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Abstract: To fully exploit the advantages of bifacial PV (bPV) modules and understand their perfor-
mance under real-world conditions, a comprehensive investigation was conducted. It was focused
on bPV installations with some mounting constraints, as in industrial rooftops, where the ideal high
module-to-ground height for optimal bPV performances is not feasible due to structural reasons. The
experimental setup involved measuring the I-V curves of conventional and bifacial modules under
diverse atmospheric conditions, including different solar irradiance levels and ambient temperatures,
as well as mounting configurations. The results show a proportional increment of power generation
between 4.3% and 7.8% if compared with two different conventional modules and a bifacial power
gain between 2 and 15% under identical conditions. Additionally, the negative potential influence of
the mounting structure was observed. Small differences in the alignment between the module and
structural beams can virtually eliminate the bifacial contribution, with an estimated reduction up to
8.5 W (a potential bifacial gain of 3.43%).

Keywords: bifacial photovoltaics (bPV); bifacial performance; outdoor performance; I-V curve;
industrial rooftop

1. Introduction

In the context of increasingly global energy demands and the vital importance of
sustainable renewable energy sources, photovoltaic (PV) technology continues to play
a pivotal role in meeting these challenges. Bifacial photovoltaic (bPV) technology has
emerged as a promising solution, capable of converting sunlight from both the front and
rear sides, potentially enhancing energy conversion efficiency compared to traditional
PV modules. Two facts illustrate the relevance of bPV technology: the development of
a specific IEC Standard to characterize bifacial devices (IEC 60904-1-2:2019 [1]) and the
fact that Task 13 of the International Energy Agency (IEA) Photovoltaic Power Systems
Programme (IEA PVPS) published a detailed report on bPV in recent years [2].

Production gains in the range of 6-10% under normal conditions have been
reported [3-5], but considerable increments can be obtained with a proper design (+15-30%)
and can be as high as 40% with optimal design parameters [6]. In order to take advantage
of this potentiality, a thorough understanding of bPV technology is crucial, especially as a
significant increment in worldwide bPV installation is expected. By 2030, the installation
rate increased to 30%, while it was about 12% in 2020 [2].

Bifacial technology presents a promising avenue for sustainable land use and renew-
able energy generation. This innovative approach combines the benefits of both systems,
leveraging the dual-sided energy capture capability of bPV modules and the land pro-
ductivity enhancements offered by agrivoltaics. By deploying bifacial PV panels above
agricultural fields, agrivoltaic systems can harness sunlight from both the front and rear

Appl. Sci. 2024, 14, 5714. https:/ /doi.org/10.3390/app14135714

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app14135714
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-3507-5884
https://orcid.org/0000-0001-7253-2506
https://orcid.org/0000-0003-4701-3004
https://orcid.org/0000-0002-2106-0374
https://orcid.org/0000-0002-7883-0034
https://doi.org/10.3390/app14135714
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app14135714?type=check_update&version=2

Appl. Sci. 2024, 14, 5714

2of 16

sides of the panels while simultaneously providing shade to crops or livestock below. This
dual-use configuration increases the energy generation potential while optimizing land use
efficiency [7]. Additionally, the presence of vegetation beneath the solar panels can enhance
the performance of bifacial modules by increasing the amount of reflected and diffused
sunlight reaching the rear side of the panels [8]. On the other hand, from an urban perspec-
tive, bifacial technology has a high potential of being integrated into energy-sustainable
buildings [9]. Bifacial modules can be used as transparent or opaque fagades, skylights,
sunshades, and curtains or integrated into rooftops [9]. However, despite its architectural
features, the energy production contribution of the bifacial modules requires a thorough
analysis, paying special attention to the particularities of each installation.

Different parameters have been detected as crucial contributors to bPV performance.
The main contributor is ground albedo (the percentage of incident sunlight that a surface re-
flects), as it proportionally increases the incident rear-side irradiance and, as a consequence,
the rear power contribution. Daily albedo experiments [10,11] and seasonal variations [11]
can be as high as 0.9 (fresh snow) [12,13] or as low as 5% (gravel) [11]. Another influential
design parameter is the panel ground clearance height (GCH), which is the closest distance
between the module and the ground. It has been found that its positive effect tends to
saturate in the range of 0.4-1 m, depending on the location [14,15].

