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Chapter

Bifacial Photovoltaic Technology:
Recent Advancements, Simulation
and Performance Measurement
Mohammadreza Aghaei, Marc Korevaar, Pavel Babal
and Hesan Ziar

Abstract

In this chapter, we introduce the physic principle and applications of bifacial PV
technology. We present different bifacial PV cell and module technologies as well as
investigate the advantages of using bifacial PV technology in the field. We describe the
measurement and modeling of Albedo, which is one of the important factors for the
energy yield of bifacial PV technology. For an accurate assessment of the performance
ratio of bifacial PV strings, it is necessary to measure the albedo irradiance using an
albedometer or the front- and rear-side plane of array (POA) irradiance. We also
discuss the advanced techniques for the characterization of bifacial PV modules. By
means of simulation, we give insight into what boundary conditions result in new
bifacial technology gains and the influence of the mounting position of irradiance
sensors. We executed several simulations by varying the sensor positions on the rear
side of the PV modules, different places, different albedo numbers, mounting heights,
different geographical locations with various tilts, seasons, and weather types. To
validate the simulation results, we performed various experiments in the field under
different conditions. The results prove that the bifacial gain is highly dependent on the
mounting heights of PVmodules, tilt angles, weather conditions, latitude, and location.

Keywords: bifacial photovoltaics (PV) technology, bifacial solar cell, bifacial PV
module, bifaciality factor, solar radiation, Albedo

1. Introduction

In recent decades, photovoltaics (PV) technology has received more attention and
PV installation is being dramatically deployed. The PV capacity has been exceeded from
one Tera Watt (TW) in the world, which was an impressive milestone in solar energy
sector [1]. A novel development is the advent of bifacial PV modules that enhance
energy production by converting incident irradiance on the rear side of the module into
electricity.

Bifacial solar photovoltaics (PV) cells as a promising technology convert the
photons from albedo and incident irradiance into electricity [2]. The bifacial solar
PV cell collects the photons simultaneously from both its front and rear sides,
whereas the monofacial solar cells can only convert the incident irradiance on the
front side [3–5]. The bifacial PV technology as a novel approach to generating
electricity with higher performance was investigated by many research groups over
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five decades [6, 7]. This technology was first applied to the satellites by Russia [2]. In
1970s, Mexican and Spanish researchers released their progress results of bifacial solar
cells [8, 9]. Other Spanish research groups obtained the high efficiency and power gain
for bifacial PV cells in 1980s [10–12]. In 2000s, the bifaciality concept was introduced
for several applications, namely, noise barrier fences and shades [13]. In recent
decades, bifacial PV technology has been more considered commercially. In this
regard, various companies, such as Yingli Solar, bSolar, Sanyo, and PVG solutions, have
produced the bifacial PV modules [14] with different crystalline silicon (c-Si) bifacial
PV cell structures, such as PERC (passivated emitter rear contact), PERL (passivated
emitter rear locally diffused), PERT (passivated emitter rear totally diffused), IBC
(interdigitated back contact), and HIT (heterojunction with intrinsic thin layer).

Bifacial PV modules aim to improve the energy output of PV systems. This is
because of doubling the power output of PV through collecting both direct and
albedo radiation. Therefore, the bifacial solar cells increase the power density of PV
modules [15]. As a result, the PV module and balance of system (BOS) costs and
levelized cost of energy (LCOE) are reduced [16].

To date, several large-scale PV power plants were developed using the bifacial c-Si
PV modules. For example, a bifacial PV power plant with a capacity of 1.35 MWp was
installed in Hokuto city, Japan. The performance data of this plant demonstrated a
21.9% gain compared to a monofacial PV plant with an identical capacity [17]. Table 1
summarizes the details of some bifacial PV power plants installed around the world.

The cell working temperature is decreased in bifacial solar cells compared to
monofacial ones resulting in maximizing the power output [18, 19]. However, the
combination of irradiance effect on both front and rear sides of bifacial PV cells
resulting a complexity to characterize both sides simultaneously under standard
test conditions (STC 1000 W/m2, AM 1.5 spectrum, and ambient temperature of
25°C). Figure 1 depicts a scheme of standard bifacial crystalline silicon solar cells.
As illustrated in Figure 1, an open metallization grid is printed on the front and
rear sides of the bifacial structure to be able to collect the incident irradiance
from both sides. In n-type bifacial cells, the back surface field (BSF) is nþ,
whereas the pþ diffused layer serves as the emitter, contrary to the p-type
bifacial solar cells. The texturized wafers and passivizing anti-reflective coatings
(ARC) are partially covered by screen-printed metallic contacts to achieve the
open metallization grid [19].

Location Module technology PV Plant

capacity (MWp)

Annual energy

production (GW h)

San Felipe, Chile Megacell, n-type BiSoN module

(BiSoN cell)

2.48 5.78

Eastern US Sunpreme, GxB370W (Hybrid Cell

Technology—HCT)

12.8 8

Hokuto, Japan PVG Solutions, EarthON 60

(EarthON cell)

1.35 1.47

Datong City,

Shanxi, China

Yingli Solar, n-type PANDA module

(n-Pasha cell)

50 80

Golmud, China LONGI Solar 20 —

Golmud, China Trina Solar 20 —

Golmud, China Jinzhou Yangguang Energy 20 —

Golmud, China JA Solar 11 —

Table 1.
The list of bifacial PV power plants using crystalline silicon (c-Si) bifacial modules [8].

2

Solar Radiation - Measurements Modeling and Forecasting for Photovoltaic Solar Energy…



Table 2 summarizes different c-Si bifacial PV cell technologies, including the
cross-sectional schematics of each bifacial PV cell structure as well as the efficiency
and bifaciality of some cell technologies.

