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Abstract: Bifacial photovoltaics (BPVs) are emerging with large momentum as promising solutions to
improve energy yield and cost of PV systems. To reach its full potential, an accurate understanding of
the physical characteristics of BPV technology is required. For this reason, we collected experimental
data to refine a physical model of BPV. In particular, we simultaneously measured the module
temperature, short circuit current (Isc), open-circuit voltage (Voc), power at the maximum power
point (Pmpp), and the energy yield of a bifacial and a monofacial minimodule. Such minimodules,
realised with the same geometry, cell technology, and module lamination, were tested under the
same clear sky outdoor conditions, from morning to afternoon, for three days. The bifacial system
experimentally shows higher module temperatures under operation, about 10 °C on a daily average
of about 40 °C. Nevertheless, its energy yield is about 15% larger than the monofacial one. We
propose a physical quantitative model that fits the experimental data of module temperature, I,
Voc, Pmpp, and energy yield. The model was then applied to predict the annual energy yield of PV
module strings. The effect of different PV module temperature coefficients on the energy yield is
also discussed.

Keywords: bifacial PV modelling; temperature effect; NOCT model

1. Introduction

The bifacial photovoltaic (BPV) system represents a promising technology for the
future development of photovoltaics (PVs). Bifacial solar cells simultaneously collect
incident solar radiation from the sun on the front side, such as conventional monofacial PV
(MPV), and the albedo radiation from the ground on the back, plus some additional diffused
light. Therefore, compared with MPV, under suitable conditions, BPV can effectively
increase the energy yield of PV modules and strings at reduced costs. Since BPV presents
the possibility to reduce the levelised cost of energy (LCOE), the International Technology
Roadmap for Photovoltaics has predicted for the bifacial technology an increase in the
worldwide market share from 30% in 2020 to about 80% by 2031 [1].

Several BPV technologies are available on the market. These include the passivated
emitter rear contact (PERC) cells, the passivated emitter rear totally diffused (PERT) cells,
and the silicon heterojunction technology (HJT) cells. Differences in cell structure result
in different values of the bifaciality factor (BF), defined as the ratio of the power at the
maximum power point (MPP) measured on the back divided to the front-side power at
MPP under standard test conditions (STC). Generally, the BF ranges between 70% and
100% depending on the technology (PERC, PERT, HJT, etc., see [2,3]). Among the HJT cells,
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the n-type ones are the most promising for BPV, due to their high short-circuit current (Isc),
open-circuit voltage (Voc), and BE, and for their low temperature coefficient [4] compared
with the most common p-type cells [5].

In parallel to experimental studies, relevant efforts have been dedicated to the mod-
elling of bifacial devices. Yusufoglu et al. [6] proposed a model to predict the annual
energy yield based on the calculation of the ground-reflected radiation reaching the rear
side of the PV module. A further refinement of the model has been developed to take
into account the uneven radiation distribution on the back surface of the PV module [7].
A method to evaluate the bifacial gain (BG) for different installations was proposed by
Shoukry et al. [8]. Sun et al. [9] studied the optimisation of a stand-alone bifacial module
for various geographic locations. In our previous works [10,11], we have proposed an
analytical model which considers the spectral content of the solar radiation incident on the
front and back surfaces of PV modules. This model has been validated on experimental
data and applied to evaluate inhomogeneous illumination on large PV strings and energy
yield of BPV systems, either with fixed-tilt installation or uniaxial trackers. In particular,
we found that, provided that the strings have sufficiently large open perimeters, the fixed
installations produce a similar energy yield, compared with the same strings installed with
uniaxial solar trackers.

