poly-Si Experimental and theoretical 10.4 (Rated: 14.0) 44 ◦C (700 W/m2) - Winter

Sun et al. [75] 2011 China Poly-Si Experimental and CFD 12.0 - 21.0 Winter

Koyunbaba et al. [76] 2013 Turkey A-Si Experimental and CFD 4.5 47 ◦C (21 ◦C,
751 W/m2) 27.2 Winter-spring

Sharma and Kumari [69] 2016 Algeria A-Si CFD 3.7–4.2 40 ◦C (460 W/m2) - Winter

Ahmed et al. [77] 2019 Iraq Poly-Si Experimental and theoretical 6.3/9.3 (without/with a fan)
(Rated: 15.0)

58 ◦C (without fan)
39 ◦C (with a fan)

30.0 (without fan)
35.5 (with a fan) Winter-spring

* Environment temperatures and sunlight intensities are provided in brackets if available.

Table 4. Research on BIPV systems with water circulation.

Reference Year Location Research Method PV Type PV Efficiency (%) Heat Efficiency Scenario Comment

Zondag et al. [78] 2003 Netherland Experimental and theoretical Poly-Si 5.8–6.7 (Rated: 10.3) 35–39% Roof Nine configurations were
investigated.

Chow et al. [79] 2009 China Experimental and theoretical Poly-Si 9.4 (Rated: 13.0) 38% Wall Cost payback time was 14 years.

Kim et al. [80] 2013 Korean Experimental Mono-Si 17.0 30% Roof Max PV cell temperature: 45 ◦C
(at 900 W/m2)

Yin et al. [31] 2013 USA Experimental (indoor) Mono-Si 14.5 at 850 W/m2

11.4 at 1100 W/m2
54% (1000 W/m2)
44% (850 W/m2)

Roof
Two intensities were applied.

Phase change materials (PCMs)
were used.

Ibrahim et al. [81] 2014 Malaysia Theoretical Poly-Si 10.4–11.3 (Rated: 13.0) 45–51% Roof Max PV cell temperature: 54 ◦C
(at 900 W/m2)

Pugsley et al. [82] 2020 UK Experimental and theoretical Mono-Si (Rated: 11.4) - Facade Max PV cell temperature: 89 ◦C
(at 870 W/m2)

Xu et al. [72] 2020 China Experimental and theoretical C-Si/CdTe C-Si: 11.2; CdTe: 8.3 >38% Wall Performance in three cities
was compared.

Yao et al. [83] 2020 China Theoretical - 9.2 (Rated: 17.8) 57% - PCMs were used.
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When the water circulation system in BIPVT applications is connected to a tank of
water boiler and used as a pre-heating procedure, a control mechanism is required to
balance the heat provided by the PV panels and the boiler for proper utilization of the heat
from PV panels and supply enough hot water. For example, a BIPVT system was built in
Korea [80], where c-Si PV modules were integrated into the roof and the water circulation
was connected to a 500 L water tank of a boiler. In this application, the circulation would
be switched on when the BIPVT temperature was over 4 ◦C higher than the water tank. A
BIPV facade with a-Si PV cells was proposed for modelling in a recent study in 2019 [67],
where the facade had a total area of 296.6 m2 and its water circulation system was connected
to a 3000 L water tank to assist the natural gas boiler. According to this estimation [67], the
water-circulation system in the BIPV facade required an extra construction cost of EUR
29,160 and annual energy saving equivalent to EUR 4542, where the electricity cost was
EUR 0.09/kWh; therefore, the cost payback time was about 7 years.