Figure 1.
Standard n-type and p-type bifacial crystalline silicon solar cells [2].

c-Si cell

technology

Description Schematic of the cell structure

Bifacial

PERC

• Acronym for passivated

emitter rear contact

• Efficiency: 19.4–21.2% (front),

16.7–18.1% (rear) [20, 21]

• Bifaciality: 80%[20]

• Mainly based on p-type

crystalline silicon (c-Si) wafer

• The cell structure was used for

studying the Shockley–Read–

Hall recombination velocity at

the Si–SiO2 interface [22]

between 1988 and 1991

• It was introduced as a new

bifacial PV cell in 1996 [21]

• ISF Hamelin [20] and

SolarWorld [23] demonstrated

the industrial bifacial PERC (or

PERC+) design for mass

production

PERL • Acronym for passivated

emitter rear locally diffused

• Efficiency: 19.8% (front) [24]

• Bifaciality: ≥89% [24]

• Mainly based on p-type c-Si

wafer

• Boron is locally diffused into

contact areas at the rear side

[25]

PERT • Acronym for passivated

emitter rear totally diffused

• Efficiency: 19.5–22% (front),

17–19% (rear) [26–28]

• Bifaciality: ≥85% [26, 29]

• Commercialized based on the

n-type c-Si wafer; also based

on p-type

• PVGS developed n-type

EarthOn cell in 2009 [29]
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c-Si cell

technology

Description Schematic of the cell structure

• ECN developed n-Pasha

(passivated all-sides H-

pattern) cell to reduce yield

loss; it was commercialized by

Yingli Solar as PANDA [26]

• N-MWT (Metal Wrap

Through) was also proposed

by ECN to narrow down

busbars and reduce metal

coverage

• ISC Konstanz developed BiSoN

cell and commercialized by

MegaCell

IBC • Acronym for interdigitated

back contact

• Efficiency: 23.2% [30]

• Bifaciality: 75%

• Mainly based on n-type c-Si

wafer

• No metal grid contact at the

front side, first introduced by

Bell Labs in 1954 [31]

• ISC Konstanz perfected the

production process and

introduced ZEBRA cell [32, 33]

• ECN proposed Mercury cell

with a front floating emitter

(FFE) [34, 35]

HIT • Acronym for heterojunction

with intrinsic thin-layer

• Efficiency: 24.7% [36]

• Bifaciality: ≥95% [37]

• Mainly based on n-type c-Si

wafer

• Introduced by Sanyo (now

Panasonic) in 1997 and entered

into the serial production

under the brand name HITs

[36, 38]

• Bifacial HITs cell was

introduced by Sanyo (now

Panasonic) in 2000 and

entered the serial production

• Basic technology patent was

discontinued and opened to

the public in 2010; Meyer

Burger adopted the cell

Technology [39]

DSBCSC • Acronym for double-sided

buried contact solar cell

• Efficiency: 22% [40, 41]

• Bifaciality: 74% [42]

• Plated metal contact is

entrenched in the laser-formed

grove

• Low resistance and low

shading losses, due to high
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In recent years, the bifacial module technology gets more attention in the PV
market and numerous attempts have been devoted to the standardization, niche
applications, characterization techniques as well as industrial production and costs.
The worldwide growth of c-Si bifacial PV cells and modules is predicted by the
International Technology Roadmap for Photovoltaic (ITRPV) and it is expected that
the bifacial PV technology (c-Si) will be increased by more than 35% by 2028 [46].

2. Albedo: measurement and modeling

Albedo as an important input for the surface energy balance equation [47], thus
affects the surface temperature. The speed of chemical and biological reactions is
increased due to heat. To overcome this, soil (as a surface) temperature is used to
predict the rate at which processes such as seed germination occur. Furthermore,
erosion rate and the water content of the soil depend on the ground albedo [48, 49].
This makes albedo utter importance for different environmental processes (e.g., food
production) [49]. The local albedo is an influential factor in the heat-island formation
that affects public health, namely, air quality and greenhouse gas concentration [50].
Moreover, the energy usage during warm seasons by occupants is related to the value
of local albedo [49]. Furthermore, albedo directly influences the electric energy
generated by the PV system. Therefore, knowledge about albedo is significant for
accurate yield predictions for PV systems, resulting in minimizing technical risks and

c-Si cell

technology

Description Schematic of the cell structure

metal aspect ratios and lightly

diffused emitter [40]

Silver • Developed at the Centre for

Sustainable Energy Systems,

Australian National University

[43]

• Efficiency: 19.4% [43]

• Narrow grooves are created via

conventional micro-machining

technique, forming a series of

thin silicon strips [44]

• Reduces silicon consumption

by up to a factor of 10 [44]

BICONTY • Acronym for bifacial

concentrator n-type

• Efficiency: 17.6% (front),

16.7% (rear) [45]

• Based on the laminated grid n-

type solar cell [45]

• Silver free—uses copper wire

coated with low-temperature

solder, resulting in very low

shadow loss and resistance loss

[45]

Table 2.
Summary of c-Si bifacial PV cell technologies [8].
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cost as well as enhancing service life. However, albedo has received less attention so
far due to its complexity and minor share in irradiation stroked on a surface of a
monofacial PVmodule. In this regard, albedo is either neglected [51] or assumed to be
a constant value [52] in the modeling of PV systems. However, nowadays there are
increasing trends of bifacial PV installations and urban PV integration [53], where
albedo’s contribution to electrical yield becomes more significant [54, 55]. Therefore,
better understanding, precise measurements, and accurate estimation of albedo are of
utter importance and should be further considered.

2.1 Albedo

Surface albedo1 is a unitless variable defined as the ratio of the solar radiation at
a certain wavelength range reflected from a particular surface (upwelling) to the
solar incident upon it.