Module orientation (tilt and azimuth) can also have a positive effect, but the optimum
is highly dependent on each specific site and may not coincide with the optimum for
conventional modules [6,16]. Additionally, it has been highlighted that bifacial contribution
increases when the diffuse to global radiation ratio is high [10], i.e., in overcast conditions.

As a counterpart, the bifacial contribution is reduced by the non-uniformity of the
rear-side irradiance. Since the performance of any PV cell string is heavily influenced by the
worst cell in the string, the increase in said non-uniformity, at the parity of the average com-
ponent, would reduce the performance of the worst cell, diminishing the overall operation.
Standard deviations of 30% of backlighting may occur with low mounted modules [14].
However, the effect can be reduced (ranging 2.8—4.1%) by increasing GCH [14], which links
the positive effect of increasing GCH to its intrinsic reduction in back non-uniformity.

In particular scenarios, not all the optimal system parameters can be achieved. This is
the case of industrial-like rooftops, where roof structural resistance limits module height,
as it would increase both dynamic and static loads (wind-pressure loads and PV weight
structure, respectively), intrinsically augmenting the rear non-uniformity. This can pro-
duce a considerable reduction in bifacial contribution due to the self-shading factor being
considerably high (12.3-20%), even in specially designed structures [17]. The supporting
elements (frames, beams, purlins, and piles) can obstruct backside irradiance about 20% in
fixed tilted installations [18].

As a possible countermeasure, cold roofs with high albedo have been proposed [19].
As high albedo implies less radian energy translated into a local increment of ambient
temperature, bPV modules will operate at lower local temperatures and higher back
illumination. An albedo increment of 0.1 would imply an addition of 4.5% of energy
production [19]. A recent research has tested a nanomaterial with extremely high albedo
and thermal emittance (96% and 80%, respectively), which would imply an additional
cooling of 20 W/m? (compared to sand) and an additional cell photocurrent of up to
6.42 mA /cm? [20].

Nevertheless, a notable increase in albedo could not necessarily imply a significant
increase in production since non-uniform illumination induced by mounting structure can
considerably reduce bifacial contribution [21]. From a potential bifacial power gain (BPG)
of up to 23% at high albedo, it could be reduced to 5% just for the unevenness introduced
by support structures [21]. Additionally, wide dispersion on measured backside irradiance
has been observed to depend on both the sensor [22] and module position (within an array
of modules) [23,24]. The reported non-uniformity, as defined by IEC 60904-1-2 [1], can be
as high as 35% in outdoor conditions [24]. Even though the presence of non-uniform back
illumination should rarely produce hotspot issues in bPV modules [22], there is at least
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one reported case of a considerable increase in local temperatures (+30 °C) caused by the
torque tube of an horizontal single-axis tracker (HSAT) [25]. This last fact highlights the
importance of paying special attention to the role of mounting structures when dealing
with bPV installations.

In order to investigate bifacial performance in the complex scenario of industrial-like
rooftops, different tests were carried out. They include a comparison of a bifacial module
with two different conventional PV devices (oriented at the optimal monofacial tilt, 30°)
and a comparison of two bPV modules with slightly different backlight obstructions.

Accurate simulation tools for bPV modules, which can evaluate their power generation
potential under different environmental conditions, are essential for predicting the energy
yield of bPV-based solar generators and optimizing their performance [26]. In terms of the
electrical model, it is common practice to adapt conventional models for bPV applications.
One approach is to incorporate a current source into PV-equivalent circuits to account for
photogenerated currents from backside irradiance, resulting in four-, five-, or six-parameter
models [27]. Another proposal is to use two conventional models in parallel, one for each
surface [28,29]. To fully represent the multiphysics behavior of bPV modules, it is necessary
to integrate the electrical model with thermal and optical considerations [30]. Experimental
data, like those presented in this study, are critical to evaluate and validate these models or
develop new ones.

The sections of this study are as follows: Section 2 describes the experimental setup,
the tests, and the methods that allowed us to obtain the results. Section 3 presents and
discusses the performance comparison of a bPV module against two different conventional
devices and against itself (with an estimated monofacial performance) and, finally, the
influence of the mounting structure on the power performance. The last section presents
the conclusions of this article.