3.3. Phase Change Materials

Phase change materials (PCMs) absorb heat when transforming from solid phase to
liquid, and emit heat in the solidification process [84]. In a recent study [85], a test room
with a dimension of 3.0 × 2.4 × 3.1 m was fabricated with a BIPV facade comprising six
CIGS PV cells. The PCM (paraffin wax, Rubitherm PCM RT 27) with a thickness of 40 mm
was sealed in aluminum containers and mounted at the back side of the PV cells. The PCM
material had a specific heat of 2000 J/kgK, latent heat of 189 kJ/kg, thermal conductivity
of 0.2 W/mK, solidus temperature of 24.5 ◦C and liquidus temperature of 26.5 ◦C. The test
configuration was then subjected to outdoor sunlight, where the maximum solar intensity
was about 800 W/m2. According to the results, the maximum operating temperatures of
the PV cells were mitigated by 6–15 ◦C after the PCM were used. However the solidification
could not be completed at night if the maximum daytime temperature was over 30 ◦C and
solar intensity was over 800 W/m2 [85]. Therefore, the PCM implementation needs to be
designed with consideration of the local climate and building information. Additionally, in
this research [85], an air gap of 120 mm was set at the backside of the PCMs for natural
ventilation, suggesting that in single BIPV applications, two or more measures may be
applied together to maintain the operating temperature of the integrated PV cells in a
favorable range. For example, in another study [31], a prototype BIPV roof was fabricated
with forced ventilation, PCMs and water circulation.

Due to the relatively low thermal conductivity (e.g., 0.2 W/mK for the paraffin wax
in [85]) of PCMs, metal fins [86] or shreds [87] were added in the PCMs in some studies to
improve the overall thermal conductivity and, therefore, temperature mitigation effects.

More research on BIPV systems with PCMs are presented in Table 5, and poly-Si,
mono-Si and CIGS PV cells have been investigated in these studies. A wide range types
of PCMs have been used, and PCMs in these studies were usually used for temperature
mitigation of the integrated PV cells only, where the heat was not collected for further
utilization. It should be noted that the rise of annual electrical power output is smaller than
6% (see Table 5). Considering that the heat efficiency may be over 30% for water circulation
systems (see Table 4) and over 20% for Trombe wall systems (see Table 3), the heat collected
by PCMs may also be further utilized, and it requires future research.
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Table 5. Research on BIPV systems with PCM.

Reference Year Location PV Type Rise of Power Output Research Method Season Scenario PCM

Hasan et al. [88,89] 2010 Ireland Poly-Si - Experimental Indoor Roof Calcium chloride hexahydrate

Aelenei et al. [85,89] 2014 Portugal Poly-Si - Experimental and theoretical Winter Facade Gypsum board

Park et al. [90,91] 2014 South Korean Poly-Si 1.0–1.5% (annual) Experimental and theoretical Annual Facade Paraffinic hydrocarbon

Hasan et al. [92] 2015 Ireland Pakistan Poly-Si 6.2% (Ireland)
14.3% (Pakistan) Experimental Autumn Roof Capric–palmitic acid

Calcium chloride hexahydrate

Maturi et al. [93] 2015 Italy CIGS 2.3% Experimental and FEM Annual Facade -

Hasan et al. [94] 2017 United Arab Emirates Poly-Si 6.0% Experimental Annual Roof PCM RT42

Alim et al. [91] 2020 Australia Mono-Si 4.1% (winter)
2.2–4.3% (summer) Experimental Winter and

summer Roof tile Methyl stearate

Curpek et al. [85] 2020 Czech Republic CIGS - Experimental Summer Facade Rubitherm PCM RT 27
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4. Effects of Mechanical Loading on PV Cells

Mechanical loading introduces stresses and strains, and they may also affect the power
output of BIPV applications. The effects of mechanical loading are well considered for
the efficiency of the integrated PV cells [29] since existing BIPV components are mainly
applied in the scenarios without structural loads. BIPV applications are, therefore, ex-
cluded from walls and other major load-carrying positions, which cover the major exterior
surfaces of building where the majority of solar irradiation are received. Developing BIPV
applications into walls and other load-carrying scenarios may expand the collection of
solar energy for buildings. This requires understanding of electrical responses of different
types of PV cells subjected to mechanical stresses or strains. A summary of mechanical
experiments conducted on PV cells is presented in Table 6, where the critical strains for
obvious degradation in electrical performance of the PV cells are also provided. In this
case, mainly a-Si PV cells were investigated in existing studies due to their better resistance
to mechanical strains.