α ¼
Φdownward

S

Φ
upward
S

(1)

where α is surface albedo, Φdown
S and Φ

up
S are the incoming global radiant fluxes

(W) on the down-facing and up-facing sides of the surface S, respectively. Albedo
and reflectance are not the same, although often interchangeably used or even
misinterpreted. Surface albedo is an angular and spectral integrated value of the
spectral bidirectional reflectance distribution function (BRDF):

BRDFλ ¼ ρ θi,ϕi, θr,ϕr, λð Þ ¼
L θi,ϕi, θr,ϕr, λð Þ

E θi,ϕi, θr,ϕr, λð Þ
(2)

where BRDF is the ratio of observed radiance L to incident irradiance E at a
wavelength λ under certain viewing geometry (θi and φi are, respectively, zenith
and azimuth angles at the incident direction; θr and φr represent zenith and azimuth
angles, respectively, at the observing direction). Albedo (as a measure used in
energy calculations) is normally shown with the Greek letter α, while reflectance (as
a property of a material) function is shown by ρ.

Albedo becomes important in the surface energy balance since radiation contains
energy. Therefore, it plays a key role in the regulation of earth’s surface energy budget
[56]. For a piece of land, surface albedo is highly variable, both spatially and tempo-
rally. Variations in land coverage and surface conditions, such as snow [57], vegetation
[58], urbanization [59], soil moisture [60], sky condition, and position of the Sun,
(such as cloudiness [61]), change surface albedo significantly. Thus, surface albedo not
only depends on the surface features but also on almost everything that forms the
surrounding of surface. In simple terms, at every instant of time, albedo depends on
three key factors, namely, material, light source features, and geometry2 [62].

2.2 Albedo measurement (in situ and satellite)

Albedometer consists of two back-to-back mounted pyranometers and is used
for in situ measurements of local albedo. The upper sensor measures the incident
global solar radiation and the sensor at the bottom side measures the solar radiation
reflected from the surface (s) below. Dividing the obtained value from the bottom

1 Albedo in Latin means whiteness, introduced by Johann Heinrich Lambert in 1760.
2 Here means arrangement of the surrounding objects in a three-dimensional space.
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sensor by that from the upper one gives the value of the albedo at a certain location
and time [63]. Figure 2a depicts a real albedometer and its schematic is illustrated
in Figure 2b. The view factor from the albedometer to the target surface makes an
influence on the measurement result; hence, the correct distance from the target
surface should be opted. Besides, one instant measurement usually does not give the
correct average value of albedo, since albedo changes over time. Therefore, long-
term measurements of albedo are required. Moreover, the shadow casted by the
albedometer itself can reduce the accuracy of the measurement due to the irradi-
ance impinging on the target surface will be different from the incident irradiance
on the top pyranometer. The influence of the albedometer shadow on the measure-
ment accuracy depends on the view factor from the albedometer to its shadow [64].
Typically, it is suggested to run albedo measurements during cloudy days to reduce
this effect [62]. However, while assessing albedo for larger areas and broader scales
is of interest, satellite data are often processed, namely, MODIS (Moderate Resolu-
tion Imaging Spectroradiometer) instrument on EOS Terra satellite is used to
remotely sense the land albedo of regions on earth.

Satellite albedo data usually have high resolution (in a range of Km). The satel-
lite scans a region on earth once every one or two days [65]. Since albedo is changed
over time, hence by the time that a satellite passes over a region on earth and
records the albedo, the recorded value may not represent the mean land albedo of
the targeted region. However, repeating this procedure for decades gives vital
indications of albedo trends for a specific region on earth.

Satellites observe a combined result of the atmosphere and land surface interac-
tions. Therefore, surface albedo is typically retrieved from multispectral optical
data considering the viewing geometries. There are common approaches and algo-
rithms used for estimating land surface albedo from satellite optical data. This
comprises three following steps—(i) atmospheric correction to filter out the effect
of the atmosphere, (ii) BRDF modeling to account for the reflectance anisotropy
effect of the land surfaces, and (iii) narrowband to broadband conversion to obtain
broadband albedo from spectral albedos, which is available only at certain satellite
measurement channels [66].

2.3 Local Albedo models

Most of the local albedo models have been developed between 60’s and 90’s.
The local albedo models rely on empirical coefficients based on long-term data
measurements. By the end of 90’s, first albedo observing satellites that were orbiting

Figure 2.
(a) A real albedometer installed on a grass field during landscape survey for photovoltaic installation, and (b)
simple schematic of albedometer placement. If the albedo surface A1 is of interest, surface A2 will also make an
influence on the measurement.
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the earth shifted the attention of researchers to the development of algorithms for
albedo retrieval from satellite data [67]. However, satellite-derived albedos do not
offer enough resolution for complex topography with highly spatial variations, such
as in urban areas, where micro-climates and sustainable energies are hot topics
[68, 69]. Here, we have reviewed the main local albedo models.

The simplest albedo models are the constant albedo assumption and mean mea-
sured albedo, which, respectively, suggest that constant albedo of α = 0.2 and
α = αsite can be applied to all the sites [70, 71]. The constant albedo model may
include a considerable error in different situations. The mean measured albedo
model demands long-term monitoring of albedo for each site, which is practically
impossible.

Another albedo model is the zonal albedo model, which works based on polyno-

mial expressions for the latitude range of 20° < φ ≤ 60° in North America: α ¼
Pi¼3

i¼1αiφ
i , (φ is in degrees). The empirical coefficients (αi) are determined monthly

and have been presented in ref. [72]. The drawback of this model is that it cannot be
used for local albedo estimation and only is valid for North America. Next model is
the Nkemdirim model [73], which describes albedo as a function of solar elevation: α
= α0 exp (b�θz), where θz is the solar zenith angle in degrees, and α0 and b are site-
dependent coefficients based on the ground characteristics that should be measured
for each location. For this model, the accuracy is dependent on the in situ estimated
coefficients. Beam/diffuse albedo as a more advanced model separates albedo into its
beam (αb) and diffuse components (αd), as: α= f(αb, αd). This modeling approach
requires site-dependent coefficients, which must be determined experimentally for
every site [74].