2. Materials and Methods
2.1. Experimental Setup

All tests were carried out at the SolarTech™*B of the Politecnico di Milano (45.503 N,
9.1566 E). Milan is located in a region with humid subtropical climates, or Cfa, according
to the K&ppen climate classification. This type of climate is characterized by long hot and
humid summers and foggy winters. The test facility is equipped with a meteorological station
that records ambient temperatures and humidity, wind speed/direction, global horizontal
irradiance (GHI), diffuse horizontal irradiance (DHI), and global tilted irradiance (GTI) at
30°. In the test facility, three PV modules were set up under the same conditions (tilt 30° and
azimuth 6.5 E, being 0° south), with a GCH of 17 cm. Two of the modules were conventional
monofacial PV devices (henceforth referred to as PV1 and PV2) and the third one of bifacial
technology (bPV). In the ground floor surrounding bPV, a high reflecting aluminum foil was
placed to increase the incident irradiation on the secondary face of bPV. Aluminum foil albedo
is in the range of 0.71-0.78 and has low dependence on solar elevation [31]. The experimental
setup is shown in Figure 1.

Module PV1 was manufactured by sunpower with a peak power of 327 W (under
standard test conditions, STC: 1000 W/m?2; AM 1.5 spectrum; and module temperature of
25 °C) [32]; PV2 was produced by Aleo and is able to generate up to 305 under identical
conditions [33], whereas bPV (a 345-Watt module, with glass/glass frameless structure)
was fabricated by 3SUN, and its reported bifaciality (¢) is over 85% [34]. The main char-
acteristics of the modules (PV1, PV2, and bPV) are summarized in Table 1. Apart from
some construction features and nominal operating cell temperature (NOCT), it includes
a short-circuit current (Isc), open-circuit voltage (V,c), and maximum power (P, and its
components I, and Vy,p), as well as the thermal coefficients of Isc, Voc, and Py (2, B, and
7, respectively).
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Figure 1. Experimental setup at SolarTech™AB (45.503 N, 9.1566 E). Meteorological station (a), PV
modules under test (b), and back of bPV with high-reflecting ground surface (c).

Table 1. Main PV module characteristics.

Manufacturer Sunpower Aleo 3SUN
Model SPR E20 327 COM S59 305 3S Dual 72N
Short Name PV1 PV2 bPV
Mechanical
Length x width [mm] 1558 x 1046 1660 x 990 1983 x 998
Cell material m-Si m-Si m-Si
Cell size [mm)] 125 x 125 156.75 x 156.75 156.75 x 156.75
Number of cells (N;) 96 60 72*
Electric
Py [W] 327 (+5/—3 W) 305 (£5 W) 345 (+3%)
Vinp [V] 54.7 314 39.3
Imp [A] 5.98 9.72 8.78
Ve [V] 64.9 39.6 47.9
I [A] 6.46 10.06 9.18
B [mV/°C] —176.6 —114.84 —143.7
(%/°C) (—0.272) (—0.29) (—0.30)
a [mA/°C] 2.6 5.03 44
(%/°C) (+0.04) (+0.05) (+0.048)
v [%/°C] —0.35 —04 —0.38
NOCT [°C] 45+ 2 48 +2 44+ 2
* Per face.

During a 5-day campaign, the I-V curves of the 3 modules were traced in central
day hours. For each condition, 5 curves were obtained per device using an I-V tracer
manufactured by TeamWare (the process to obtain the five curves takes up to 1.5 min).
Additionally, the temperature of each module was measured using type K thermocouples
and recorded with a data logger Elo3305, manufactured by LSI. The main characteristics of
the equipment used are summarized in Table 2.
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Table 2. Technical characteristics of measurement devices at SolarTech4B.

Equipment Manufacturer-Model

Other

I-V Tracer TeamWare-Wally

Voltage, current precision: +£0.5%
(2-120% full scale range)

Thermocouple modules RTD PT100 A Class

Accuracy: 0.25 °C;
Resolution: 0.1 °C

Data Logger LSI-Elo3305

Acquisition rate: 1 Hz

Thermocouple humidity sensor LSI-DMAS875

Pt100 1/3 B (DIN EN 60751);
Measurements range: [—30 °C,
+70 °C]J; Resolution: 0.04 °C;
Uncertainty: 0.2 °C (at 0 °C)

Pyranometer (GHI and GTT) LSI-DPA252

1SO9060 Secondary standard;
Spectral range: 285-3000 nm;
Response time: 4.5 s; Directional
response <10 W/m?

