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Abstract Bifacial photovoltaics (BPVs) are a promising
alternative to conventional monofacial photovoltaics given
their ability to exploit solar irradiance from both the front
and rear sides of the panel, allowing for a higher amount
of energy production per unit area. The BPV industry is
still emerging, and there is much work to be done until it is
a fully mature technology. There are a limited number of
reviews of the BPV technology, and the reviews focus on
different aspects of BPV. This review comprises an
extensive in-depth look at BPV applications throughout all
the current major applications, identifying studies
conducted for each of the applications, and their outcomes,
focusing on optimization for BPV systems under different
applications, comparing levelized cost of electricity,
integrating the use of BPV with existing systems such as
green roofs, information on irradiance and electrical
modeling, as well as providing future scope for research to
improve the technology and help the industry.

Keywords bifacial photovoltaics (BPVs),
photovoltaics, applications, review, solar
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1 Introduction

For all countries, the most important challenge they face
today is to ensure sustainability while struggling with
environmental degradation [1], due to the carbon dioxide
emitted by non-renewable energy sources [2-4].
Countries must do this while keeping a balance of not
only energy sustainability but also allowing energy
security, as well as maintaining equitable access to
energy, also known as the energy trilemma [5].
Renewable electricity generation stands at an all-time
high of 30% as of 2021, with further advances expected
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of 50% by 2030, and 80% by 2050 [6,7]. Investment in
green energy is crucial [8] to decrease the use of fossil
fuel-based energy sources and greenhouse gas emissions
[9,10], levels of which 2010-2019 were higher than at
any previous decade recorded [11]. The recognition of
this issue put into practice can be seen in a number of
examples, such as the creation of sustainable
development goal which has the goal of ensuring access
to affordable, reliable, sustainable, and modern energy for
all [12—14]. The development of this goal can be seen in
Liu et al. [15] through the adoption of renewable energy
technologies in the G7 countries, it is also of course
noticeable though, that the trend is improving year on
year. Though it is of course simpler for wealthier nations
to transition toward net zero than less developed, or
wealthy nations as developing countries are still needing
to question whether sustainable human development
should be achieved at the price of economic growth [16]
as shown in Sueyoshi et al. [17]. The issue is also dealt
with in the decision to limit global warming to 1.5 °C
[18].

As a result of the recognition of the need for renewable
energy sources to reduce the greenhouse gases (GHGs)
produced by fossil fuels, many countries have been
increasing the contribution that renewables make to their
energy supply [8]. While doing this, it is important to
ensure that the transition to renewables remains
affordable, especially in the case of developing regions to
avoid the adoption of low-cost fossil fuel-based energy
sources known as the “curse of development” [19,20].
The levelized cost of electricity (LCOE) of solar energy
is lower than offshore wind, but still more expensive than
onshore wind and hydropower [21]. However, in the
coming years, solar energy is expected to become less
expensive than wind energy [22], making it an ideal
method of renewable energy to focus on for the future.

Solar photovoltaics (PVs) systems have gone through
many different iterations, the first cell being made of
selenium in 1883 [23]. The first generation of panels
were made of monocrystalline or polycrystalline silicon
with conversion efficiencies of 26.8% =+ 0.4% [24] and
15% [25], respectively. The second generation are made
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of amorphous silicon (a-Si) conversion efficiency of
10.3% [24], cadmium telluride (CdTe) conversion
efficiency of 21% [24], and copper indium gallium
selenide (CIGS) conversion efficiency of 19.95%21%
[26]. The third and most recent generation includes dye-
sensitized solar cells (DSSCs) having a conversion
efficiency of 11.9% [24], a perovskite conversion
efficiency of 25.7% [27], and organic with a conversion
efficiency of up to 11% [28]. The energy density of solar
energy is currently lower than that of conventional fossil
fuel energy sources [29]. One way in which solar panels
can have a higher energy density is through the use of
bifacial panels, which will be the focus of this paper.
Bifacial panels are able to produce more electricity than
their monofacial counterparts due to the fact that they are
able to utilize incident irradiance on both the front and
rear sides of the panel [30]. This is demonstrated in
Figs. 1 and 2.

This review will provide an up-to-date examination of
bifacial PV technologies across the most common
applications. Due to the length of time since the last
publication in this area, and the fast-evolving nature of
this technology, a new technology review is much
needed. The previous bifacial photovoltaic (BPV)
technology review [31] focuses on types of bifacial cells
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and modules. Unlike the review of Guerrero-Lemus et al.
[31], this review focuses on the various applications of
BPV panels, such as agrivoltaics, building mounted, and
ground mounted etc. and their optimization to maximize
the energy generation from the system. Other previous
technologies analyzing BPV technologies can be seen in
Table 1.

As seen above in Table 1, all BPV review papers have
brought a novelty to the industry not previously
investigated thoroughly. Many past review papers have
looked more at small module-level technology aspects
such as cell degradation or improving module electrical
performance. As far as applications are concerned, Ref.
[36] has reviewed agrivoltaic and aquavoltaic applica-
tions, referred to as floating PV in this paper. However,
not only are these only two of multiple applications of
photovoltaics, they are also two of the more niche
applications involving photovoltaics. BPV is expected to
become a dominant force in the PV industry in the
coming years. Therefore, it is necessary for the industry
to be presented with a review encompassing all major
applications of BPV to ensure that the current scope on
research in the topic is documented collating results and
knowledge gathered to this point and suggesting topics
for research in the future to further the industry.
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Fig. 1 Comparison of the cell structure of monofacial and BPV cells.
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Fig. 2 Example of the difference in the working principle of bifacial and monofacial PV panels.
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Table 1 Novelties of past and present BPV review papers
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Ref.

Novelty

Gu et al. [32]

Guerrero-Lemus et al.
[31]

Lorenzo [33]
Raina & Sinha [34]

Outlooks for different aspects of the BPV technology
First major review of the BPV technology

Origins of BPV modeling

Provides future novel concepts for improved performance and reliability of bifacial modules,

as well as potential applications of the BPV technology

de Bastiani et al. [35]
Mouhib et al. [36]
Molto et al. [37]

Current review

Origins of BPV and its development
Agrivoltaic and aquavoltaic BPV applications
Potential-indued degradation of BPV modules

In-depth examination of bifacial applications and scope for optimization and further research topics

2 BPV

The first commercialized BPV modules were developed
by ISOFOTON, a Spanish academic spinoff founded in
1981. Many initiatives were developed in order to
increase the output power and among these were three
bifacial cells produced in 1979 with different structures.
A transcell with an n*pn* structure, vertical multijunction
cell made up of a pile of n*pp* wafers, and a double-
sided back surface field cell with a p*nn* structure [38].
The chosen structure was the double-sided back surface
field cell with a ptnn* structure, i.e., a passivated emitter
rear totally diffused (n-PERT) cell, which at that time had
a proven efficiency of 12.7% with back illumination [38].
Figure 3 is an example of some of the original BPV
modules.