One of the most widely used albedo models is based on the isotropy assumption.
This model theoretically outputs the albedo using: α = 0.5�α1(1�cosβ), where α1
denotes the albedo coefficient of the site and β is the tilt angle of the surface [75].
This model cannot distinguish the albedo difference for times with equal amounts
of global horizontal irradiance and only can consider different values of direct and
diffuse components. In this model, the empirical factor of [1+sin2(Z/2)](|cos θ|)] is
applied as a correction factor for anisotropy of the surface reflection [76], which is
called Temps and Coulson model.

A more sophisticated model that does not need empirical coefficients has been
developed based on the roughness of the surface and the geometry of the sur-
rounding, reflectivity of the materials, and the sky condition. All these parameters
are fed into one coherent equation: α =

P
Ri [Ci�FS!Ai1 + (1/(H+1))(Ci

’�FS!Ai1 +
FS!Ai2)], where R is the spectral reflectivity of the materials forming the surface,
FS!Ai1 and FS!Ai2 are, respectively, the view factors from the albedometer to the
sunny and shaded parts of the target surface. H is a coefficient dependent on the
position of the Sun and the beam and diffuse components of the sunlight. Ci and
Ci

’ are probability-based coefficients calculated by knowing the roughness of
the target surface. This model provides better accuracy compared to other local
albedo models. This model does not require an empirical coefficient, and also
mathematically proves albedo of a surface is always lower than or equal to its
reflectivity (α ≤ R) [62].

3. Indoor characterization of bifacial PV module

For the characterization of bifacial PV modules, the definition and regulation of
Standard Test Conditions (STC; 1000 W/m2 Global irradiance, AM1.5G spectral
irradiance, and cell temperature at 25°C) should be extended to consider the
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spectral and irradiance on rear and front sides of PV modules. In 2019, IEC TS-
60904-1-2 was prepared to address the requirements for the characterization of
bifacial PV modules [77].

3.1 Single-light source

The single-sided (separate) measurement under STC is a method for indoor
characterization of bifacial PV modules, as described by the following equations.
In the first step, BiFiIsc is computed according to Eq. (3) [78]:

BiFiIsc ¼
Isc,rear
Isc,front

(3)

This equation represents the ratio of the short-circuit currents for the front and
rear sides of bifacial PV modules. Then BiFiIsc is applied in Eq. (4) to calculate the
bifacial equivalent irradiance, GE:

GE ¼ 1000Wm�2 þ BiFiIsc �Grear (4)

GE considers the additional contribution of rear-side irradiance on top of the one
Sun front irradiance. Subsequently, the front side of the bifacial PV module is
flashed with the higher irradiance level of GE to obtain the bifacial maximum power
and efficiency [78]. In this method, the unintended current contribution from the
non-illuminated side, which is associated with the reflected irradiance from the
surroundings to the optical properties of the module, and to the geometrical dispo-
sition of the cells, must be avoided. A common practice involves covering the non-
illuminated side of the bifacial module with a black mask [79, 80]. The contribution
of unintended illumination could still result in 15% increase in maximum power
when using the setup with a black curtain as the background and the rear side of the
bifacial PV module covered by a black mask. G. Razongles et al. [81] have derived
equations to extrapolate the maximum power rating of bifacial PV modules
corresponding to the front- and rear-side illumination. The main equations are
given as:

Pmax Sð Þ ¼ S� f � Pmax (5)

S ¼
Gfront

1000
(6)

f ¼ 1þ a� S� 1ð Þ þ b� lnSþ c� S� 1ð Þ2 þ d� lnSð Þ2 (7)

Eqs. (4) and (5) were taken from the PV method. The number of Suns, S, refers
to the ratio between frontside irradiance and the STC value (1000Wm2). Eq. (7) is
the polynomial function of the Neperian logarithm; a, b, c, and d are constants. The
parameter f represents the “irradiance coefficient.” Pmax is maximum power,
which was measured by flashing the front side at an equivalent irradiance, as
described in Eq. (8):

GE ¼ Gfront þ Gback �
Isc,STC,Back
Isc,STC,front

(8)

Alternatively, Corbellini et al. [82] calculated the bifaciality factor using the STC
power of the front and rear sides, which is expressed in Eq. (9):
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BiFiPmax ¼
Pmax ,rear

Imax ,front
(9)

Accordingly, the unintended irradiance on the non-illuminated side has been
quantified that is included in the single-sided power measurements (STC). It was
measured repeatedly using a reference cell at several positions on the non-
illuminated side. The irradiance ratio on the positions concerning the irradiance on
the illuminated side was calculated. This was also measured by a reference cell. The
lowest ratio was taken to correct the power measurements (STC) for both the front
and rear sides. Moreover, Singh et al. proposed other equations based on the one-
diode equivalent model [83] to calculate the power and efficiency of bifacial PV
modules.

3.2 A single-light source with reflector or mirrors

Using a reflector that can be located closely behind the rear side of the module, it
is possible to obtain the bifaciality of bifacial PV modules. However, a reflective
white sheet or background yields irreproducible results. The rear-side illumination
condition mostly depends on the reflector properties and light source geometry.
Moreover, it depends on the transmittance of the PV cell and module. This probably
led to possible difficulties in the quantification of these effects and their standardi-
zation [84].

Razongles et al. [81] have used a similar setup (see Figure 3) to the Bifacial Cell
Tester (BCT) [85]. Soria et al. [86] have conducted bifacial PV mini-module (of
four cells) characterization using an identical setup. As shown in Figure 3, to reduce
the influence of angle, it is possible to optimize the angle between the bifacial PV
module and the mirrors (e.g., 44.1° instead of 45°) [86]. Hitherto, this setup has not
been scaled up for full-size bifacial PV module characterization.