Pyranometer (DHI) LSI-DPA154

ISO9060 First Class; Spectral
range: 285-3000 nm; Response
time: 16 s; Directional response:

<420 W/m?

The post-process of the curves consisted of 3 steps:

1. Each set of five curves was translated to the mean irradiance of the event, assuming a
constant temperature, as in Procedure 4 of Standard IEC 60891: 2021 [35], shown in

Equations (1)—(4):

Gy
=1 +1 (1) 1
1 1 sc,1 Gy 1)
Vll =V - RS(I{ — Il), (2)
IzZI{-FOC(Tz—Tl), 3)
T, — T
V2=V1/+%(V1/—Nc'€) (4)
1

where subscripts 1 and 2 denote the original and target conditions, respectively. The
number of cells connected in series N, and the current temperature coefficient « can
be seen in Table 1. The internal series resistance R; and the constant e, which is
independent of temperature and irradiance, were fitted to obtain maximum power
and voltage errors within +0.5% at STC in all the curves. Their values are 0.45 (2 and
1.2936 V, respectively.

The curves were resampled at identical voltage values and then averaged to obtain a
single smoother curve.

Finally, for the averaged curve, the main characteristic values were obtained: Isc, Inp,
Voc, Vimp, and Ppp. The values of I;c and V. were obtained by local fittings in the
region close to short- and open-circuits. In the case of I, linear regression was used
for voltage under 10 V. For V, by second order polynomial fitting in the region of
V> V.

An example of the 5 original I-V curves and the final one after post-process can be

seen in Figure 2.

To compare the performance of the three modules (PV1, PV2, and bPV) with different
sizes and characteristics, the values were normalized by taking into account the technical
features provided by the manufacturer (see Table 1). Therefore, this normalization ensures
an equitable and scientifically rigorous analysis, which allows a fair comparison between PV
modules with different characteristics and rated power, through the adoption of normalized
indexes, as recommended by international standards [36]. Moreover, PV technologies with
different characteristics were selected to reflect the diversity of options available in the
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market and to provide a more comprehensive analysis of their performance under various
conditions. This research aimed to highlight the practical implications and real-world
performance differences that users might encounter, with the reported experimental data.

T T
S CJ — o — -
\
— 5L \ 4
< 5
= \
£ \
3481 4
© \
\
46 \ b
| | | | | \ |
0 10 20 30 40 50 60

Voltage [V]
Figure 2. Five original I-V curves (green) and averaged curve (dashed black).

As a final step, the bifacial contribution of bPV was found by subtracting the estimated
monofacial Pmp from the experimental value. The monofacial power was computed using
two independent methods. The first one was carried out by applying Equation (5) [37]
as follows:

Pup(G. T) = Pusc - o (14 4(T = Tezc)) ®)
STC

which can be used with the information provided in the manufacturer’s datasheet (see
Table 1) and experimental or simulated G-T sets.

Additionally, an alternative estimation method was used. It consisted of applying G-T
corrections to an experimental I-V curve, following Procedure 4 of IEC 60891 [35] (1)-(4),
and then finding the maximum power point (MPP). The curve used for the task was
obtained by selecting the best sample over a set of different curves traced with the secondary
face of bPV being covered (see below).

2.2. Outdoor Characterization of the Bifacial Main Face

The principal face of bPV was tested independently in an earlier experimental cam-
paign. The bPV module was mounted in a tilting structure in “monofacial” configuration
(by blocking the secondary face, as can be seen in Figure 3), and the I-V curves were traced
in a 1-month campaign for different irradiance levels and ambient temperatures.

Then, the curves were processed as described before; all of them were translated to
STC conditions, and errors at Pyp, Voc, and Iy / Isc were computed. The curve with the
lowest sum of absolute estimation errors was selected as follows:

Imp/Imp,STC .
Isc/lsc,STC

err = 1 (6)

Pmp 1+’ Voc 1‘
mp,STC Vioe,sTC

In (6), the subscript STC denotes reported values under standard test conditions (see
datasheet values in Table 1).
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Figure 3. Single-face bPV characterization setup.