In 1980, it was found that BPV panels could produce
between 42% and 63% more output power than a
conventional panel [39]. The first five bifacial panels
came out in early 1983, with 10, 22, 35, 45, and 90 Wp,
with the rating taken from solar irradiance levels of 1000
and 500 W/m? for the front and rear sides of the panel
respectively [38]. Figure 2 demonstrates the difference
between more traditional monofacial PV cell structure
and BPV cell structure, showing the ability of bifacial
cells to utilize incident as well as albedo light.

The popularity and interest of BPV have clearly grown
over time, especially in the last couple of decades, (see
the increase of BPV in the market share of PV in Fig. 4,
which was around 15% back in 2019), and the market
share was predicted to jump by 100% to 30% by 2022,
which it has done, shown when stated in Eguren et al.
[38] that BPV modules represent over 30% of new
installed capacity. Meaning that the predicted trends of
this study are true thus far, meaning that by 2030 in 7
years’ time it is likely that the market shares of
monofacial and BPV will have reversed, as BPV will
represent 70% of the PV market.

The trend is similar when looking at the number of
papers published covering the BPV technology over time
in Fig. 5, in which a steady incline can be seen up until
the late 2010s, at which point a much larger increase in

Fig.3 Examples of the first BPV modules (adapted with
permission from Ref. [38]).

the number of papers being published on the subject can
be seen. The 2023 figures are for papers released up until
August of that year. This figure shows a definite rise to
prominence in the industry of photovoltaics for bifacial
technologies.

3 BPV for various applications

This section will analyze different applications of BPV
systems while identifying different factors that make the
BPV system more or less effective. It will analyze the
advantages and disadvantages of swapping conventional
monofacial PV for BPV, why it is more effective and by
how much. It will also identify when the benefits of
installing BPV are nullified and not deemed worthy of
the extra cost currently incurred in making the swap.
Ground-mounted systems are the most widely used for
large-scale commercial solar farms, and power generation
of these commercial sites can be greatly increased
through the inclusion of BPV panels. The other possible
applications for the BPV technology can be floating,
building integrated photovoltaics (BIPVs), and building
applied photovoltaics (BAPVs) and agrivoltaics as shown
in Fig. 6.
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Fig. 4 Comparison of the predicted market share of monofacial and BPV over time (adapted with permission from Ref. [32]).
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Fig. 5 Number of papers published on BPV from 1999 to 2023 (source: ScienceDirect).

3.1 BPV for ground-based PV

3.1.1 BPV for ground-mounted PV

As stated earlier, BPV panels can add an extra 42%—63%
to the power output compared to a conventional panel
[39], when applied in a real-world situation with a
ground-mounted panel. A BPV system can offer
25%—-30% additional power output when installed in an
optimized configuration [40]. The level of solar
irradiance incident on the solar cell, along with cell
temperature, is one of the main factors that affects the
power output of a cell. With BPV, the shading aspect for
the front side of the panel are not just concerned with, as

would be with a monofacial panel. Crucially, the
irradiance on the rear side of the panel must also be
considered, taking into consideration the height of the
panel off the ground, the panel’s angle of tilt, and the
albedo of the surface the panel is mounted on. The higher
the albedo, the more irradiance is reflected off the surface
onto the panel.

To maximize the benefit of the BPV panel, the albedo
must be as high as possible. There are various ways to
achieve this. Muehleisen et al. [41] conducted a study in
which the energy yield of a BPV system was compared to
that of a monofacial PV system. To do this, they used
three different module configurations, comparing the gain
due to bifacial solar cells, as well as a comparison with a



708 Front. Energy 2023, 17(6): 704-726

-

Ground based

¥ a

Ground mounted  Agrivoltaics

BPV module
Water based Building based

v / \'i
Floating PV BIPV BAPV

Fig. 6 A breakdown of BPV applications.

lower and a higher bifaciality factor. The bifaciality
factor is the nominal efficiency at the rear side of the
panel, compared with the nominal efficiency at the front
side of the panel. To create a higher albedo, the concrete
surface the panels were installed on was painted white.
The minimum ground clearance of the panels was 40 cm,
whereas conventional design setups was only 5 cm.
Modules were orientated in both east and westerly
directions. The results of this study concluded that the
average benefit of the BPV technology is 17% for east
facing modules, and 15% for west facing modules when
compared with monofacial modules facing the same
direction. However, the gain reduced to 7% and 5% for
east and west respectively after one year of operation.
The reason for this seems to be due to the moss growth
and dust on the white surface, indicating that in order to
get a worthwhile benefit from BPV modules, it is not just
the panel itself that must be optimized, but the
surroundings as well. Muehleisen et al. [41] looked at a
more conventional ground-mounted layout for a PV
system, in which there was a front and rear side, where
one side of the panel faced toward the ground. Khan et al.
[42] looked at a setup which was more unique to suit a
BPV panel, where the panels were mounted vertically.
While this design is not used for monofacial panels, there
are a number of reasons why it is beneficial for the use of
BPV. One aspect to consider when looking at the use of
vertically mounted modules is the generation profile, as
this differs dramatically when compared to a
conventionally mounted monofacial module.

This is demonstrated in Fig. 7, in which it can be seen
that a vertically mounted BPV module facing east-west
orientation produces more energy in the morning and late
afternoon than conventionally mounted monofacial
modules. This type of production profile is interesting, as
unlike monofacial modules, it shows that bifacial
modules are able to fit the traditional demand curve or
“duck curve” explained in Hou’s study [44]. Figure 7 was
created from a simulation in Singapore. It should,
therefore, be noted that for locations of significantly
higher latitude, the generation profile could differ
dramatically between summer and winter months due to a
lower zenith angle in the winter months. In the study by
Guo et al. [43], which was very general and did not
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Fig.7 An example of the received irradiance profile of a
vertically mounted BPV module compared to a monofacial
module (adapted with permission from Ref. [43]).

consider different panel types, the vertically mounted
BPV modules received only 1% more radiation than
monofacial modules. However, this study was simulated
with an albedo value of 0.2, which was low, whereas Ref.
[41] which concluded a much higher benefit from BPV
modules actively, improved the albedo of the ground
through white paint.

A more detailed study was conducted for vertical
bifacial solar farms in Ref. [42], which took an albedo
level of 0.5. It compared vertically mounted BPV panels
to optimally mounted monofacial PV panels, and
concluded that in almost all regions of the world,
vertically mounted BPV panels were able to outperform
the monofacial panels by 10%—20%. In some regions in
Africa and South America, the BPV panels were able to
offer an energy output 50% higher than that of the
monofacial panels. There were locations such as China,
Colombia, and Ecuador where the monofacial panels
outperformed the BPV panels. However, these locations
were characterized by a low clearness index which would
mean more shading of the diffuse light at the bottom of
the panel [42].

Patel et al. [45] mentioned that panel-to-panel and
panel-to-ground shading effects might nullify the
perceived advantages of stand-alone BPV farms.
Appelbaum [46] looked at the effects of shading. The
BPV panels were arranged in multiple rows facing both
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east to west and north to south. It was found that BPV
panels installed at an optimum tilt angle facing south, the
location of the study being Tel Aviv, might, on average,
produce 32% more energy than vertical BPV panels
facing east—west [46]. It is also worth noting that this
study finds that when the angle of a BPV panel to the
ground is low (around 20°) that the incident irradiation on
the rear side of the panel is negligible [42]. In another
study, Khan et al. [47] explored a more novel approach of
ground sculpting, in order to achieve a higher albedo and
bifacial gain. They concluded that at high degrees of
latitude (around 60°), BPV panels with ground sculpting
could have a 100% energy gain when compared to a
monofacial farm.