3.3 Double-light source

For the characterization of full-size bifacial PV modules, new setups with two
light sources have been proposed by industrial partners. For instance, Eternal Sun
has proposed a setup including two identical units of the solar simulator (see
Figure 4a) [81]. In this method, a full-size bifacial PV module is sandwiched
between both solar simulators for characterization. In another method, an inte-
grated setup (see Figure 4b) with two independently controlled xenon flashers
(solar simulators) was proposed by h.a.l.m. elektronik [84]. In this technique, the
full-size bifacial PV module (under characterization) is secured inside a test

Figure 3.
Two-mirror setup for bifacial PV module characterization [81].
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chamber. Theoretically, both solar simulators are controlled simultaneously by a
single control system to avoid systematic error due to lagging or mismatch between
the flashing sequence of the simulators. It is also possible that illumination on one
side of the bifacial PV module will interfere (constructively or destructively) with
the illumination on the other side of the module through transmittance and reflec-
tion of irradiance between and through cells, thereby introducing irradiance non-
uniformity and inconsistencies. A commercial double-light source solution has been
proposed by Swiss company Pasan SA (subsidiary of Meyer-Burger Technology
AG) by merely doubling its existing multi-lamp Xenon module simulator. In this
method, the distance between the two light sources is approximately 16 meters.
This helps to reduce the interferences between them.

However, replacing the xenon lamp with LED light led to enabling variation of
spectral irradiances [87, 88]. This aims to enhance the prediction of real-world
performance or simulate the rear-side irradiance conditions that are probably closer
to the diffuse component of AM1.5G than AM1.5G itself (the standard reference
irradiance for both front and rear sides of the module, according to the draft version
of IEC TS 60904-1-2). The LED-based solar simulator achieving Class AAA has
been made commercially available but is yet to be adapted for simultaneous
illumination (double-light sources). In summary, the main fundamental challenges
would be related to the spatial requirement and the cost of deploying two solar
simulators. Therefore, for justification of the measurement results’ accuracy, it is
recommended to conduct a cost-benefit analysis for the required setup cost.

4. Simulation of bifacial gain for latitude, tilt, and weather

The bifacial gain defines as an additional amount of power generated by a
bifacial PV module over a similar monofacial PV module. The amount of bifacial
gain depends on many factors, namely, ground albedo, the height of mounted PV
module, the ground coverage ratio, the bifaciality factor of the PV module, and the
angular distribution of the incident light. This angular distribution changes with the
solar position, influenced by the time of day, season, and location on the earth, as

Figure 4.
(a) A bifacial illumination setup using two identical solar simulators, proposed by Eternal Sun [81], and (b)
A bifacial illumination setup proposed by h.a.l.m elektronik [84].
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well as by the weather (diffuse cloudy sky as opposed to clear sky). Here, we
investigate how big the influence of these factors is on the bifacial gain.

The performance ratio of PV plants with bifacial PV module technology is
determined by measuring the plane of array (POA) irradiance and also the irradi-
ance due to ground albedo. Some albedometers (e.g., produced by Kipp & Zonen)
can measure either the albedo or the front and rear sides POA, see Figure 5a.

Now, the question is that “to what extent does the position of the rear side POA
sensor influence the irradiance measurement?” To come to insight into what extent
the measurement position influences the irradiance measurement, we have
performed a simulation study using “Bifacial Radiance” software [89] on a bifacial
PV plant, as sketched in Figure 5b. The measurement position has been investi-
gated when it comes to the position on the rear side of fixed PV modules. Addi-
tionally, the measurement position for different albedos, locations (and
corresponding tilt), the heights of PV module, intra-plant positions as well as month
of the year and weather were investigated by several studies [90–92]. The main
simulation results of the sensor position are reported in the following sections.

4.1 Simulation method

In this study, the simulations have been executed using “Bifacial Radiance”
toolkit that was developed by NREL [89]. This toolkit uses ray-tracing technique to
simulate a set of bifacial modules that are either installed on a fixed or a tracking
mounting structure. The simulation was run starting at the settings reported in
Table 3. The general layout is shown in Figure 5b to yield the bifacial gain as a
function of albedo, height, and location of the site, impacting the tilt angle (here we
assumed the tilt angle is equal to the latitude) [93]. The simulation was run to yield
the cumulative yearly results. Moreover, the seasonal effect was investigated by
selecting certain days and months of the year with different weather conditions.
We have imported TMY weather data for the simulation [94].

The simulation was run to yield a distribution of POArear over the rear of the
bifacial PV module and to evaluate optimal positions for measuring irradiance.
Subsequently, it was investigated how robust is this value by first varying the
position within the PV plant. The position was moved from the edge of the PV
module toward the center of the row in a set of steps. Secondly the clearance height,
albedo was varied over a large range of values. Later, we assessed the effect of the
site location and tilt angle [93].

Figure 5.
(a) Kipp & Zonen Albedometer mounted above a white surface, and (b) Sketch of bifacial Modules mounted
on a fixed mounting structure in seven rows as used in the simulation.
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4.2 Results

4.2.1 Bifacial gain simulation results

Figure 6a and b shows the simulation results of albedo and clearance height.
With an increase in albedo, the bifacial gain is linearly increased. For small clear-
ance heights (i.e., modules mounted close to the ground), the bifacial gain also
linearly is increased. However, for larger heights, the changes of bifacial gain would
be more constant.

Figure 7a and b depicts the bifacial gain for a certain time, less than a year for
different seasons (1 month) and weather conditions (1 day). The results of bifacial
gain for different seasons show that the bifacial gain in summer is significantly
higher compared to the bifacial gain in fall or winter.