Table 6. Mechanical experiments on PV cells.

Reference Year PV Type Test Method Cell Dimension Critical Tensile
Strain

Critical
Compressive Strain

Jones et al. [95] 2003 A-Si Bending 100 mm2 0.75% >1.70%

Sugar et al. [96] 2007 A-Si Tension 98 × 36 mm2 1.4%

Kim et al. [97] 2011 Mono-Si Tension 86 × 25 mm2 0.3%

Scotta et al. [98] 2016 A-Si Tension 1700 × 1000 mm2 1.5%

Chen et al. [32] 2018
A-Si Tension and

compression 64 × 13 mm2 0.50%

Perovskite Tension 100 × 13 mm2 >3.0%

Dai et al. [33] 2019
A-Si Tension 270 × 45 mm2 1.6%

Organic Tension 20 mm wide 1.4%

Dai et al. [99] 2019 A-Si Compression 180 × 60 mm2 <0.5%

4.1. Strain Effects on c-Si PV Cells and Their Structural Integrations

Several procedures and requirements are introduced in existing standards for mechan-
ical loads on conventional PV panels such as c-Si PV cells [100]. For example, in order to
sustain the loads caused by weather conditions, PV panels are required to operate normally
at a static load of 2400 Pa or cyclic load of 1440 Pa for 10,000 cycles, applied uniformly
on the front or back surface of the panels [101]. It should be noted that such loads are
considerations of weather conditions only; therefore, effects of mechanical strains from
structural loads are not addressed.

Experimental investigations were reported in literature to understand the effects of
mechanical strains on electrical performance of c-Si PV cells. For example, three-point
bending tests were conducted on c-Si PV cells, and the specimens indicated failure at a
strain of 0.2% [102]. When c-Si PV cells were adhesively bonded by resin film or EVA
(ethylene-vinyl acetate copolymer) film to carbon fiber reinforced polymer (CFRP) plates
and subjected to 0.3% tensile load, obvious changes in the open-circuit voltage and short-
circuit current were observed [97]. Commercial c-Si PV cells with 16.9% efficiency, a
dimension of 74 × 32 mm and a thickness of 0.13 mm, were submitted to direct tensile
loading and three-point bending in [103]. The results showed that the strength at breakage
of the cells was 221 MPa at tension and 420 MPa at bending, while the corresponding
strain was not specified [103]. A theoretical analysis was conducted in [104] to quantify
the dependence of electrical current of c-Si PV cells on the tensile strain, and tensile
experiments were also conducted to validate the theoretical results. At a tensile strain of
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0.068%, the current reduction was only 3% according to theoretical results and 6% in the
experiments [104]. Further research on theoretical prediction of strain-induced degradation
in electrical performance of PV cells may be useful. For structural applications, c-Si PV cells
were adhesively bonded to a curved sandwich structure on the surfaces of carbon fiber
reinforced polymer (CFRP) with light-weight (29 kg/m3) honeycomb core to manufacture
wing profiles of airplanes. The curvature of the profile was 2 m−1, and the integrated PV
cells operated well under such a curvature [103].

4.2. Strain Effects on Thin-Film Flexible PV Cells and Their Structural Integrations

Although c-Si PV technology appears dominant in terms of market share, several types
of thin-film flexible PV cells were also investigated with satisfactory performance under
certain mechanical strain [33], showing potentials for load-carrying BIPV integrations.
In this research, the critical tensile or compressive stain was determined when obvious
degradation in open-circuit voltage, short-circuit current or power output was detected in
the PV cells.