Temperature can have a great effect on the efficiency
of PV panels. After solar irradiance, it is the most
significant factor affecting energy production [48]. BPV
modules, however, are able to produce more energy at
higher cell temperatures compared to monofacial PV
cells [49]. It is, therefore, expected that BPV cells will
perform better in the future as climate change affects
levels of solar insolation, and the energy yield is expected
to drop from 8% to 8.4% between 2020 and 2080 [50].
This bodes well for the future of BPV in hot climates
such as Oman where a 105 MWp solar project has been
commissioned [49]. As well as the naturally better
performance at higher temperatures, work has been done
to improve the cooling of bifacial modules to further
improve their performance, such as Li et al. [51] who
studied cooling fins to improve air cooling methods. A
4.4% power conversion efficiency was recorded under
specific ~ circumstances, providing a maximum
temperature decrease of 13.6 K. As well as this, Xia et al.
[52] altered the glass surface of the panel to allow for
better passive cooling methods. Other methods include
examples from Ma’s study [53] which considered more
basic cooling methods, or Gao’s study [54] which
integrated a heat sink into the panel.

3.1.2 BPV for agrivoltaics/agriphotovoltaics (APVs)

One aspect of photovoltaics which has yet to be
mentioned is APV, an example of which can be seen in
Fig. 8. In a world with a consistent demand for energy
and food, it is essential to develop interrelationships
between the food and energy sectors, APV show
promising potential for this [55]. APV can provide
economic advantages over conventional agriculture and
PV systems per unit area [56,57], as well as contributing
to United Nations (UNs) sustainable development goal 2
of zero hunger [58]. PV panels mounted over vegetation
are able to present lower surface temperatures compared
to panels mounted over normal ground [59].

In a study by Williams et al. [61], it was found that an
APV system mounted 4 m above soybean crops saw a
reduction of panel surface temperature of up to 10 °C

Fig. 8 Vertically mounted bifacial APV system in Sweden
(adapted from Ref. [60] under the terms of CC BY license).

increasing energy production, as well as an increased
panel lifetime [61]. Because of the nature of APV BPV
modules being significantly elevated off of the ground,
rear irradiance homogeneity is enhanced, omitting one of
the main limiting factors in BPV performance [62]. The
albedo level varies with morphological and optical
properties for any PV system [63]. However, as an added
variation for APV-based BPV, the albedo is crop specific
[64], meaning that some crops are more suited to BPV
optimization than others. Though it is not just the type of
crop that affects the albedo, it is the combination of the
albedos of the vegetation and the soil [64,65].

With the integration of PV arrays, microclimate
alterations can be anticipated that can directly affect the
photosynthetic rate of the crops and their biomass
production [66]. Though Marrou et al. [67] concluded
that only a few changes were required to switch from
open crops for APV, and that instead it was better to
focus on mitigating light reduction and utilizing crops
that are adaptable. One microclimate adaptation
experienced was a reduction in soil temperature due to
the shade casted by the PV panels, which led to a
decrease in soil evaporation, and an increase in crop yield
for maize [68].

In terms of BPV optimization in APV systems, Deline
et al. [69] found a logarithmic relationship between panel
elevation and rear irradiance, showing that as elevation
increased, rear irradiance increased, accompanied with a
decrease in spatial non-uniformity. When considering
vertically mounted east—west facing BPV panels, when
compared to monofacial panels facing north—south, at a
pitch angle of 20° for a high to standard level of panel
density, both energy yield and crop yield are greater for
vertical BPV than monofacial PV, with the gain
decreasing as panel density decreases [70].

3.2 BPV for buildings

PV systems can be included in a building in two ways,
one being BAPV, and the other being BIPV. These are
the two main methods of combining PV technology with
buildings [71]. BAPV has no effect on the structural
performance of the building [72,73], whereas BIPV is
defined by the international standards organization as
both a PV and conventional building material [74,75].
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3.2.1 BPV-based BAPV

“The building attached/applied photovoltaic (BAPV)
does not replace the construction component, can be
rack-mounted or standoff arrays type, opaque in nature
and are only employed for power generation and do not
contribute to any heat gain into the building interior,
rather it alleviates heat gain by generating shading the
roof or wall from direct solar heat” [76,77]. BAPV
systems are already widely applied for small-scale
domestic generation on household roofs having
benefitted from support schemes such as feed-in tariffs.
However, these applications have for the most part
involved monofacial panels with little BPV examples to
date.

A potential application for bifacial systems is on green
roofs. Green roofs are widely used due to their energy
saving potential, air pollution reduction, and urban heat
island effect reduction in urban contexts [78]. BPV
modules that are mounted vertically may be able to
provide space for plants and their upkeep, as well as
having a PV system that gives specific energy yields
comparable to standard flat roof systems [79].

Figure 9 shows an example of the vertically mounted
BPV systems on a green roof mentioned in Ref. [79].
This setup concluded that a low ground cover ratio of the
panels was required to avoid mutual shading between the
panels. This means that the total available capacity to
install in kWp per unit area of the roof is smaller than
what would be capable if standard monofacial panels
were to be used, which means that if the only goal is to
maximize the power obtained from the PV system, it
would be more advantageous to use a standard
monofacial system than a vertically mounted bifacial
system. However, if the goal is to maximize the benefits
of a green roof and use the BPV system, it is
advantageous to have the vertically mounted BPV panels,
as it optimizes the space available for taking care of the
green roof. For conventional roofs, the bifacial panel is

Fig. 9 Example of a vertically mounted BPV system on a
green roof in Winterthur, Switzerland (adapted with permission
from Ref. [79]).

not as much of an option, as while it is possible to mount
the panels vertically on a slanted roof, there is no
evidence of this being done.

There is not much other evidence of BPV being used
for BAPV applications other than for roof applications
mentioned earlier. This is somewhat surprising, as BPV
panels can be adopted in place of monofacial panels,
reducing the incurred limitation common with monofacial
panels at little additional cost [80,81]. This means that
there could be a straight swap between monofacial panels
and BPV panels at a little extra cost, without incurring
extra cost through optimisation efforts, and it would still
be possible to get an advantage from the BPV panels.

As a general statement for the use of BPV applied on
buildings, it is worth noting that the reflectance of
different materials on which panels could find themselves
using the albedo of if mounted on a roof. Different roof
materials such as slate, tiles, and corrugated metal have
different albedo values. The albedo of these surfaces can
be coated with highly reflective substances, as done in
Bretz & Akbari [82] in which the albedos of the roof
were altered and it was found that by increasing the
albedo through using various white coatings, it is also
possible to increase the cooling energy savings. In
Ramamurthy et al. [83], it is found that a white roof can
not only increase albedo and therefore the bifacial gain,
but also decrease the cooling load of a building during
the summer months, and help mitigate urban heat islands,
which will in turn help increase cell efficiency through a
decreased cell temperature [84,85]. The roof must be kept
clean, however, in order to maximize the albedo and
energy generation. If algae, or moss grew on the roof, the
ability of the surface to reflect the maximum amount of
light would be inhibited and it would be impossible to
produce the maximum amount of energy possible, much
like bird droppings on the face of a monofacial panel
[86].