The weather condition influences the bifacial gain, namely, when the weather is
more cloudy then the bifacial gain is increased and vice versa. The seasonal

Setting Value Setting Value

Clearance height 0.8 m Albedo 0.3

No. of sensors 20 Orientation Landscape

Tilt 25° Rows 7

Azimuth 180° No. Modules stacked 4

Plant type fixed Modules per row 80

GCR 0.35 Location Riyadh S.A.

Table 3.
Simulation settings and parameters of the PV plant in bifacial radiance.

Figure 6.
Bifacial gain as a function of (a) the albedo and (b) the clearance height.

Figure 7.
Bifacial gain as a function of (a) the season and (b) the weather.
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conditions also influence the angular distribution of the irradiance incident on the
front and rear sides of the bifacial PV modules.

The bifacial gain as a function of location on the earth and the corresponding tilt
angle is shown in Figure 8. The higher tilt angles of PV module located at a higher
latitude resulted in a higher bifacial gain.

4.2.2 Sensor position simulation results

The cumulative yearly average irradiance on the rear side of the PV modules was
calculated using “Bifacial Radiance.” Figure 9a shows the results of located bifacial
PV modules in the center of the PV plant using the same input listed in Table 3.

The results from selected points in Figure 9a are summarized in Table 4.
As observed in Table 4, the pyranometer reading at the 68% position is matched with
the average incident irradiance on the PV module. An additional point close to the
bottom of the PV module would also be matched, but this point was not chosen since
the curve shown in Figure 9b is much steeper, whichmay lead to greater uncertainty.

The results of position effects are shown in Figure 9b, where the POArear was
plotted at the edge of a row of PV modules and at a set of positions closer to the
center of the row. As shown in Figure 9b, at the 4th module in the row there is
practically the same amount of irradiance on the rear of the PV module compared to
the modules located at the center. Figure 10 shows the position dependence of rear

Figure 8.
Bifacial gain as a function of the location with a certain latitude and a tilt angle equal to the latitude.

Figure 9.
(a) Position dependence of rear side irradiance, where the 0-meter position corresponds to the bottom of 4
modules and the 4-meter position to the top of 4 modules. The red line corresponds to the average incident
irradiance on the PV module and the green line corresponds to the 68% position, and (b) Position dependence of
rear side irradiance as a function of PV plant position (edge, 2nd, 4th, and center-mounted bifacial PV
modules).
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side irradiance as a function of clearance and albedo. As observed in Figure 10, the
best position for measuring POArear irradiance (using a pyranometer) is to be placed
sufficiently away from the edge of a row. In this context, when excluding the PV
module on the edge side, the shape of POArear only is slightly changed for different
positions in the PV plant. Therefore, we considered a 68% position given a value
corresponding to the irradiance average of the rear side of the bifacial PV module.

The variation of POArear irradiance for different clearance heights is shown in
Figure 10a, from a higher clearance height that led to a larger amount of irradiance
on the rear side of the PV module. As illustrated in Figure 10a, the POArear

irradiance is considerably changed when the clearance height is increased from
0.4 meters to 2 meters.

The variation of POArear irradiance for different albedos is shown in Figure 10b.
As expected, a higher albedo led to a greater irradiance on the rear side of the PV
module. The POArear irradiance does not change noticeably over the range of albe-
dos from 0.2 to 0.9. However, the results show that 68% position gives a reasonable
average.

The results for tilt, location, and different positions in the PV plant are shown in
Figure 11. We have considered different locations, namely, Amsterdam in the
Netherlands, Yinchuan in China, Salvador in Brazil, and Riyadh in Saudi Arabia. PV
strings have been located in different tilt angles in the selected locations, hence
there is a moderate variation in the rear side irradiance magnitude, and also in the
shape of the distribution. Therefore, the optimum position of the irradiance sensor
should not be strongly dependent on the location of the PV plants.

Figure 12 shows the results for a particular period of the year, certain weather
conditions, and different seasons. The results show that the influence of different
weather conditions is mostly in the magnitude of the POArear irradiance and less in
the shape of the irradiance distribution (see Figure 12a). For cloudy and semi-
cloudy weather conditions, there is more diffuse and less global irradiance in

Position [%] Epyranometer-Ē [%] Position [%] Epyranometer-Ē [%]

3 + 30 68 0

23 �18 83 +18

48 �19 98 +38

Table 4.
Results of the effect of pyranometer position on measured yearly average POArear.

Figure 10.
(a) Position dependence of rear-side irradiance as a function of clearance height (0.4, 1.2, and 2), and (b)
Position dependence of rear-side irradiance as a function of albedo (0.2, 0.5, and 0.9).
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comparison with a clear sky, which explains the difference in magnitude of POArear

irradiance.
As shown in Figure 12b, different seasons significantly influence the shape of

POArear irradiance. For April and July, there is the same amount of irradiance on the
rear side of the PV module compared to other ones. However, for higher positions,
greater POArear irradiance on the rear side of the PV module in July and April
compared to October and January. This is most likely influenced by the change in
solar zenith angle for these months, and to a lesser extent by the change in weather
conditions for the months of April and July. Furthermore, when looking at the
seasonal data as shown in Figure 12b, the irradiance is changed with the season
variations. This will have an impact on the optimal mounting position based on the
monthly data.

Table 5 presents the results of the difference between measuring at a position of
68% from the rear side and the average irradiance on the PV module for variation of
the different parameters. In other words, this would be the average POArear irradi-
ance difference measured by a pyranometer mounted on the bottom side at the
position of 68%. This scores well for changing albedo, height, interplant position,
and tilt. For changes in weather and season that are only for a particular period of
the year, the 68% position is less representative. This is due to only a particular
zenith angle range over a certain (short) period. Strategies for handling this situa-
tion can be accepted for a higher measurement uncertainty when looking at the
smaller time periods than a year, or alternatively by placing multiple pyranometers
at different positions on the rear side of PV modules.