When modelling BPV systems, module temperature is a key aspect to consider since,
in most PV technologies, a high temperature negatively affects the energy yield. Hence, a
reliable prediction of the BPV energy yield has to correctly evaluate the total impinging
solar radiation as well as the module temperature. On the one hand, the BPV module
temperature is expected to be higher since the PV module collects the solar radiation both
from the front side and from the back, and since most of this power is transformed into
a heat flux, a higher module temperature is foreseen. On the other hand, an opposite
argument concerns the absorption of the impinging IR portion of the spectrum. Since the
bifacial cells, contrarily to the Al back surface field (Al-BSF) monofacial cells, are more
transparent in the IR, less solar radiation energy is effectively collected by the bifacial cell,
resulting in a lower cell temperature. Lamers et al. [12] analysed the impact of IR radiation
on Al-BSF MPV modules. In this case, at low albedo, the MPV module temperature is
estimated to be higher, compared with the BPV system. Only at high rear side irradiances
did the authors estimate that the BPV system becomes hotter than the monofacial one.
Similar results were also reported by Zhang et al. [13], who refined the previous studies
by considering also the case of different ground albedos. Patel et al. [4] underlined the
role of the IR sub-bandgap absorption, which increases the PV module temperature under
bifacial operation. These works show the importance of using technologies with power
temperature coefficients low in absolute value, such as in the case of Si HJT.

Previous works [12-14] have studied a direct comparison of performance and module
temperature in bifacial and monofacial modes. In these studies, the differences in module
temperature are due to the differences in the solar irradiation in MPV and BPV, but they
are also heavily influenced by the different technologies used to realise the modules. A
comparison in which only the operation mode (bifacial or monofacial) is varied but the Si
PV technology is maintained the same is needed, to isolate the role played by the type of
irradiation (front and back vs. only front).

In summary, the problem of predicting the PV module temperature in BPV is a crucial
aspect which needs further analysis. In this paper, we report an experimental study focused
on this problem, and on the basis of the experimental results, we refine the physical model
that we have previously proposed [10,11] which calculates the BG in three-dimensional
system geometry.

The experiments were performed in clear-sky outdoor conditions and focused on a
direct comparison of two minimodules of three cells realised by the same bifacial HJT tech-
nology, one of them operating in bifacial mode and the other one operating simultaneously
in monofacial mode. The physical quantities of interest include minimodule temperature,
Ise, Voc, power at the maximum power point (Pmpp), and energy yield. By comparing
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minimodules realised by the same PV technology, the differences in module temperature
can only be ascribed to the differences in the mode in which the solar radiation impinges
on the modules.

The proposed refinement to the model is an equation to estimate the BPV module
temperature that takes into account the additional light collected by the module back. We
validate the updated model by using the experimental data of the minimodules reported
below. In the final part of the paper, we use the model to predict the yearly energy yield
and the effect of varying the power temperature coefficient.

2. Experimental

Two identical minimodules of 3 bifacial n-type Si HJT cells were prepared. The HJT
cell, characterised by a hydrogenated amorphous Si/crystalline Si heterojunction, is based
on a technology developed by Enel Green Power at its 3SUN facility. Under STC, these
cells show a Vo of 730 mV, an I of 9.3 A, a BF of 90%, and a power conversion cell
efficiency (PCCE) of 22.7%. We realised our minimodules by connecting 3 cells in series
with copper strips and laminating them in a double transparent polyethylene substrate
with EVA backing. One of the modules was covered with white cardboard on the back to
completely prevent the albedo light collection. In this way, the module operated similarly
to a monofacial module with a white back sheet. In fact, the white cardboard here used
has a low transmittance in the infrared range while, in some cases, the infrared white back
sheets transmittance can be quite large [15], which would likely imply a better thermal
behaviour of the module.

The minimodules were tested in outdoor conditions in Catania, Italy (37°26' N,
15°4' E). The data were collected from about 9 a.m. to 4 p.m. for 3 days in the period
from 17 to 19 February 2021, on sunny days with no clouds.

An image of the minimodules during the experiments is shown in Figure 1. The
module height (55 cm) and orientation (35° inclination from ground, modules facing south)
were chosen to optimise front- and back-side solar radiation and ground albedo collection,
according to our previously developed model [10]. The chosen height did not correspond
to the maximum PV energy yield but rather to the point where the further height increase
produced only a marginal improvement of energy yield [16].

Figure 1. Image of the experimental setup: front view of the two minimodules, with the bifacial on
the left and the monofacial on the right.

The minimodules were placed on a piece of asphalt which shows an average normal
incidence reflectivity of 30% over the 300-1100 nm range, as reported in Privitera et al. [16].