2.3. Influence of Mounting Structure

A final test was performed to investigate the influence of the mounting structure on
the power output of bifacial modules, specifically the obstruction of back illumination
produced by the structure supporting them. In this case, a later-arrived identical pair of
bifacial modules (hereinafter referenced as bPV1 and bPV2, model 35 Dual 72N; see Table 1)
was mounted side by side with a slight vertical deviation (see Figure 4), which induced
each horizontal beam of the structure to partially cover one or two rows of cells (as shown
in Figure 4b). In the case of bPV1, the structure partially blocks four rows of PV cells and
only the half for bPV2.

bPV1 bPV2

naprnapanap 1IDAITHID
(b)

Figure 4. Mounting of bPV1 and bPV2. Experimental setup (a) and obstruction scheme (b).

As in the previous cases, a set of I-V curves of both modules were traced one after the
other, which permits the comparison of both of them in almost identical conditions. The set
of curves was averaged in the same way as described before.

3. Results and Discussion
3.1. Modules Comparison

For each module, more than 35 sets of I-V curves were obtained in an equal number of
operation points and as close to each other as possible. Figure 5 shows the in-plane global
irradiance, ambient temperature, and time instants required for tracing each set of curves
for the three modules. As is observed, the I-V curves were obtained in at least one case of
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In-plane Irradiance [W/m2]

the main sky conditions: three clear-sky days (14-16 February), one with passing clouds
(17 February), and a final overcast one (20 February).

A summary of the outdoor results can be seen in Figure 6, where the maximum power
(a), short-circuit current (b), open-circuit voltage (c), and modules temperature boxplot (d)
can be observed. The superior generation performance of bPV over both PV1 and PV2is
evident (Figure 6a). At three different irradiance levels of 300, 600, and 900 W/ m?, and
considering the linear regressions shown on Figure 6a, bPV would proportionally produce
up to 6.4% more than PV1 and 7.8% more than PV2 (the remaining values are shown in
Table 3).

‘76 PV1 samples + PV2samples O bPV samples Tamb ‘

1000 T T T T 18
900 — J16
800 — %

% 14 O
700 - ‘ e
g
600 - 12 2
2
500 — T T 110 g
)
400 — -
| o
300 — 4 IS
—6 <C
200 —
100 - / 14
0 j | | | | | | 2
Feb 14 Feb 15 Feb 16 Feb 17 Feb 18 Feb 19 Feb 20 Feb 21

Figure 5. In-plane irradiance (30°), ambient temperature, and instant of I-V samples for modules PV1
(green-x), PV2 (red-+), and bPV (blue-o). 18-19 February were not labor days, and no I-V curves
were obtained.

Table 3. Potential power increment according to linear regressions at different front irradiance levels.

Front Irradiance

300 W/m? 600 W/m? 900 W/m?
PV1 27.5 53.4 79.3
. PV2 26.8 52.3 77.9
Pm::TC [%] bPV 31.8 58.8 85.7
bPV-PV1 43 5.4 6.4
bPV-PV2 5.0 6.4 7.8

Similar behaviors can be observed when analyzing the SC current (Is;) (Figure 6b).
The bifacial module’s current capacity is always higher than the two conventional modules
(PV1 presents slightly better characteristics than PV2). Once again, linear fitting allows
the quantification of the additional current, the current increments are given at 900 W/ m?:
3.78-5.37% (for PV1 and PV2, respectively).

As expected, no particular OC voltage (V,) improvement is observed, as bifacial
devices modify power through the increase in the total photogenerated current, and this
has a logarithmic relationship with V,.. Indeed, bPV demonstrates an intermediate behavior
between PV1 and PV2 (Figure 6¢).

The temperature operation is a critical performance feature as its increment reduces PV
efficiency and accelerates cell degradation [38]. It has been suggested that bifacial modules
would operate at lower temperatures than conventional PV ones [39,40], with an estimated
reduction of around 1.1 °C [40]. Our experimental results show that it could be the case
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but not necessarily (see Figure 6c and Table 4). If bPV and PV1 are compared, a lower
temperature is consistently observed in bPV (mean, median, and lowest boxplot values,
excluding outliers). However, no significant difference is observed in the same metrics
when compared to PV2. More experimental results are required to fully understand these
discrepancies. However, from this point of view, it seems that the bifacial modules would
operate under temperatures, at most, as conventional PV devices.
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g AT 3 e
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e bPV: 0.0898 G + 4.88 bPV: 0.10510 G — 0.653
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o DBPV: —0.169(T. — Tsrc) + 95.6
e + o+
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Figure 6. Performance comparison of modules PV1, PV2, and bPV: maximum power (a), short—circuit

current (b), open—circuit voltage (c), and cell temperature (d). Linear regressions are included in
each legend.