In an early work [95], a-Si PV cells were bent to fit cylinders of different radiuses to
investigate the effects of mechanical strains on electrical performance of the a-Si PV cells. It
was concluded that electrical performance of the cells began to degrade from a curvature
of 1.2 cm−1 in tension, corresponding to a tensile strain of 0.75% in the a-Si layer, while the
cell can be bent to 2.6 cm−1 curvature (corresponding to 1.7% compressive strain) without a
noticeable change in electrical status as also shown in Table 6 [95]. Direct tensile tests were
conducted on a-Si PV cells with a dimension of 270 × 45 mm2, and no obvious changes
in their open-circuit voltage and short-circuit current were observed prior to a tensile
strain of 1.6% as shown in Table 6; after that, the degradation in electrical performance
was attributed to cracking in the a-Si layer [33]. Tensile tests were conducted on a-Si PV
cell specimens with a larger dimension (1700 × 1000 mm2) and the critical tensile strain
when an obvious reduction in the power output was reported as 1.5% in [98]. According
to similar tensile experiments on a-Si PV cells in other research, the critical strain was
determined to be about 1.4 [96] and 1.0% [32,105]. Therefore, the critical tensile strain for
a-Si PV cells ranges from 0.8 to 1.6%, suggesting their feasibility in load-carrying scenarios
for buildings.

In order to understand the effects of in-plane compressive strain on a-Si PV cells, the
cells were adhesively bonded by an epoxy adhesive to GFRP square hollow sections and
subjected to compressive loads [99]. GFRP materials were used due to their superior me-
chanical properties [106,107] and electrical insulation. The critical compressive strain was
found to be related to the adhesive thickness, as it was about 0.2% for 2.0 mm adhesive and
0.5% for 0.5 mm adhesive, as also shown in Table 6. Similar experiments were conducted
in [32] where the a-Si PV cells were bonded by polyimide tapes and the critical strain was
0.5%. Therefore, the critical strains for a-Si PV cells in compression were much smaller
than those in tension. The effects of the adhesive layer were also noticed and investigated,
where theoretical and numerical analyses were conducted to understand the strain transfer
behavior through the adhesive layer [99]. It was found that strain transfer behavior was
mainly affected by shear modulus and thickness of the adhesive layer as well as the elastic
modulus, thickness and length of the PV cell. An approach to mitigate the mechanical strain
transferred from the structural components to the integrated PV cells through adhesives
with a low modulus (e.g., silicone adhesive) was, therefore, proposed, and the effectiveness
was experimentally demonstrated [99]. In terms of structural applications, a-Si PV cells
were integrated in the surfaces of solar-powered unmanned aerial vehicles. The a-Si PV
cells had a thickness of 0.12 mm and could be bent with a radius of only 5 mm without
noticeable degradation in their electrical characteristics [108].

Mechanical experiments have also been conducted on organic PV cells for BIPV
applications. For example, organic PV cells on plastic foils with a total thickness of 0.2 mm
were reported to operate normally when bent to a curvature of 5 mm−1 [109]. Tensile loads
were directly applied on thin-film flexible organic PV cells, and the critical tensile strain
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was determined to be 1.4% [33]. A review was conducted on the mechanical performance
of organic PV cells in [55]. It was found that the decrease in electrical properties under
tension or bending was attributed to the resistance change due to cracking of electrodes
and active layers. In addition, it was suggested that a simple report of the bending radius
was insufficient for describing the flexibility of organic PV cells, and since the PV cells are
associated with a multi-layer structure, more details (such as thickness and mechanical
properties of each layer) were necessary to calculate the strains on different layers of the
PV cells in bending. Therefore, for PV cells to be applied in scenarios in association with
tensile strains, direct application of tensile loads to induce continuous development of
tensile strain is more reliable than application of a specified curvature [55].