The solar irradiation intensity impinging on the PV minimodules (Efront) was mea-
sured by using an MS-40 EKO pyranometer. The pyranometer was tilted at 35° similar to
the minimodules. In addition, the minimodule temperatures were measured by using two
very small thermo-resistances directly placed in close thermal contact to the front and back
of each minimodule. These probes were covered with white cardboard to shield the solar
radiation. Overall, each thermo-resistance had a size of 4 mm?2, and it was placed above
the PV cell bus bars, thus producing negligible PV cell shadowing.
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Figure 2 shows an example of the temperatures measured on the front (T¢n;) and
back (Tpack) surfaces of the module over time during one day of measurements, on both
bifacial and monofacial minimodule.
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Figure 2. Example of measured temperatures of the minimodule on the front and back surfaces
as a function of time for bifacial (a) and monofacial (b) minimodule measured in one of the days
of measurement.

In all cases, Trront is larger than Tp,e. This is most likely mainly due to the different
amounts of solar radiation impinging on the front and back surfaces of the PV minimod-
ules, evidenced by the very different short circuit current levels measured in bifacial and
monofacial systems at all times, as shown in the next section.

Given that the minimodule structure is symmetric, with both sides laminated with
the same process, we assumed that the module temperature (Tp,ogyle) is the average of the
temperatures measured on the front and on the back, that is,

T + T
Tmodule _ front . back (1)

More complex models of module temperature have been formulated which implement
heat transmission throughout the module [17]; however, glass—glass commercial modules
usually have thicknesses starting from 4 mm, while our minimodule is only 1 mm thick
and is encapsulated in a polyethylene substrate, as stated above. For these reasons, we
assumed the simpler approach of Equation (1).

From Figure 2, it is clear that the bifacial module temperature is higher than that of the
monofacial module. This was systematically observed in all cases, and it will be discussed
in detail in the following parts of the paper.

The current-voltage (I-V) characteristic of each PV minimodule was measured by a
Kelvin configuration. For each minimodule, the current was evaluated by the voltage drop
across a 20 m() resistor connected in series. The voltage across the module was swept by
a variable load, obtained by an STP60NF06 power MOS repeatedly driven from OFF to
ON condition by a linear staircase signal at 0.2 Hz applied to the transistor gate. Data were
continuously acquired through a USB-6343 National Instrument data logger.

In the module bias region between ~1.8 V and ~2 V, the I-V data were affected by
noise due to the acquisition system, and these data points were eliminated and excluded
from further data analysis. Nevertheless, it has to be noted that such data filtering did
not have any impact on the measurement of Isc, Voc, and Ppp. All these parameters were
reliably measured from the experimental I-V curves such as those of Figure 3. Each I-V
trace was repeatedly taken on each 90 s, obtaining 250 data sets on average during each
day. With this setup, we could follow the daily evolution of the PV system characteristics
with high time resolution and an accuracy in the measurements of current and voltage of
about 0.5% and 0.1%, respectively. Finally, the ambient temperature data were collected
from an in situ weather station.



Energies 2022, 15, 22

50f13

——Morning
—— Midday
— Afternoon

Current (A)
(=2}

1 1.2 1.4 1.6 1.8 2 2.2
Voltage (V)

Figure 3. Experimental I-V curves collected from the bifacial minimodule in one of the days
of measurements.

3. Results and Discussion
3.1. Module Temperature

Figure 4b reports the experimental data of the PV minimodule temperature of both
modules and of the ambient temperature (T,.,), averaged over the three days of mea-
surements. As expected, temperatures are lower in the morning, reach their maximum
at midday, and decrease in the afternoon. Module temperatures are much higher than
the ambient temperature since solar irradiation warms up the modules. In particular,
it is evident that the bifacial module is up to about 12 °C warmer than the monofacial
module. This behaviour, systematically observed and quite remarkable, was quantitatively
modelled, as discussed in Section 3.3 of this paper, by using Equations (2) and (3). In fact,
Figure 4 also shows the module temperature profiles, calculated according to the proposed
model, which reproduces quite well the experimental trends: this is true for the average
values as well as for the temperatures measured on a single specific day (17 February 2021)
with an RMSE of 7.3% of experimental values for the bifacial minimodule and 11.7% for
the monofacial minimodule.
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Figure 4. Data of a single day of module temperature compared with the values predicted by the
model (a) and average values compared with the model (b). Ambient temperature is also reported
as reference.