Table 4. Some statistical differences in temperature operation.

PV1 PV2 bPV PV1-bPV PV2-bPV
Max [°C] 47.6 46.6 474 0.2 —-0.8
Median [°C] 39.7 36.7 36.5 3.2 0.2
Mean [°C] 36.9 34.8 34.9 2.0 —0.1
Normal lowest * [°C] 27.0 25.2 25.1 1.9 0.1

* Defined as Q1 — 1.5(Q3 — Q1), where Q1 and Q3 are the first and third quartile, respectively.

3.2. Bifacial Comparison (Module bPV): Mono vs. Bifacial Performance

In comparison to other PV modules (PV1 and PV2), the bPV module exhibits a superior
power capacity, achieving up to a +7.8% increase under the test conditions being analyzed
(refer to Figure 6a and Table 3). It is imperative to discern whether this enhancement arises
primarily from the secondary PV face or if variances among manufacturers contribute to a
fraction of it. This comparison essentially evaluates bPV against itself, considering both
mono- and bifacial configurations.

I-V curves’ maximum power points of bPV (in monofacial operation) were derived
utilizing two distinct methods outlined in the preceding section. Initially, employing
Equations (1)-(4), the baseline curve was adjusted to encompass all bPV G-T tracing
conditions (as shown in Figure 5), and the MPP was then identified. The second method
was then applied using (5) under identical conditions.
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Both the measured and estimated maximum power outputs of bPV are depicted in
Figure 7, as well as the disparity between the two methods. Both approaches yielded
comparable (Figure 7a) and consistent (Figure 7b) outcomes. During days characterized
by clear-sky conditions and minimal cloud cover, the additional power output ranged
from 1 W to 7 W. However, it notably increased on overcast days (see Figure 5), reaching
values within the range of 7 W to 15 W. This observed phenomenon is attributed to a
significant reduction in back-side irradiance non-uniformity under high diffuse fraction
conditions [10], consequently diminishing the current mismatch on the secondary face and
augmenting its power output.
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Figure 7. Bifacial-monofacial MPP comparison of bPV module. Recorded MPP of bPV and estimated
monofacial by two different methods (a) and estimated bifacial contribution (b). Estimation methods:
Procedure 4 of IEC 60891 [35] (red crosses) and (5) (black squares).

The bifacial power gain (BPG) can be defined (7) to quantify bifacial contribution:

Pmp,b

BPG = -1 @)

mp,m

where the b and m subscripts distinguish between bi- and monofacial maximum power,
respectively.

When BPG is calculated (7), for clear or marginally covered days, its value is close
to 2% (means of 1.7% and 1.9%, depending on the monofacial estimation method, see
Figure 8a) but can reach 4%. However, in overcast scenarios, it can be as high as 15%, even
under non-favorable test conditions. This is clearly evidenced if BPG is plotted against
diffuse fraction (see Figure 8b), where the two clusters are observed. In Figure 8b, the
diffuse fraction was calculated on the horizontal plant, that is, directly from measured data
(DHI/GHI).
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Figure 8. Bifacial power gain of bPV by two Py, estimation methods: Procedure 4 of IEC 60891 [35]
(red crosses) and Equation (5) (black squares). Chronological samples (a) versus diffuse fraction ratio
(b). BPG mean of low diffuse fraction samples is added to the legend.
3.3. Influence on Mounting Structure

An additionalfactor contributing to non-uniform rear illumination, in addition to the
diffuse fraction, is the structural configuration of the mounting system itself. To elucidate
its impact, bPV modules (bPV1 and bPV2) were positioned adjacently with varying frame
obstruction patterns, as illustrated in Figure 4. Distinct I-V curves were then generated
by altering the tilt angle (and in-plane irradiance). In this case, the ground behind bPV
modules was a metallic grid (see Figure 4a), and its albedo was found to be 0.09.