3.2.2 BPV-based BIPV

According to the International Energy Agency, more than
30% of the world’s energy consumption is consumed by
buildings [87]. It should therefore be an incentive to
either reduce the consumption coming from buildings or
ensure a method of renewable energy generation for
buildings to avoid excess carbon emissions [88,89].
“Building integrated photovoltaics (BIPVs) have good
development prospects, because of its ability to be widely
used on the building surface and convert solar energy into
electricity” [90]. Although BPV applications on buildings
have advantages, it is a novel application of the
technology and therefore there is not much research into
the application [91]. There are many ways to integrate PV
panels into a building, such as for shading purposes
[92,93], for roofing [94,95], and for windows [96—99]
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It was found in Zhao et al. [91](Fig. 10(b)), that in
times of strong solar radiation, the heating effect of the
bifacial panels as well as the transmission of the
transparent glass led to overheating of the indoor
environment. However, a reflective insulation layer was
installed behind the BPV modules and the level of
thermal comfort indoors increased. Tina et al. [100]
conducted a study evaluating the electrical and thermal
performance of bifacial BIPV modules, by examining
both ventilated and non-ventilated facades. Ventilated
facades are able to reduce the energy consumption of a
building [101], and the heat loss or gain is dependent on
the properties of the ventilated cavity, such as the space
between the walls [102], and the rate of airflow [103].
While monofacial PV panels used for BIPV applications
are opaque, meaning that they completely shade the
interior environment [100,104], BPV panels are semi-
transparent making them advantageous, as they help
reduce the solar gain on the fagade and exploit the
daylight [105,106]. Tina et al. [100] found that the
operating temperature for ventilated fagade integrated
BIPV modules that were bifacial was lower than for the
modules that were monofacial with the operating
temperature 1-2 °C cooler. The power increase
experienced by the BPV panels was 2.9% in comparison
to the monofacial PV panels. However, when reflectors
were installed, a power increase of 7.4% was experienced
relative to non-ventilated monofacial panels, and a gain
of 5.4% compared to ventilated monofacial panels.

Figure 11 shows the comparison in the study conducted
by Tina et al. [100], which clearly indicates the
advantages of using BPV for BIPV applications on

Fig. 10 Photographs of BIPV shading application and BPV
applied as window shading devices.

(a) BIPV shading application (Bangalore, India) [76]; (b) photo-
graph of BPV applied as window shading devices (Guanghan
City, Deyang, China) [91].

facades due to the significantly higher energy yield, as
well as the thermal fluxes showing the vast advantages of
ventilated systems compared to non-ventilated systems.

Figure 12 illustrates another study [107] that
investigates BPV panels in BIPV facade applications. It
found an average annual bifacial gain of 22.48%. As well
as the electrical production of the panels, the overall
energy consumption needs of the building decreased both
during the cold and warm seasons while the system was
being tested. It was observed that the system permitted
the management of heat transfers through the concrete
wall. In the warm season, this was helped by the wall
insulation, the albedo effect, and the stack effect cooling
the concrete panels. In the cold season, there is a
greenhouse effect in the insulated air gap.

3.3 BPV for floating PV (FPV)

FPV systems, as seen in Figs. 13 and 14, are a hot
topic in solar power generation around the globe, which
have emerged recently [110,111]. FPV systems hold a
number of advantages, such as the fact that they do not
contribute to global warming as FPV systems do not
affect albedo [112], as well as reduced evaporation due to
the shade provided by the system which can be between
25% and 75% depending on climatic conditions
[113,114]. The effect of bifaciality can be exploited
for FPV applications and may make FPV favorable for
BPV modules [108]. In 2018, FPV produced 1.45 TWh
of electricity and is predicted to rise up to 710 TWh per
year by 2030, which is more than the current production
of all PV applications [115]. This can be seen in Fig. 15.

An advantage of FPV is the decreased prevalence
of the albedo effect. For land-based PV systems the
ground albedo is generally lowered from 30% down to
5% due to the placement of the PV modules which
can contribute to warming, the greenhouse effect, and
urban heat islands. However, for FPV systems, the
water surface albedo is relatively unaltered, eliminating
this disadvantage [115,116]. Another advantage of
FPV is its availability to be exploited at the site of
hydropower sites, to utilize not only the space available
but also the existing grid connections [117]. This
application has already been implemented in multiple
locations [118,119].

Tina et al. [108] evaluated the use of both bifacial and
monofacial panels in floating applications and found that
the bifacial gain was larger for locations that had a higher
diffuse factor. This means that, as a rule, water surface
albedo is lower at higher solar altitudes, and higher at
lower solar altitudes, which means that there is a lower
water surface albedo in summer months and the opposite
goes for winter months [120,121]. The albedo value for
many applications is taken as a specific value, which can
leave errors in results of 5%—15% [121]. Hasan & Dincer
[122] found in a study that when mounted in a
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Fig. 11 Comparison of electrical energy yields and thermal fluxes for various configurations of BIPV (V-BIPV: ventilated BIPV,
V-BIBPV: ventilated bifacial BIPV, Vr-BIBPV: ventilated bifacial BIPV with reflectors) (adapted with permission from Ref.[100]).

BPV panel
QOuter wall /
I Airflow
Incident
/ irradiance
Reflected
irradiance
l Absorbed
irradiance Fig. 13 Floating bifacial and monofacial system in Catania,
Italy (adapted with permission from Ref. [108]).
Transmitted
/ irradiance . : : o
north/south orientation at a tilt angle of 30°, BPV
modules were able to make use of 55% more sunlight
compared to their monofacial counterparts. This was
reduced to 31% for an east/west orientation. A simulation
Fig. 12 Schematic example of a facade-integrated ventilated simulating wavy water was also performed, reducing the

BPV system.

values for north/south and east/west to a 49% and 33%
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irradiance gain, respectively.

There is a compromise to be made with regard to FPV.
While the cooling effect of the water can help lower the
temperature of the PV modules and increase the electrical
efficiency [109,123], the modules need to be installed at
small angles of incline relative to the water surface [124].
This could nullify the benefit of the bifacial panel.
Hutchins [124] also mentioned the little shelter from
wind offered to a PV system on the water and the
additional safety concerns that raises.

On the other hand, BPV in FPV application can face
lower soiling impact which is common in most of the
ground-based [125-127], and building-integrated PV
[128] applications as reported elsewhere. Table 2 gives a
summary of BPV applications and possible areas for
improvement.

Fig. 14 448 kWp FPV at an altitude of 1800 m in Lac des
Toules (adapted from Ref. [109] under the terms of CC BY
license).

4 Essential equations for BPV calculations
4.1 TIrradiance calculations

Calculations for BPV panels are different from those for
monofacial panels. The efficiency of BPV cells is found
using separate measurements for the front and rear sides,
respectively [129]. Alternatively, the efficiency can be
stated as an equivalent efficiency of a monofacial cell
generating the same power per unit area as a BPV cell
under the same test condition [31]. The bifaciality factor
is commonly used, which includes the ratio of
efficiencies of the front and rear side of the solar cell. The
bifaciality factor is shown in Eq. (1) [31].