3.2. Module Electrical Parameters

Figures 5b, 6b and 7b report, respectively, the experimental data of Is, Voo, and
electrical energy yield at the maximum power point as a function of time averaged in the
3 days of measurements. For this experiment, we define the energy yield as the cumulative
energy produced by the minimodule at its maximum power point since the start of the
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measuring period (about 9 a.m.). The figures also report the calculated curves of the best
fit of the model to the experimental data. In particular, Figure 5 also reports the calculated
contribution to the bifacial PV module Is. due to the albedo light collection by the back of
the PV cell (green continuous line). The Is. difference in bifacial and monofacial modules
is due to the contribution of the current collected by the back of the PV module. The
latter, compared with the monofacial module I corrected by the PV cell BE, provides an
estimate of the ratio of the solar radiation flux collected by the back surface (Apy) with
respect to the one collected by the front Atop. Apet/Atop was measured by using two
photodetectors oriented similarly to the PV minimodules, but one facing up and the other
facing down towards the ground (data not shown), which results in the order of 17-20%;
that is, the radiation impinging on the back is about 17-20% of the radiation incident on
the front. The proposed model captures this feature quite well since, from Figure 5, it is
evident that the model and data are in good agreement. The model fits both the average
and the chosen day data, with an RMSE of 4.7% and 1.5% for bifacial and monofacial
minimodules, respectively.
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Figure 5. Data of a single day of module Isc compared with the values predicted by the model
(a) and average values compared with the model (b). The model allows also to separately calculate
the current generated by the back surface of the module.
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Figure 6. Data of a single day of module Vpoc compared with the values predicted by the model
(a) and average values compared with the model (b).

The results show clearly that the bifacial PV minimodule, compared with the mono-
facial one, even if it exhibits a larger temperature, has a much larger short circuit current,
owing to the albedo light collection by the PV cell’s back side, a moderately lower V.,
attributed to the larger module temperature, and a remarkably larger energy yield at the
maximum power point.
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Figure 7. Data of a single day of module energy yield compared with the values predicted by the
model (a) and average values compared with the model (b).

Figures 5-7 also report the calculated best-fit curves of the quantitative model de-
scribed below, which allows performing quantitative evaluations of the energy yield of
bifacial PV systems. A good match of the experimental data to the model curves is evident.
Similar to procedures for the other quantities, the model was tested against the average
data and data of the chosen day: for the V. value, we obtained an RMSE of 0.8% for the bi-
facial minimodule and 0.9% for the monofacial minimodule, while for the energy yield, we
obtained an RMSE of 2.4% and 2.1% for bifacial and monofacial minimodules, respectively.
In the next section, we describe the proposed model and report its evaluations of bifacial
PV annual energy yields as a function of the PV module’s temperature coefficients.