5. Solar Irradiation Enhancement
5.1. Optimization of Location, Azimuth and Tilt

The annual solar energy cast to a project site can be estimated by established methods
such as empirical formulas and previous records [37,110]. The sunlight intensity and its
variation with time at the project site is the fundamental information to predict the power
output of a PV project and determine the proper azimuth and tilt of the PV cells [111].
According to an evaluation on cost payback time of a proposed BIPV system comprising
facade and roof applications based on the climate conditions of six cities in Brazil, the cost
payback time would be 9 years in Rio de Janeiro but 23 years in Sao Paulo [51].

In order to understand the effects of azimuth and tilt on the power output of the PV
cells in BIPV applications, an investigation of power output of PV panels with different
azimuths and tilts was conducted based on the climate of Hong Kong and electrical
properties of a typical c-Si PV module (SIEMENS SQ 175-PC) [27]. According to this
result [27], for vertical specimens, south-facing ones produced the maximum electricity,
while the output reduction was 29.4% for east-facing ones and 33.8% for the west-facing
ones. For south-facing PV cells, the optimal tilt was 30◦, and the output was reduced by
24.3% if the cells were horizontally placed or by 46.8% for vertical ones [27]. It can be seen
that a vertical position is unfavorable for energy production; therefore, efforts have been
made to place PV cells at an inclined position even in BIPV facades as shown in Figure 5.
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The PV cells in Figure 5 may achieve an optimal tilt in facades by static supporting
frame to produce the maximum electricity. The output could be further increased if the
tile and azimuth could be changed with the position of the sun. In order to maximize the
received solar irradiation, a dynamic BIPV facade was fabricated and installed in ETH
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Zurich, Switzerland [36]. The facade covered a total area of 10 m2 and had a total weight
of 95 kg, comprising 30 modules capable of altering orientations in two axes. This BIPV
facade system was able to detect the solar intensities at different directions and then alter
the azimuth and tilt of the modules to receive the maximum solar intensity throughout
the daytime. According to the results reported in [36], the dynamic BIPV facade was able
to increase electricity gains by at least 50% compared to static ones. Similar dynamic PV
systems were fabricated with a-Si PV cells and c-Si PV cells, respectively, in [112], and it
was interesting that a-Si PV cells presented higher actual efficiency. According to a study
reported in [113], the cost for fixed-tilt PV structures was USD 0.07 per watt output power,
USD 0.12 per watt for the adjustable PV structures in one axis and USD 0.40 per watt for
the two-axes ones [113].

The solar irradiation received by the integrated PV cells is also affected by shading,
while the effect of shading is difficult to be estimated if the BIPV system is considered
individually [51] since the PV cells may be shaded by surrounding buildings, trees and
other facilities. A method was proposed to evaluate the BIPV performance at the urban
scale, where models for all buildings and BIPV applications in the scale were established
and the shading effect among buildings could be considered [112].

5.2. Transmittance of Surface Glazing

In order to avoid contamination, breakage and other damages to PV cells, the cells
were encapsulated between a protective surface layer and a substrate in practice. The pro-
tective surface layer is highly transparent, usually with a transmittance of 90 to 96% [114].
However, the transmittance would decrease with dust accumulation in use. For example,
the transmittance was found to decrease from 90.7 to 87.6% after use of 33 days [115], and
the overall power output decreased by 50% after use of six months without cleaning [116].
A surface layer with high transmittance should, therefore, be chosen and cleaned regularly
for higher power output of BIPV systems.

Self-clean coatings also help to mitigate dust accumulation and enhance dust removal
at rain events [117]. A wide range of research has been conducted to develop effective
self-clean coatings with low cost, high hydrothermal stability and high transparency. The
major self-clean coatings are metal oxides such as silica, zinc oxide and alumina [115,117].
For example, an aluminum oxide self-cleaning coating with a thickness of 300 nm was
developed on glass substrate without obvious compromise of its transmittance [117].
Contaminated PV panels with or without the coating were cleaned by water in the same
way, while efficiency of the panels without the coating was recovered by 61% and that with
the coating was recovered by 91%. This result suggests the effectiveness of the coating to
maintain a better transmittance of the protective glass layer of the PV panels in use.