Figure 11.
Position dependence of rear-side irradiance as a function of location and corresponding optimal tilt angles.

Figure 12.
(a) Position dependence of rear-side irradiance as a function of weather conditions, (b) Position dependence of
rear-side irradiance as a function of season.
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5. Performance measurement of bifacial PV modules

We performed some experimental measurements for validation of the irradiance
distribution on the back of a bifacial PV module at the Kipp & Zonen roof. To be
able to choose the optimal sensor(s) and their position(s) for the POArear irradiance
measurement, the simulations need to be compared to data from a real-world
measurement setup. This setup needs to provide POArear sensor data at multiple
module height positions as well as the irradiance contribution from the backside of
the bifacial module from the total measured module signal. A setup of three rows
was constructed where the first row was made of dummy modules for shading, the
second middle row contained the modules and sensors, and the third row consisted
entirely of modules to simulate proper reflection (as shown in Figure 13a). To
measure the position-dependent POArear, there are 6 Kipp & Zonen CMP11 and 6
SPLite 2 pyranometers mounted next to the rear of one of three bifacial modules
(Figure 13b).

The collected data from the six sensors were compared to simulations done in
the Bifacial Radiance software. In Figure 14, the simulation model fits well with the
measured data from the experimental setup.

The sensor output needs to be compared to the contribution from the POArear

signal of the bifacial PV module. Separating the rear side contribution from the total
incident irradiance on the PV module was achieved using different methods, each
having various following challenges:

Varied parameter |E68%-Ē| Varied parameter |E68%-Ē|

Interplant position 1.3 % tilt/location 5.3%

Albedo 2.8 % Weather 13%

Height 5.6 % Season 16%

Table 5.
Results of difference between irradiance measured at 68% position and average irradiance for parameter
variation.

Figure 13
(a) Top view of Kipp & Zonen module set up in three rows with two types of bifacial modules above a white
albedo surface, and (b) row of six CMP11 pyranometers for position-dependent irradiance measurements on
the rear module (red dot in (a)).
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1.Covering the front side of the bifacial PV module—module logs only POArear

irradiance.

2.Covering the rear side of one bifacial PV module—module logs only POA
irradiance. Subtracting the measured POA irradiance on the first module from
the second uncovered module.

3.Using a monofacial PV module with oriented POArear irradiance.

4.Measuring the POA and POArear ratio with irradiance sensors and applying it
to the PV module output.

It needs to be noted that the PV module output was measured as short-circuit
current.

5.1 Bifacial PV module: POArear signal separation methods

5.1.1 Front side of bifacial PV module (POA irradiance) covered

This method allows for an easy cut-out of the POA signal, the realization is
observed in Figure 15a. The major drawback is that it casts a uniform shadow on the
ground without light leaking through the solar cells. The difference between a
uniform and representative shadow was measured by placing two irradiance sen-
sors on the ground in the shadow and measuring with the covered and uncovered
PV module. The difference is 26–29% less irradiance in case of the uniform shadow.
This illustrates the effect of a representative shadow, the influence on the POArear

sensors that would be less than on the ground. This impact is more profound on the
measured POArear compared to the closer setup in the ground (0.5 m tested) and the
higher the albedo, as depicted in Figure 15b.

5.1.2 Rear side of bifacial PV module (POArear irradiance) covered

As shown in Figure 15b, we have covered the rear side of the bifacial PV
module. The idea behind this concept was to measure the POA irradiance from one
module by covering its rear side. This POA irradiance data were then subtracted
from the adjacent module, giving the POArear irradiance This method assumes the
POA is the same in both modules, although uncertainty may arise from imperfect
rear side covering, differences between modules, and slight differences in module
mounting angle, which led to acquiring different POA irradiance signal.

Figure 14.
Measured experimental data from six pyranometers are compared to the simulated model in Bifacial
Irradiance software as a function of height along the module.
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Furthermore, one module is still covered, which casts a uniform shadow. During the
day, this shadow extends under another module (from which POArear will be
extracted), reducing the amount of irradiance on its rear side would be absorbed in
comparison with the situation of the uncovered PV module.

5.1.3 Monofacial PV module with oriented POArear irradiance

This method is like the previous method, the advantage being the simplicity of
the experiment and set up to get the POArear irradiance. The monofacial module
needs to be a glass-glass module to let light pass through the solar cells to create a
representative shadow and similar heating of the module as in case of a bifacial one.

5.1.4 POA and POArear irradiance sensor ratio applied to the PV module output

The POA and POArear irradiance are summed up and calculated. This ratio in
percentage is applied to the bifacial PV module output. This method suffers the least
from the uniform shadow effect. Errors come from the spectral mismatch of the
sensors mounted on the front and rear sides of the module.

Among the aforementioned four methods, we have chosen method 2. Method 3
seemed the best but was not used due to the unavailability of monofacial glass-glass
modules at the time. The contribution of rear side of the PV module was calculated
through Eq. (10).

POArearRelative≈
BifacialPanel� BifacialPanelBackCovered

BifacialPanel� ΦISC
(10)

where ΦISC is the module bifaciality factor for short-circuit current. To make a
fair comparison with the sensors, both POA and POArear from each sensor are
needed. Each sensor was calibrated on the POA side before being turned around to
measure POArear. Having the relative POArear contribution from module and
sensors, the difference of the sensors to the module POArearRelative is calculated:

POArearRelative ¼
POArear

POAþ POArear
(11)

Figure 15.
(a) Measuring POArear irradiance with the front side coverage of the PV module , and (b) Measuring POA
irradiance with the rear side coverage of the PV module. This is then subtracted from the output of the second
uncovered module.
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Thismethod is extremely dependent on the accuracy of the POA irradiance sensors.
The POA sensors need to be leveled and oriented precisely as same as the orientation of
themodule. Evenmore critical, the two PVmodules need to be perfectly aligned;
otherwise, their relative performance is changed as the sunmoves over the day.