Bifaciality factor (%) = ("—‘) x100. (1)

Efficiency can also be shown using short circuit current

density (J,.), which will give the separation rate (%), as
shown in Eq. (2) [31,130].

Jsc,fronHrear

Separation rate (%) = ( - 1) x100. (2)

J sc,front J sc,rear

The influence of the BPV panel on any parameter given
as X can be given in Eq. (3) [31].

AX = Xfronl+rear - (Xfront + Xrear) . (3)

There is no standard method for characterizing BPV
cells as there is with monofacial cells [131]. The albedo,
as mentioned earlier in this paper, is the key factor that
affects the gain from the bifacial panel compared to a
monofacial one, and can be calculated by a ratio of

10000
= Hydro 7680 TWh
9000 + Wind
PV + FPV
PV land
8000 FPV 6980 TWh
7000 -
= 6000 +
g 4950 TWh
Eﬂ 5000 +
o
o
4000 + 4730 TWh
3000
2000
1000 710 TWh
0 1 1 1 ] L 1 1 | 1 J
2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030
Year
Fig. 15 Predicted growth of renewable energy systems up to 2030 (adapted with permission from Ref. [115]).
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Table 2 Summary of BPV applications and possible areas for improvement

BPYV application Summary

Recommendations

Ground mounted

Most widely used type of system for commercial PV systems. Can produce unique energy
generation profile depending on how the panels are mounted. Panel-to-panel shading must be

Standardized irradiance model would
be useful for the industry

eradicated to maximize the bifacial gain. When the angle of the panel to the ground is 20°,
incident irradiation on the rear side of the panel is negligible. Ground sculpting can produce a
significant bifacial gain

BAPV Good for use of green roofs when mounted vertically, as they can support both PV generation Roofs should be made with reflective
and vegetation simultaneously. Not useful for conventional roof mounted panels on slanted roofs materials to increase the albedo value
with panels mounted parallel to the roof as rear side irradiance will be negligible and to decrease the cooling load of the
building
BIPV Semi-transparent BPV panels can help reduce solar gain, and exploit daylight unlike opaque Work into making BIPV more
monofacial panels. Power gain can also be experienced when swapping monofacial for BPV  aesthetically pleasing or less visually
ventilated facade integrated BIPV modules prominent should be done
APV APV can help increase crop yield for certain crops and decrease soil evaporation. Vertically =~ Work on what crops are ideal for BPV
mounted BPV panels can boost both energy production and crop yield based APV should be done
FPV The use of BPV is more advantageous in locations with a higher diffuse factor, meaning a higher  Increasing the tilt of the panel to
water surface albedo at lower solar altitudes. A sweet spot must be found between maximizing increasing the waters cooling effect
the use of the rear side irradiance and making the most of the cooling effect of the water can nullify the benefit of the bifacial
panel. Possible ways to avoid this
could be looked into
horizontal reflected irradiance (HRI), and global Normal to

horizontal irradiance (GHI) [132,133], as given in Eq. (4)
[132,133].
HRI
Albedo = GHI “)
The light incident on a panel comes from both direct
and diffuse radiation. The level of front and rear
irradiance can be calculated in W/m?2. Front irradiance
can be defined in Eq. (5) [134].

It = Lyg + Lonar + Lass )
where Iy is the direct irradiance, Iyq¢ is the ground
reflected irradiance, and I is diffuse irradiance.

Figure 16 helps demonstrate the following equations to
help visualize the factors affecting the levels of irradiance
incident on the front or rear side of a panel. In Fig. 16, A,
represents the module azimuth, 6,, represents the module
tilt angle, A, is the sun azimuth, and z is the zenith angle.

The components of the equation for front side irradiance
can be defined in Eq. (6) [134].

Idir,f = DNI X CcOoS AOIf X rldir’f, (6)

where AOI¢ (°) represents the angle of incidence between
direct normal irradiation (DNI) radiation and the normal
to the front surface of the module, which can be seen in
Eq. (7) [134].
cos AOI; = (cosz X cosb,, +sinzXsinf, X cos(A;—A,)),
(7
where rlg is the reflection losses of light reaching the
front face of the PV module for Iy irradiance. It is
quantified by Eq. (8) in Ref. [135].

)
1 —exp|—cos
a
-1 ’
l—exp(—)
a[‘

where a, is the angular loss coefficient, which is an
empirical dimensionless parameter and is generally

®)

Flys =

horizontal surface

Fig. 16 Solar panel module and sun angles of interest (adapted
with permission from Ref. [134]).

0.16-0.17 for commercial clean a-Si modules, or 0.20 if
the modules surface has a moderate quantity of dust
[136]. I,,qr can be calculated by Eq. (9) in Ref. [134].

Lywar = GHIX p X gvf X rlgns, )
where p is the ground albedo, and gvf is the ground view
factor, which can be calculated by Eq. (10) in Ref. [137].
1—-cosé, 10

. (10)
and rl,qs represents the reflection losses of the light
reaching the front surface of the module for /¢, whose
value depends on the module tilt angle. The relation
between rl,; and module tilt angle can be seen in
Fig. 17.

For the final component of the equation for irradiance
on the front side of the panel, I, can be defined by Eq.
(11) in Ref. [134].

gvf =

Idiﬁ‘)f = DHIXSVf, (11)

where DHI is the diffuse horizontal irradiance, svf is the
sky view factor [138] which presents the Perez model as
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horizon contributions at the front side

Fig. 17 Effect of module tilt angles and reflection losses
(adapted with permission from Ref. [134]).

a good way to calculate the sky view factor. Given Eq.
(12) in Ref. [134].

svf=(1-F)X

’

1+cosé, a
——— 2 Xrlgy e+ Fi X —
: o

X rlciryf + |F2 X Sin gm X rlhor,f N

(12)
where rly,; is front side reflection loss for sky
contribution, rl;; is front side reflection loss for
circumsolar component, rl, is front side reflection loss
for horizontal contribution, F,, F, a’, and ¢ are
coefficients expressing both the degree of circumsolar

and horizon anisotropy, and sky geometry parameters,
defined by Egs. (13)—(18) in Ref. [138].

Fi=F,(&)+AF,(&)+zF5(g), (13)
Fy=F (&) +AFy (&) +2F 5 (g), (14)
DHI + DNI

&= —, (15)

DHI

DHI
A= , (16)

E,cosz

a=21-cosa)y,, 17
¢ =2(1—-cosa)y,. (18)

These equations are derived from the Perez models
[139-142]. For Egs. (13)—(18), & is the clearness of the
sky as in Perez’s study [140], A is the brightness of the sky,
D, is DHLI, E, is extra-terrestrial normal irradiance, and y,
and y, can be defined by Eqgs. (20)—(23) in Ref. [138].