Figure 9a presents a representative instance of bifacial devices exhibiting current mis-
match on the rear side, attributed to non-uniform illumination, a phenomenon previously
observed even under controlled indoor test conditions [41]. Notably, even minor discrep-
ancies in mounting between bPV1 and bPV2 result in discernible deviations in the I-V
and P-V curves. Independently, on the tilt angle, bPV1 shows a worse performance than
bPV2, which is more evident at 0° and 30° (see Figure 9b). While bPV1 shows an almost flat
I-V profile in the range Isc-Iyp, three different current levels with two steps (or kinks) are
observed in bPV2 in the same range: the first one approximately at 10 V and the second
one slightly above 20 V (see Figure 9a).

107 350
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: % 150 -
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Figure 9. Curves of two identical bifacial modules (bPV1 and bPV2) with different backlight obstruc-
tion. I-V (a) and P-V (b) curves.
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As both bPV1 and bPV2 are bifacial modules of the same model, and their I-V curves
are traced within a 1.5 min difference, the current discrepancies are only justified by
discrepancies in the secondary face contribution. Even if the kinks are more evident in
bPV2, their effect is more severe in bPV1, a single deep step, rendering it nearly akin
to a conventional device, as the bifacial contribution is largely neglected. Consequently,
bPV1 can serve as a reference to estimate the performance reduction in both bPV2 and an
ideally placed bifacial module: its current at MPP provides an approximation to that of a
conventional device of identical technology; the difference with bPV2 at MPP indicates
the additional power/current under the tested conditions; and the discrepancy under the
short-circuit conditions facilitates the estimation of the potential current (and power) in
the absence of structural obstructions. These approximations are in agreement with the
experimental results in similar outdoor setups [21], where an imitated structural beam
completely blocks a row of cells in the back face and makes the I-V curve coincide with
that of a conventional module, i.e., a practical cancellation of the bifacial contribution [21].

Despite the presence of these deviations, which attenuate its bifacial contribution, bPV2
exhibits a slight increase in maximum power across all tested conditions (see Figure 9b and
Table 5). The variation in current attributed to the kinks in Figure 10a falls within a similar
range (0-3% of I), as reported in indoor measurements characterized by non-uniform
back radiation [41]. To discern these differences more clearly, the variation (bPV2-bPV1) for
all curves is depicted in Figure 10. The values at MPP are denoted by x-markers for bPV1
and o-markers for bPV2. Notably, the changes in voltage at MPP are negligible, indicating
that any variation in power is primarily attributable to the changes in current. This can be
derived by (8) and (9), where an apostrophe signifies the presence of bifacial contribution
(either bPV2 or the ideal scenario of homogeneous illumination without kinks), while its
absence denotes the scenario where bifacial contribution is entirely neglected (bPV1).

Prip & Vinp(Inp + Alyy,) — APy = Py — Pup & Vi Al (8)
/ /

— My _ BPG ~ Bl ©)
Prp Inp

In Equation (9), if the ideal condition is analyzed, Al,, is approximately AI, thereby
facilitating the estimation of ideal BPG (refer to Table 5). To derive this estimation, AI/. was
approximated as the median value for voltages below 9 V, considering that the irregularities
of the curves preclude confident linear regression analysis for low voltages (before the
deepest kink). These medians are depicted as dotted lines for each case in Figure 10a, with
the corresponding values provided in Table 5 (Al).

Table 5. Estimation of BPG for the experimental test and the ideal condition without non-
homogeneous illumination.

bPV2-bPV1 bPV1 BPG
. Ideal bPV2 o APyp,idear
Tilt [] Alsc [Al  APupIW1 Ly [Al - Py [WI [%] [%] A [%] ["’v(’}]‘ e
0 0.249 2.85 7.25 256.9 3.43 1.11 2.32 8.5
15 0.112 1.16 8.49 293.5 1.32 0.40 0.92 2.7
30 0.196 413 9.20 312.1 2.13 1.32 0.81 2.5
45 0.121 1.85 9.06 307.5 1.34 0.60 0.74 2.3

As can be seen in Table 5, the presence of light obstruction by the mounting structure
can reduce to a third (tilt 0° or 15°) or half of the potential BPG (tilt 30° or 45°). In addition,
as shown in Figure 9, the contribution of the secondary face could be practically wasted.