In this study, only data from 12:00 to 13:30 local time from each day has been
used. This is due to the POA irradiance sensor error mentioned above and due to
shadowing from surrounding structures outside of these hours.

5.2 POArear irradiance on module and sensor comparison

Data were taken from the setup having various module tilt angles (30°, 45°, and
60°) ground covers (white fleece, artificial grass, and roof stones) and experiencing
various weather conditions. Generally, the POArear irradiance contributions are
higher during cloudy and overcast weather compared to sunny conditions (see
Figure 16). This is due to a significant reduction in POA contribution. The highest
POArear contributions are obtained at the lowest angle (30°) and highest albedo
using the white fleece (days from 21-5-20 to 25-5-20; see again Figure 16). The
sensor readings have a higher spread during sunny weather conditions due to the
higher direct light contribution, as on the day of 23-5-20 (see again Figure 16). The
lowest sensor (#6) receives the most irradiance because of higher incident direct
light on it compared to other sensors. In cloudy weather conditions, there is only
diffuse irradiation, so the spread of the sensor’s output is narrow (day 24-5-20; see
again Figure 16). This is also the case at the highest setup tilt angle (60°) where the
effect of direct reflected irradiation is reduced (from day 30-5-20 onwards; see
again Figure 16). Pyranometers at positions 3 and 4 (60% and 40% of height of
module) have the best overlap with the module data.

6. Discussion and conclusions

In recent decades, photovoltaics (PV) technology has received more attention
and PV installation is being dramatically deployed. The PV capacity is being

Figure 16.
The comparison of SP Lite2 irradiance sensors and the bifacial module in POArearRelative under various tilt
angles, surface coverages, and weather conditions (only data between 12:00 and 13:30 local time has been
considered).
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approached to one Tera Watt (TWp) in the world. A novel development is the
advent of bifacial PV modules that enhance energy production by converting inci-
dent irradiance on the rear side of module into electricity. In this chapter, we
discussed the physics principle and applications of bifacial PV technology. As
discussed, PV plant design considerations influence the bifacial gain. Furthermore,
an expected linear relation between the albedo and the bifacial gain was demon-
strated in this chapter. Moreover, we proved that mounting the modules at higher
heights has a large effect compared to the installed module at a lower height, but
once the modules are mounted more than 1.5 meters from the ground, the effect
was reduced. To improve the bifacial gain for a particular site, the design of PV
strings should be considered by selecting a site with a higher albedo or increasing
the albedo artificially by terraforming, for example, using white fleece or stones as
ground cover, or regularly moving the vegetation.

We have also discussed that besides the PV plant design, the location and
weather conditions play a vital role in the bifacial gain. As shown, at higher lati-
tudes, where corresponding larger tilt angles are used the bifacial gain has been
increased. This is most likely caused by the larger tilt of the modules, which ensures
that more diffuse irradiance can be absorbed by the rear side of PV modules as well
as more soil that scatters direct irradiance from the sun.

In cloudy weather conditions, bifacial gains have been increased, most likely
because cloudy conditions tend to have a larger diffuse component in the sky
irradiance compared to clear conditions. In addition to that, the direct component
in cloudy conditions was decreased thereby significantly reducing the front side
irradiance on the PV module. Therefore, it can be said that in the locations with
higher tilt angles as well as more cloudy weather, the position percentage is
increased in power output by installing bifacial modules instead of monofacial ones
that are greater than for lower tilt angles and clear weather.

However, as clear weather and lower tilt angles (latitudes) promote a higher
absolute energy generation, the kilowatt-hour (kWh) gain might be larger in clear
weather and lower latitudes as opposed to larger latitudes or cloudy conditions.

It should also be mentioned that there is a seasonal component to the bifacial
gain, namely, in the summer months there is a larger bifacial gain than in the winter
months. This is most likely due to the increasing irradiance of the land close to the
modules with higher sun angles as it is typical in the summertime. In this way, the
POArear irradiance of the module is increased as more light scatters from the surface
to the rear side of the bifacial PV module.

In summary, in this chapter, we also presented the advantages and performance
measurements of bifacial PV technologies. We discussed the recent characterization
techniques of bifacial PV modules. Furthermore, for accurately knowing the perfor-
mance ratio of PV strings with bifacial modules, we explained how to measure the
irradiance due to ground albedo. This can be performed with either an albedometer
or the front and rear-side plane of array (POA) irradiance very accurately.

By means of simulation using Bifacial Radiance software developed by NREL,
we investigated insight into what boundary conditions result in new bifacial tech-
nology gains and the influence of the mounting position of irradiance sensors. To
this end, we performed different experiments by varying the sensor positions on
the rear side of the PV modules in different locations within the PV plant, different
albedo numbers, mounting heights, as well as different geographical locations with
different tilts, different seasons, and weather types, are investigated. Validation of
the results of the simulation using multiple sensors in the Kipp & Zonen roof setup
was presented.

Simulation results demonstrated that the irradiance on the rear side of the PV
modules varies strongly with its positions. The results also proved that the rear side
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irradiance distribution and magnitude were varied with albedo, clearance height,
and tilt. For the plant of four landscape-positioned modules above each other, an
installation position on the rear side of the module at approximately 68%
represented the average irradiance well in case of cumulative yearly results. We
recommend that for other designs a similar optimal position for yearly results can
be found but at a slightly different position.

According to the results, we advise to install the POArear sensor (s) significantly
away from the start or end of a string. Seasonal results or results for a day with
weather showed significant changes in the rear side irradiance pattern, impacting
the optimal sensor position for seasonal analysis. A possible mitigation strategy is to
use multiple pyranometers at different positions.
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