Y, cos 6, if 6 < E—a/,
= 2 20
%=\ yaesin(pa), if6elnzal > (20
0, otherwise,
cosz, if z< E—a,
= 2 1)
Yy sin (Y), otherwise,
g—0+a
YT @

T
——z+a
2 . T

m=) Tae v MEpT @)
1, otherwise,

where 6 is the incidence angle (rad). For the coefficients
of F in Egs. 13 and 14 [138], Table 3 provides values for
varying levels of &. It should be noted that the
circumsolar angle is taken to be 25° for these calculations
[140], as listed in Table 3.

For estimated reflection losses of 7l ; and rl, Ref.
[143] can be applied, using Fig. 17 to estimate the losses
based on the module tilt angle.

For rear side irradiance, a similar equation can be used
for front side irradiance, as expressed by Eq. (24) in Ref.
[134].

L = Ly + Lynar + Liisr s (24)

Direct and diffuse radiation (/y, and Ig:,) can be
calculated by the same approach used for front side
irradiance [134,144-146]. One change needed, however,
is that 6,, should be changed to be 6, + 180°. The value
for I,,4, becomes more complex due to the additional
factors affecting rear ground reflected irradiance, such as
the shadow cast on the ground by the panel itself. The
following method is derived from the assumption that PV
rows consist of at least 12 solar modules [134]. I, can
be calculated by Eq. (25) in Ref. [134].

180°
I = Z
gnd,r =10

—Om . . .
pXGRI'x CF x rl?

gnd,r’*

(25)
where
GRI =
If ground is shaded: DNIXF xa—:+CFsky><DHI><(1 -F)),
If ground is unshaded : CF, X DCHI X(1-F)),

(26)
1
CFy, = 3 X (1 —coso), 27)
D, D >0,
7= {@ +180°, otherwise, (28)
B Ning + 15106,
@ = tan , 29)
( LS lm) X cosf,, — x
sinf,,
.. ( hmg lm)
sini X | — + =
0 sinf,, 2
= (30)

sin(180° —i—6,)
where [, is the module length in meters, and #,, is the
module height in meters between the lowest edge of the

module and the ground, and CF' is the configuration
factor for the ith in Eq. (31) [134].



716

€2))

It should be noted that BPV systems are much newer
than their monofacial counterparts, and as such there are
still new methods being developed in order to calculate
the irradiance incident on the rear side of the panel
[147,148]. While most methods differ slightly, they will
all operate under the same principles, taking into account
direct, diffuse, and ground reflected irradiance. To
calculate the ground reflected irradiance, it is essential to
know the albedo which can be calculated at a desired site
as in Ref. [149]. However, it is helpful to have a list of
general albedo values for rough irradiance estimations, as
given in Table 4.

1
CF = 3 X (cos(i—1)—cosi).

4.2 Electrical performance analysis

The electrical performance of a panel is important to

Table 3 Coefficients needed for irradiance calculations [140]

&' Fiy Fiz Fi3 Fy Fy F3

1-1.056 -0.011 0.748 -0.080 —0.048 0.073 —0.024
1.056-1.253 -0.038 1.115 -0.109 -0.023 0.106 —0.037
1.253-1.586 0.166 0.909 —0.179 0.062 —0.021 -0.050
1.586-2.134 0.419 0.646 —0.262 0.140 —0.167 —0.042
2.134-3.23 0.710 0.025 —-0.290 0.243 -0.511 —0.004
3.23-5.98 0.857 —0.370 -0.279 0.267 -0.792 0.076
5.98-10.08 0.743 —0.073 -0.228 0.231 -1.180 0.199
10.08— 0.421  —0.661  0.097 0.119 —-2.125 0.446

Table 4 Albedo values of common surfaces

Surface material Albedo value Source

Sand (wet) 0.09 Bradley et al. [150]
Slate 0.1 Taha et al. [151]
Gravel 0.12 Duetal. [121]
Asphalt 0.125 Taha et al. [151]
Corrugated iron 0.13 Taha et al. [151]
Water 0.14 Rosenberg et al. [152]
Wood 0.15 Taha et al. [151]
Sand (dry) 0.18 Bradley et al. [150]
Grass 0.205 Taha et al. [151]
Concrete 0.225 Taha et al. [151]
Field (bare) 0.12-0.25 Bradley et al. [150]
Stone 0.275 Taha et al. [151]
Brick 0.3 Taha et al. [151]
Soil (dry sandy) 0.25-0.45 Radionov et al. [153]
Gravel (white) 0.65 Duetal. [121]
Snow (2-5 d old) 0.75-0.8 Laudani et al. [154]
Snow (fresh) 0.8-0.88 Laudani et al. [154]
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understand. For assessing the performance of a panel, but
also in order to be able to compare a bifacial panel to a
conventional monofacial panel, a diode equivalent circuit
is a useful way to analyze the electrical performance of a
solar cell. Reducing the number of calculations and
components needed to analyze. Figures 18 and 19
demonstrate diode equivalent circuits for both
conventional monofacial panels, and bifacial panels,
respectively. Noticing that the bifacial diagram
essentially has two of the monofacial circuits for both the
front and rear faces of the panel.

For Fig. 19, it should be noted that the bifacial module
can also be modeled by a 2-diode model, consisting of a
second diode in parallel with the current source [155].
The /-V relationship for the circuit is given by Eq. (32) in
Ref. [155], and an example of the /-V curves for a BPV
module can be seen in Fig. 20.

Fig. 18 Diode equivalent circuit for a conventional monofacial
solar cell (adapted with permission from Ref. [154]).

() () \ /.

S

L%

Fig. 19 1-diode equivalent circuit for a bifacial solar cell
(adapted with permission from Ref. [40]).
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Fig. 20 Example of the current voltage relationship (adapted
from Ref. [156] under the terms of CC BY license).
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IR IR
V+ S)—l)—v+ 3 (32)

I:Iph(F+R)—Io(eXp( NnV R
S t SH

where R, is the series resistance, Rgy is the shunt
resistance, N, is the number of cells, n is the diode
ideality factor, V, is the thermal voltage, and I, is the
reverse saturation current.

Energy production from a bifacial PV panel can be
calculated by Eq. (33) in Ref. [157].

Psree X (I + 1, X D) X f
= 1000 X (1 +yx(T.-25))

X iy X (1 =By =y X B1) X (1 =1), (33)
where Pgrc; is the power production of the panels with
light reaching their front side only, under standard test
conditions, b is the bifaciality factor, f; is the spectral
irradiance contribution, y is the power temperature
coefficient, and 7. is the cell temperature. For
consideration of the cell degradation, (, is the initial
cell degradation, and S, is the yearly degradation rate of
the panel, with y being the age of the panel in years at
the time of analysis. The parameter ! combines other
losses such as shading and ohmic losses. Solar spectral
irradiance (f;) changes throughout the day, which
influences the modules performance [134], particularly
high band gap semiconductor materials [158,159]. It
can be represented empirically by Eq. (34) in Refs.
[158,159].

fi=apxa; X AM, +a, X (AM,)* +a; X (AM,)’ +a, x (AM,)".

(34)

AM, corresponds to the absolute air mass, which can
be approximated using Eq. (35) in Ref. [160].

AM ~ e(—040001184><E1) X AM (35)

where AM is the air mass based on Kasten’s study [161]
from which accurate results can be obtained for zenith
angles up to 90° by Eq. (36) in Ref. [134].