3.3. Model of Bifacial PV and Data Fitting

In refs. [10,11], we have proposed a model to evaluate the I-V characteristics and
energy yield of PV bifacial modules and strings. The model assumes a complete three-
dimensional (3D) geometry, that is, no simplification to a bidimensional (2D) approximation
is carried out. While differences in back-side irradiance, due to the position of the modules
in the string, can be neglected for longer strings, this is not the case for shorter strings [18].
It takes into account the impinging solar radiation divided into the direct, diffuse, and
reflected components, modelled by using the ASHRAE model [19], the Global Solar Atlas
database [20], Liu and Jordan’s isotropic model of diffused light [21], and the nominal
operating cell temperature (NOCT) model [22]. The solar radiation impinging on the
bifacial PV device was separated into two parts, that is, the I. component due to the
solar radiation impinging on the front I front, and the Isc component due to the albedo
radiation diffused by the ground, Is. pack- Isc front Was calculated by considering only the
direct and the diffused radiation incident on the front, exactly in the same way as in the
case of the monofacial solar cells. Vice versa, Iy pack Was calculated only in the case of
bifacial modules, and it was obtained by integrating over all the elements of the ground
on which the PV system was installed, which all act as isotropic light sources diffusing
light proportionally to the global horizontal radiation and to the ground albedo. More
specifically, I gront Was calculated as the convolution of the front side external quantum
efficiency (EQE) with the spectrum of the solar radiation incident to the front, while I pack
was calculated as the integral over all the underlying ground elements of the radiation
diffused by each element, proportional to the solid angle under which it sees the solar cell
back. Further details of the model are reported in [11]. In the calculation, we took into
account the wavelength dependence of ground albedo, back-side EQE, and the spectrum
of the horizontal component of the solar spectrum. A larger ground area was considered
to correctly evaluate the back-side irradiance of outermost modules. The model also took
into account when the incident radiation has a large incidence angle on the receiving
PV surface element, to correct for the increasing reflectivity which reduces the actually
collected radiation.
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Once for each cell the overall Isc was calculated as the sum of Is gront and Isc pack, as
reported in more detail in [10], the cell current—voltage (I-V) characteristics were calculated
according to the well-known current source/single-diode lumped element circuit model of
the PV cell [23]. The I-V curve of the PV module or of the PV string was then numerically
calculated by considering the series of all the PV cells. In the present case, this corresponded
to numerically calculating the series of 3 cells in the case of the minimodule and of 432
cells in the case of the string of 6 PV modules; then, the V. was obtained as the PV system
voltage corresponding to a current equal to 0 A, while the Pppp, was evaluated as the
maximum of the power produced by the system.

The PV cell lumped element model requires the cell temperature which, therefore,
needs to be correctly modelled. Several temperature models have been defined over the
years, both for commercial modules and single cells [24]. One of the main factors that
differentiate these models is whether they take into account the effect of wind or not. As
our outdoor measurements were performed under light breeze conditions [25], quite close
to those used to measure the NOCT, we chose to start from the NOCT model and adapt it
to describe our experiment. Although a comprehensive analysis of the diverse temperature
models is beyond the scope of this work, it has to be noted that models that include
wind may be even less accurate than those that do not consider this factor, especially in
non-windy locations [26]. Moreover, the NOCT parameter is usually used for commercial
and industrial purposes, and for this reason, a correction that extended the model to BPV
would be desirable. In the experiments here reported, we experimentally measured the PV
module temperatures both in bifacial and monofacial cases, and we observed noticeable
differences, as shown in Figures 2 and 4. Therefore, to take into consideration the large
observed temperature difference, we refined the model of refs. [10,11] as follows: in a
conventional monofacial PV module the temperature is evaluated as

Tmono = Tamb + Efront - (NOCTmono — 20) /800, 2)

where Efop; is the intensity of the solar radiation impinging on the PV cell front, to be
expressed in W/m?, while NOCTpono is the nominal operating condition temperature to
be expressed in °C.

We assumed that Equation (2) is only valid for monofacial PV modules, while for
the case of bifacial modules, we also had to consider the radiation impinging on the back.
In fact, in monofacial modules, the radiation impinging on the module’s back surface is
mostly reflected away by the white back sheet and therefore it does not contribute to the
module temperature. We believe that this is the reason for the large differences observed
experimentally between monofacial and bifacial modules (Figures 2 and 4). Based on such
premises, we introduced an equation similar to Equation (2) as follows:

Tom = Tamb + (Efront + Eback) ’ (NOCTbif - 20)/800 ®3)

where Ty, is the temperature of the bifacial PV module, and NOCTy is the NOCT of the
bifacial PV module. As far as the radiation impinging on the back surface is concerned,
rather than simply adding such radiation to Eg,;, we believed that it is more accurate to
account for this additional term by calculating the ratio between I pack and Igc front, as each
factor already considers the radiation that is actually absorbed by the respective side of the
cell. In fact, as stated above, one of the factors in the calculation of I is the EQE, which is
different for each side and excludes from the calculation the fraction of irradiance that is
reflected or transmitted which does not contribute to cell heating.

Therefore, by assuming the model above described refined with Equations (2) and (3),
we calculated the best-fit curves of the model to the data of Figures 4-7.