6. Conclusions

A review was conducted in this study with a focus on approaches to improve the
power output of building integrated photovoltaic (BIPV) systems. These approaches are
mainly associated with proper selection of the types of PV cells, the reduction in operational
temperature and the enhancement for receiving solar irradiation.

In terms of different types of PV cells, crystalline silicon (c-Si) PV cells are reported
with the highest efficiency and dominant market share, but their integrations with building
materials must consider their brittleness and relatively thick configurations. Such c-Si PV
cells are usually mounted by frames on rooftops or as facades in current BIPV applications.
Amorphous silicon (a-Si) PV cells show potentials with their properties of thin film and
flexibility. CdTe PV cells have superior energy payback time with thin-film or semi-
transparent cells available in market, but their potential toxicity needs to be well addressed
for applications in residential buildings. This concern is also raised for CIGS PV cells. BIPV
applications with other PV cells, however, are still very limited, which may be opportunities
for future research.
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Approaches to mitigate the operating temperature of PV cells in BIPV applications
were evaluated by considering both electrical efficiency and heat efficiency. Natural ven-
tilation with an air gap is practical and widely applied, where a maximum reduction of
20 ◦C was reported. The gap depth was suggested to be the key parameter affecting the
temperature mitigation and a proper depth was suggested as 12 to 23 cm or 5–10% of its
total length. The heat collected by the gap may be further utilized by using the Trombe
wall system, and the annual heat efficiency may be over 20%. Water circulation may
also be applied, and further utilization of the heat may lead to a heat efficiency of over
30%. Considering the relatively higher heat efficiency than the electrical efficiency in these
applications, the heat collected from PV cells is suggested to be utilized. Phase change
materials are also applicable, but approaches to utilize the heat in PCMs require further
research.

The mechanical effects on electrical performance of different PV cells have been in-
vestigated. However, the critical strain is about 0.2 to 0.3% for c-Si PV cells in tension
or bending, 0.8 to 1.6% for a-Si PV cells in tension and 0.3 to 0.5% for a-Si PV cells in
compression. Applicable load-carrying scenarios for these PV cells were, therefore, under-
stood. Adhesive layers with low modulus were suggested to mitigate the mechanical strain
transferred from structural components to the integrated PV cells. Several BIPV integration
prototypes for load-carrying scenarios have been made, but future research is required to
investigate their thermal and mechanical performance in outdoor environments.

Proper location, azimuth and tilt may obviously increase the solar energy received
by the PV cells and therefore power output of BIPV systems. In some conventional BIPV
applications, the location, azimuth and tilt were usually determined by the buildings.
Efforts have been made for optimization with adjustable modules and other configurations.
In order to reduce shading on the PV cells, the geometries of surrounding buildings and
facilities should also be considered. Self-clean coatings were suggested in the protective
surface layer of the PV cells to enhance the transmittance, and their effectiveness was
experimentally verified, while cost effectiveness of adjustable modules and self-clean
coatings still needs future investigations.
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Nomenclature
a-Si Amorphous silicon
A(t) Projected area of PV cell to sunlight at time t
BIPV Building integrated Photovoltaic
BIPVT Building integrated Photovoltaic thermal collectors
CIGS Copper indium gallium selenide
CdTe Cadmium telluride
CFD Computational fluid dynamics
c-Si Crystalline silicon
D Depth of gap between PV cell and building envelope
E(t) Actual efficiency of the PV cell at time t
EVA Ethylene-vinyl acetate copolymer
FEM Finite element method
FiT Feed-in Tariff
GFRP Glass fibre reinforced polymer
I(t) Solar intensity at time t
L Length of gap between PV cell and building envelope
Mono-Si Monocrystalline silicon
PCM Phase change material
Poly-Si Polycrystalline silicon
P(t) Electricity generated by PV cells
PV Photovoltaic
Si Silicon
t Time
∆T Temperature difference between PV cells and environment
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