1

PPV

AM = . 36
cosz+0.50572 % (96.07995° —z)"#** (36)
T.is based on Eq. (37) in Ref. [157].
I+ 1.
T.=T,+ fgw X (Tiwvocr —20), (37

where T, is the ambient temperature, and Tiyocr 1S the
panels installed normal operating temperature, which
depends on the mounting structure, as this will affect the
heat dissipation of the solar cell [162], and I; and I, are
the front and rear irradiances on the panel faces
respectively.

T'wocr = Tnoct + Ximounts (33)

where Tyocr is the normal operating temperature of the
cell, and x,,.. 18 a coefficient whose value is based on the
selected mounting structure [134].

Over the course of time, PV systems will degrade, and
their electrical power output will decrease. PV

717

manufacturers will guarantee a degradation trend that is
generally linear, and will be expressed in %/a. This will
be required for the system to fall within its warranty,
which should not exceed 0.8% per year [163]. However,
Ref. [164] reported cases where PV plants degradation
rate exceeded 0.8% per year after 10 years due to
environmental factors such as high humidity and ambient
temperatures. Likewise, Theristis et al. [165] reported the
degradation of recent PV technologies. Notably, 6 out of
23 systems will fail to meet the terms set in the warranty.
According to da Silva et al. [166], BPV modules are less
susceptible to light and elevated temperature induced
degradation. While monofacial and BPV modules are
more susceptible to different types of degradation [166].
da Silva et al. [166] identified that microcracking, and
soiling were both the top two most significant
contributors for both types of the technology. In order to
avoid instances of micro cracking and soiling, work is
being done on technologies such as pre stressing, dust
shielding, and hydrophobic coatings [167-169].

5 Cost considerations

Rodriguez-Gallegos et al. [170] conducted a worldwide
study and found that BPV systems with single axis
trackers produced the lowest LCOE in the vast majority
of locations. LCOE is defined as the price that electricity
should be sold in order for a system to break even at the
end of its lifetime [171]. Dual axis trackers produced a
higher energy yield. However, the initial investment was
higher. This can be seen in Fig. 21, as the cost for a dual
axis tracker is significantly more than for both fixed tilt
and single axis per W,.

Table 5 gives an example of the LOCE of different PV
systems at different locations around the world in USD
cents’kWh [170], which clearly shows places where it is
cheaper to operate a PV system, and that a bifacial

0.8 T T T

~— Maximum

«— T75th percentile
«— Mean

~— Median Y
+—25th percentile
~— Minimum

Fixed-tilt

=1
>
T

f=
(3]

Cost of mounting structure/($-W, ™)
NS
Ll
L

2
=

Single axis Dual axis

Fig.21 Cost of different PV mounting structures (adapted
with permission from Ref. [170]).
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Table 5 LCOE for various PV applications in different locations [170]

Front. Energy 2023, 17(6): 704-726

Monofacial-fixed Bifacial-fixed Monofacial-1 axis

Bifacial-1 axis Monofacial-2 axis  Bifacial-2 axis

China (Zhongba) 29+0.5 2.8+0.4
USA (Yuma) 4.8+0.7 45+0.6
Japan (Mine) 50+0.7 4.7+0.6
Germany (Dornstetten) 69+1.0 6.2+0.8
India (Kavalanahalli) 48+0.9 4.7+0.8
Italy (St. Biagio Platani) 52+0.8 4.8+0.7
UK (Liskeard) 84+12 7.6+£0.9
Australia (St. George Ranges) 62+0.9 59+0.7
France (Meyreuil) 5.8+0.9 54+0.6
Republic of Korea (Uiseong County) 5709 53+0.7

24+04 24+04 3.1+0.7 3.1+£0.6
4.0+0.6 39+0.5 4.8+0.9 4.6+0.8
4.6+0.7 43+0.6 55+1.0 5.1+0.8
6.0£0.9 5.6+£0.7 70+£1.3 6.5+£1.0
43+0.8 4.1+0.7 56+1.3 54+1.1
45+0.7 42+0.6 55+1.1 52+09
73+1.1 6.8+0.8 85+1.5 79+1.2
52+0.8 5.0+£0.6 5.8+1.0 5.6+£0.8
49+0.8 4.7+0.6 5.6£1.0 54+0.8
5.1+£0.8 4.8+0.6 6.1+1.2 5.7+1.0

system with a single axis tracker will deliver the lowest
LCOE.

A detailed cost estimation method is explained in
Rodriguez-Gallegos et al. [134], as demonstrated below,
where the initial investment cost can be defined by Eq.
(40).

Ciniiny = Pyer X (csp + Cips + C-((») s

wt

(40)

in which ¢, ($/Wp) is equal to the cost of the solar
panels, c,,, ($/Wp) is the installation cost, ¢ ($/Wp) is
equal to the cost of the inverter, and c;,, can be divided
into two groups of material costs (Cip,ma) and labor costs

(Cins.1av)> Which is given in Eq. (41).

(41)
Warranty extension costs ¢, ($§) can also be

considered with respect to the PV inverter [172,173]. For

an inverter warranty wy, at its ith warranty extension, a
percentage of the cost of the inverter must be covered

Cins = Cins,mal + Cins,lab*

ﬂi(vilxw"") (%). This can be shown by Eq. (42).
Lls/winl . ) (1 +IR)i><w,\,‘
Coar = Pt X g™ X X ———— (42
Zi:l STC.f t t (1 + DR)IXWM ( )

IX Wiyt

where ¢, ($/Wp) is equal to the cost of the inverter at
the year i X wy,, ls/w;, is equal to the number of times that
the warranty needs to be extended over a lifetime of /g
years, and IR (%) and DR (%) are inflation rates and
discount rates respectively. The total cost of a PV system
throughout its lifetime can be calculated by Eq. (43).

CPV = CBank,int + CBank,amor + Cown + Cwar + Cinsu + COM’ (43)

where Cp,uine 18 the interest paid on loans taken, Cg,u amor
is the amortization of the given loans, C.,, is the portion
of the initial investment required to be paid that is not
covered by the loans given, C,,, is given in Eq. (42), Ci,.
is the cost to insure the system, and Coy, is the operation
and maintenance costs of the system. These variables are
explained in more detail in Rodriguez-Gallegos et al.
[134].

6 Discussion
6.1 Future of BPV in the industry

As demonstrated earlier in Figs. 4 and 5, the influence of
BPV in the photovoltaic market is growing significantly,
and although it still holds a minority stake in the industry,
it is expected to dominate the photovoltaic market in the
future. Figure 4 shows that by 2030, BPV should occupy
approximately 70% of the market.