The fit parameters are the NOCTy,t, NOCTmono, the power temperature coefficient «r,
the STC PV cell I, Voo, and the series resistance Rs. All best-fit values are very close to the
average values measured for unencapsulated cells in STC [27]. Slight changes of the order
of 10% around the STC values were allowed for V. and Isc. On the contrary, for the Rg
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parameter, an increase up to a factor 3 of the STC value was allowed. The R best-fit value
(2x the STC value) found is likely due to the bus bar and lamination processes which can
produce some worsening of the series resistance. The best-fit values used for the curves
calculated in Figures 4-7 are reported in Table 1.

Table 1. Best-fit values of the proposed model compared with the STC cell values.

Parameter Best-Fit Value Measured STC Value
PV cell Is 915 A 9.30 A
PV cell Ve 720 mV 730 mV
PV cell Rg 6 m() 3mQ
PCCE at maximum power point 21.1% 22.7%
T —0.26%/°C —0.26%/°C
Mini-module NOCTmono 42 °C -
Mini-module NOCTy;¢ 47 °C -

As evident from Table 1, it is found that the cell best-fit values correspond to lower
performances compared with the cell parameters measured in STC. This is likely due to
the non-standard minimodule fabrication and lamination process which produce some
worsening compared with unencapsulated cell parameters [28].

Nevertheless, the best-fit values are quite close to the initial STC cell parameters, and
the resulting curves calculated by the proposed model reproduce the experimental data
well, in terms of PV system energy yield as well as by closely following the data of the
other fundamental physical parameters (module temperature, V., Isc).

It has to be noted that the best-fit value of NOCTy is larger than that of NOCTmono-
This result can be explained by considering the definition of NOCT, which is the operating
condition temperature of the module when irradiated at 800 W/ m?2, at 45° inclination, at
an ambient temperature of 20 °C, and with a wind flowing at 1 m/s. Given the definition,
it appears realistic that NOCTy,s would be larger than NOCT mono since, under solar irradi-
ation, the bifacial module collects the albedo light from the ground. This is, on the contrary,
mostly reflected away by the monofacial module which has a white back sheet. Therefore,
more solar power is collected by the bifacial module, producing a larger temperature.

3.4. Model Extrapolations to Annual PV Energy Yield and Effect of at

By using the proposed model, the results of the present experiments can be extrapo-
lated to realistic conditions, considering PV module strings of many modules rather than
minimodules of a few cells and yearly energy yields rather than daily yields. For this
purpose, we chose a realistic PV system configuration also in terms of the size of the ground
directly illuminated by the sun contributing to the albedo collected by the bifacial system.
In a previous paper [10], we have evaluated the effect of such perimeter size, and in the
present evaluation, we chose a perimeter size large enough to reach the maximum possible
gain of the BPV energy yield, compared with the monofacial PV.

We evaluated the annual energy yield of the bifacial system, compared with the
monofacial one. We chose the latitude of Catania (37°26' N, 15°4’ E) and the temperature
profile in Catania in the year 2017, as reported in [25]. In all cases, the systems were assumed
to be oriented towards the south and with a 35° inclination, similar to the experiments, and
because this is the tilt angle to achieve the maximum annual energy yield. Figure 8 reports
the relative bifacial gain, defined as

EYpit — EYmono

BG = 100-
EYmono

)
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where EY stands for energy yield, according to the temperature profile of Catania in 2017.
Two cases were considered: the case of the three-cell minimodule installed at an average
height of 55 cm, as in Figure 1 and for the experiments here reported (blue curve), and
the case of a string of 6 modules of 72 cells (6 cells high and 12 cells wide) of 1 m x 2 m
arranged in a 2 x 3 configuration (2 modules high and 3 modules wide), installed at an
average height of 2 m (red curve). Both cases were in a landscape-type installation, i.e.,
with the PV system long side along the east-west direction.

25
<
g 2
o
O
g 15
8
o —— 2x3 modules
]
= 10 ——1x3 cells
k=
o)
a 5

0 100 200 300
Time (Day)

Figure 8. Modelled relative bifacial gain over the course of the year for a minimodule (blue) and a
string of six modules (red).