It is crucial to solve, or at least fully understand, the problem of non-uniform illu-
mination in order to take full advantage of bifacial PVs. Its presence can severely reduce
bifacial contribution. This is particularly challenging since low non-uniformity (as the one
required in IEC 60904-1-2) is hardly achievable under real outdoor conditions [10] or even
in controlled indoor laboratory tests [42].
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The impact of non-uniform rear illumination could potentially be reduced by bPV
modules of half-cut cells since, in the same sense of partial shading, the current reduction
in the secondary face due to non-uniformity would be related to one-sixth, rather than
one-third, of the module surface. However, some recent results suggest that half-cut bPV
modules could produce a new hotspot phenomenon (“hotspot mirroring”) [43]. We are
currently conducting tests to investigate in this direction.

An additional mitigation measure has been proposed when reinforced bars are placed
in the mounting structure (similar to those in Figure 4) [21]. If the distance between the
bars and the module is equal to the beam width, significant BPG recovery (more than 60%)
could be achieved by a proper structure configuration (see [21] for more details).
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Figure 10. Curves discrepancies (bPV2-bPV1). I-V (a) and P-V (b). MPP are identified with x (bPV1)
and o (bPV2). In (a), dotted lines show the estimated current difference at SC.

4. Conclusions

This study investigated the performance of bPV modules in a temperate-climate
setting (Cfa, Képpen classification) and an industrial rooftop-like test environment char-
acterized by low ground clearance height (GCH) and limited tilt angles. We elucidated
that non-uniform rear-side illumination, stemming from both ambient conditions (e.g.,
low diffuse to global radiation ratio) and site-specific factors (e.g., mounting structure
characteristics), can substantially diminish bifacial performance in these non-ideal oper-
ational conditions. Despite the challenges posed by non-uniform rear-side illumination,
bPV modules demonstrated considerable advantages over their conventional PV coun-
terparts. Comparative analyses against two different PV modules revealed a consistent
power increase of 4.3-7.8% with bPV glass/glass frameless technology. Similarly, a self-
comparison of bPV modules in the monofacial configuration, where the rear side was
fully obstructed, indicated a bifacial additional power estimate of approximately 2% under
clear-sky conditions, which could escalate to 15% in overcast scenarios characterized by a
high-diffuse-to-global-radiation ratio.

This study delved into the influence of the mounting structure on bPV module perfor-
mance across various tilt angles (0°-45°). It was demonstrated that even minor discrepancies
in module alignment with structural beams can effectively negate any bifacial contribution.
The absence of structural obstruction on clear days yielded an estimated additional power
generation of up to 3.43% (+8.8 W), while less pronounced non-uniformity induced by the
mounting structure still contributed to power enhancements of 1.3% (+4.13 W).

In essence, these findings underscore the complex interplay between environmental,
site-specific, and technological factors in determining the performance of bifacial PV mod-
ules. Despite the challenges posed by non-uniform rear-side illumination and mounting
structure influence, bPV technology offers performance advantages over conventional PV
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modules even in not optimized installations. Further research and technological advance-
ments are warranted to address these challenges and fully unlock the potential of bifacial
PV technology in sustainable energy generation applications.

Possible measures to reduce the production losses due to the effect of non-uniform
rear-side illumination on industrial-like rooftops could include the use of half-cut cell
modules and the proper separation of unavoidable blocking structural components, as
well as the careful alignment of structural beams and rear cells. Their combination and
alternative solutions still need to be investigated and optimized.
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Abbreviations

The following abbreviations are used in this manuscript:

PV Photovolatic

BPG Bifacial Power Gain

bPV Bifacial Photovoltaic

DHI Diffuse Horizontal Irradiance
GHI Global Horizontal Irradiance
GTI Global Tilt Irradiance

ocC Open-circuit

SC Short-circuit
MP Maximum Power
MPP Maximum Power Point

GCH Ground Clearance Height

STC Standard Test Conditions

NOCT Nominal Operating Cell Temperature
AM Air Mass

IEC International Electrotechnical Commission
@ Bifaciality

G Irradiance

T Temperature

N Number of cells

Rq Series Resistance

LV Current, Voltage
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v Intermediate values for IEC 60891 4th method [35]

o Thermal coefficients of I,
B Thermal coefficients of V.
0% Thermal coefficients of Py
A Difference
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