6.2 Future needs for BPV policy

The policy for supporting PV projects is generally not
specific to BPV projects, instead, the policy for
supporting  projects encompasses all solar PV
technologies such as bifacial and monofacial alike, and
does not differentiate between the two. Appropriate
policy is necessary for the advancement and innovation
of the PV industry [174-176]. Up to this point,
governments have supported PV innovation through feed
in tariffs, renewable portfolio standards, and tax
incentives [177]. Existing policies drive innovation
through lowering the cost of use and increasing the
demand for PV power [168]. These policies have been
shown to be effective [178—181]. Policies specific to
BPV systems could boost the advancement and adoption
of the technology, as previously done with monofacial
panels. In order for BPV to be at the forefront of the
industry, there needs to be specific support in place at the
scale of government, and industry leaders. This will help
lead the way for standardization in the technology at a
scale seen currently for monofacial PV from the likes of
the IEC. Future applications for PV systems should look
to be supported such as electric vehicle charging stations
as the transport industry is a significant contributor to
GHG and global warming. In order for the EV industry to
be truly green, however, it must be powered by
renewable electricity [182-184], such as BPV EV
charging stations [185].
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6.3 BPV application summary and future needs

While BPV is proven as a genuinely viable solution to
the need for the rapid expansion of renewable energy
sources, there is still work that needs to be done.

6.3.1 Ground mounted

Ground mounted systems are the most widely used
worldwide. Because of this, ground mounted BPV has
benefited from the most amount of research to date
whether it be modeling or experimental research for
optimization. BPV systems are generally able to add
25%-30% additional power output compared to
conventional monofacial panel when the configuration is
optimized and is shown earlier that single axis tracked
BPV systems deliver the lowest LCOE. The BPV
modules must generally be mounted higher than
monofacial modules due to the need for rear irradiance
contribution. BPV mounting configurations can vary
more then monofacial systems, with vertically mounted
systems proven to be useful for BPV systems by
producing a generation profile more similar to that of the
demand profile seen throughout the day. In all regions of
the world, vertical BPV modules are able to outperform
monofacial panels.

Despite the advantages mentioned above, there is still
work to be done in improving the technologies of ground-
mounted applications. Due to the novelty of the
technology, there are many types of modeling methods
available from both open-source and commercial
backgrounds, all using either view factor or ray tracing
methods. The industry would benefit from a standardized
method for calculating BPV irradiance.

6.3.2 BAPV

Monofacial BAPV is already widely rolled out on
domestic and commercial rooftops. Green roofs look
most promising for bifacial BAPV applications,
specifically vertically mounted BPV. Vertically mounted
BPV-BAPV systems are able to give specific energy
yields comparable to standard flat roof systems.
However, a low ground coverage ratio is required to
avoid panel-to-panel shading. To maximize green roofs,
vertical BPV panels should be used. However, for a
normal flat roof, conventional tilted mounting should be
used. For angled roofs, there is no evidence of BPV being
used to date. Many examples of BPV applications for
BAPV are for vertical systems of green roofs, future
work focusing on conventional flat roofs, with various
reflectance coatings that would be valuable in order to
determine commercial viability and benefit compared to
monofacial systems.

6.3.3 BIPV

Very novel application and much work needs to be done
in order to validate the technology for commercially
viable applications. Ventilated BPV facades operate at
lower temperatures than ventilated monofacial BIPV
facades, leading to a further increased bifacial gain.
Bifacial BIPV can yield an annual bifacial gain of
22.48% and can help decrease the energy consumption of
building through albedo, greenhouse, and stack effect
throughout different seasons. Work on making BPV for
BIPV applications less visually prominent would make
the product more commercially viable.

6.3.4 Agrivoltaics

PV panels mounted over vegetation even at heights of
4 m can have significantly lowered cell temperature
than panels mounted over normal ground. Rear side
irradiance homogeneity is increased due to the larger
ground clearance in agri-PV. Different crops have
specific albedo values. This means that some crops are
more suitable to bifacial agrivoltaics than others.
Vertically mounted BPV modules can increase both
energy and crop yield. As of yet, there is no work on crop
optimization for bifacial agrivoltaics. This would be
useful to determine what crops produce the greatest yield
increase when used with BPV, and what crops increase
the energy production of BPV systems most for tilted and
vertical systems.

6.3.5 FPV

FPV is a more novel application of photovoltaics than
some others. Bifacial gain is higher in locations with a
higher diffuse factor. Water surface evaporation can be
reduced by 25%-75%, and the relatively unchanged
albedo effect can lead to lesser effects on global
warming. BPV modules for FPV can make use of up to
55% more sunlight than monofacial counterparts.
However, there is a lack of opportunity for sheltering
FPV systems from wind, which becomes more prominent
with BPV modules having to be mounted higher on the
surface to maximize rear side irradiance. Mounting the
panels close to water in order to maximize cooling can
help with this. However, may nullify the benefits of
bifaciality. For future research, dedicated modeling
software for floating BPV would be useful, as well as the
need for long-term assessment of BPV use in floating
applications.

7 Conclusions

This review has analyzed research and review papers
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examining the performance of many different BPV set
ups of different applications in different areas of the
world. It outlines the findings from studies conducted,
such as the optimal configuration and level of equipment
for various applications. For example, for ground
mounted BPV, single axis tracked systems are able to
deliver the lowest LCOE in all sampled regions of the
world. This review also suggests areas of the industry in
which development and research is most needed,
providing the scope and suggestions to look further into
the technology. Overall, BPV can provide advantages
compared to monofacial systems all round the world, in
all major applications. Though the advantages are not
only limited to increased electricity production, there are
secondary benefits to the technology, ranging from
enhanced crop growth and reduced water evaporation
when applied for APV, reduced reservoir water
evaporation when used for FPV systems, as well as the
option for alternative energy generation profiles for
vertical BPV systems. These advantages, as well as the
others mentioned in this paper show great versatility and
future potential for the BPV technology. However, what
has been demonstrated thus far is just the start. Work
must start in the industry to begin the standardization of
the technology. Industry leaders must do what has
already been done for the monofacial technology in order
to make it both more reputable and commercially
attractive.
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Labor costs/$
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Direct normal irradiance/(W-m2)
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Global horizontal irradiance/(W-m~2)

Ground reflected irradiance for ith segment
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Module height/m

Horizontal reflected irradiance/(W-m=2)
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Reverse saturation current/A

Front side diffuse irradiance/(W-m~2)

Rear side diffuse irradiance/(W-m2)

Front side direct irradiance/(W-m2)
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Front side irradiance/(W-m2)

Front side ground reflected irradiance/(W-m2)
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Inflation rate/%
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Diode ideality factor

Number of cells

PV power production/W

Front side power production at STC/W

Series resistance/Q

Shunt resistance/Q

Front side reflection loss for circumsolar component
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Flair g Reflection loss for direct front side irradiance
Plhorf Front side reflection loss for horizontal contribution
iy £ Front side reflection loss for sky contribution
svf' Sky view factor
T, Ambient air temperature/°C
T. Cell temperature/°C
TiNnocT PV panel installed normal operating temperature/°C
Vv Voltage/V
Vi Thermal voltage/V
Xmount Coefficient based on selected mounting structure
y Age of panel/year
z Sun zenith angle/(° )
a Circumsolar half angle/rad
Bo Initial cell degradation/%
B Yearly degradation rate/(%-year!)
4 Power temperature coefficient/(%-°C-1)
T]sc front Front side efficiency/%
Tsc,rear Rear side efficiency/%
Om Module tilt angle/(° )
o Ground albedo
&' Sky clearness
A Sky brightness
Xe» Yhs U, e Intermediate parameters in Perez model
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