The figure shows clearly that the system with the largest energy yield is the smallest
one, i.e., the three-cell minimodule. This was expected since as the size of the PV system
size increases, the differences of illumination of the back surfaces of the PV cell become
worse, that is, larger. Since all cells are in series, the PV cell with the worst back-side
illumination, i.e., the one with the lowest Is. will dominate the energy yield. This effect
becomes much stronger for a large string of 6 modules with 432 cells; therefore, the PV
relative bifacial gain is clearly lower. Nevertheless, the relative bifacial gain is still quite
remarkable, calculated to be always above 10%, with a clear and remarkable advantage
of energy yield. Such results are in good agreement with the experimental data reported
in refs. [29-31] and with the calculated values reported in refs. [32,33]. We also note that,
according to our model, the maximum difference in temperature between bifacial and
monofacial modules is between 9 °C and 12 °C at the latitude of Catania throughout
the year.

The other aspect that we investigated is the weight of the ot parameter of the solar cells
for the application in the bifacial mode. In general, it is well known that PV technologies
with low ar in absolute value or even positive temperature coefficients are preferable
for application in warm climates. This feature is also very useful in the case of bifacial
systems. In fact, as we showed here, the temperature of a bifacial module tends to be higher,
compared with that of the same module used in monofacial mode with a white surface on
the back. Hence, one expects that the relative bifacial gain will be better in technologies
with low «t in absolute value. To quantify the advantage, we performed calculations using
the model here proposed.

Figure 9 reports the relative bifacial gain as a function of time calculated for the
temperature profile of Catania in 2017 and for the case of one string of 6 modules in 2 x 3
landscape configuration, as previously described. All cases were calculated by assuming
the same values of the parameters, as reported in Table 1, except for oet, which is varied
from —0.26%/°C to —0.45%/°C, that is, in the range of the most important silicon PV
technologies currently available. As expected, as ot increases in absolute value the relative
bifacial gain decreases. From the best to the worst case, the change is noticeable, of about
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—20%. In all cases, however, the bifacial systems show a strong advantage in terms of
energy yield.

20

15

Relative Bifacial Gain (%)

10 —— 0, =-0.26 %/°C
——-0.35 %/°C
-0.45 %/°C
5 M M M
0 100 200 300
Time (Day)

Figure 9. Modelled percent increase in relative bifacial gain over the course of the year of a six-module
string for different values of the power temperature coefficient.

In summary, in this work, we experimentally studied and modelled the module
temperature for the same bifacial technology used in a bifacial mode or, on the contrary, in
a monofacial mode, by covering the module’s back surface with a white sheet. We found
that the PV module when operated as bifacial exhibits larger temperatures, estimated to be
between 9 °C and 12 °C, depending on the season, at midday throughout the year for the
latitude of Catania. Nevertheless, the bifaciality provides a noticeable advantage in terms
of system energy yield. The PV technologies with low o in absolute value provide more
advantage when used in bifacial mode. This is, for example, the case of the HJT technology
used in the experiments here reported, with an ot of —0.26%/°C.

4. Conclusions

In this work, we showed, discussed, and quantitatively modelled the results of outdoor
tests performed for 3 days in clear sky conditions on two PV minimodules based on Si HJT
technology. Rather than monitoring the behaviour of the modules at their maximum power
point, we continuously swept the load on the modules from the open- to the short-circuit
condition with a 90 s period. This allowed us to monitor V., maximum power point,
Isc, and module temperature. Using this approach, we directly compared monofacial
and bifacial operations within the same Si PV technology, evaluating the quantitative
correlation between PV electrical performance, solar irradiance on the PV module front
and back, and the module temperature.

The results reveal that the observed increase in power output and consequent better
energy yield in the case of bifacial operation is mainly due to the higher short-circuit
current. The increase in current is high enough to completely overcome the effect of the
higher module temperature and the consequent lower open-circuit voltage observed in
bifacial operation.

Owing to the experimental data on PV module temperature, we refined our 3D model
to evaluate the PV system’s bifacial gain. The model well reproduces the experimental
results of module temperature, Vo, Isc, maximum power point, and energy yield, both
in monofacial and in bifacial operations. Hence, we used the model to evaluate the
annual energy yields and the effect of varying the power temperature coefficient. From
such analysis, the n-type HJT technology appears to be particularly suitable for bifacial
photovoltaics given its very low temperature coefficient.
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