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a b s t r a c t

There has been a recent surge in interest in the more accurate snow loss estimates for solar photovoltaic
(PV) systems as large-scale deployments move into northern latitudes. Preliminary results show bifacial
modules may clear snow faster than monofacial PV. This study analyzes snow losses on these two types
of systems using empirical hourly data including energy, solar irradiation and albedo, and open-source
image processing methods from images of the arrays in a northern environment in the winter. Projec-
tion transformations based on reference anchor points and snowless ground truth images provide
reliable masking and optical distortion correction with fixed surveillance cameras. This allows individual
PV module-level snow shedding ratio determination as well as average cumulative snow load by
employing grayscale segmentation. The data is used to determine the no-snow losses of two systems
during summer and snow losses during winter. The results found monofacial snow losses are in average
33% for winter period, and 16% on an annual basis. Bifacial systems perform better than monofacial in
severe winter conditions as average winter snow losses was 16% and the annual losses were 2% in the
worst-case scenario. In addition, there was a bifacial gain of 19% compared to monofacial system during
winter.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Although historically large-scale solar photovoltaic (PV) projects
have consisted of monofacial modules, bifacial modules are rapidly
gaining market share [1], as several studies have shown a bifacial
gain [2e5]. Bifacial systems have been installed identically to
monofacial systems, and thus the minimal additional cost (e.g. ~3%)
for bifacial modules is economically attractive [5,6]. The levelized
cost-of-electricity (LCOE) calculations [7] shows that solarelectricity
from bifacial PV has 2e6% lower LCOE than monofacial systems [8].
Trackers have also appeared useful for bifacial deployment [9,10],
but additional research is needed to quantify and improve the effi-
ciency, reliability, and configuration of bifacial arrays [11].
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petsiuk@uwo.ca (A. Petsiuk),
Brown), joshua.pearce@uwo.
The need for additional research is particularly clear in high-
albedo settings [12] where little work has focused on bifacial
modules, including both artificial environments [13], (e.g. white
commercial rooftops [14] or low-concentration substrates [15]),
and natural environments (e.g. deserts [16] and snow-covered
terrain [17,18]). Regions with substantial snow, may be even more
attractive for bifacial PV applications because of the albedo effect.
Snow enhanced albedo increases the amount of incident light re-
flected upward, which is both a primary contributor to general
bifacial gain [19,20] and there are some indications that it accel-
erates snow clearing because of backside surface heating [10]. As
more solar projects are installed in snowy environments this has
become an area of growing interest [20e23] because it is impera-
tive to properly model snow losses for financing of large-scale PV
projects [24e26].

Since snow can completely block the access of solar radiation to
the PV panel or module, its presence is an important factor in
determining the amount of electricity generated. Poorly designed
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systems (e.g. those that allow ground interference that prevents
snow from sliding off modules can result in double digit annual
energy losses [27]). Pawluk et al. [28] presented a literature review
on electricity generation loss due to snow, where they identify
influencing factors and quantify snow impacts, examine existing
assessment methods, and identify mitigation strategies.Wirth et al.
[29] introduced a PV system validation study comparing satellite-
based datasets with ground measurements from various meteo-
rological stations. Pelland et al. [30] developed a method for fore-
casting solar and photovoltaic energy based on the post-processing
of a numerical weather prediction model. Lorenz et al. [31] evalu-
ated a snow detection algorithm based on PV power output and
meteorological forecast parameters.

Particular attention in the literature is being paid to shading and
surface defects detection methods based on computer vision. For
example, Afifah et al. [32] provided an overview of image pro-
cessing techniques for detecting damage on PV panels such as
cracking, delamination, discoloration, bubbling, shading, and soil-
ing caused by maintenance, environment, climate, and chemical
reactions. Li et al. [33] implemented an automatic defects detection
system for large-scale PV installations based on unmanned aerial
vehicle inspection and image processing algorithms. The research
found in Ref. [33] focuses on snail tracks and dust shading seg-
mentation using Gaussian derivative filtering and geometric
feature matching. Most relevant PV yield in snowy environments,
Andrews et al. [23] validated a methodology for determining
snowfall losses from time-series performance data and meteoro-
logical observations and developed a method for determining the
distribution of snow deposits on solar PVmodules from image data.
In images captured at 5-min intervals, solar PV arrays are masked,
and snow distribution is determined based on grayscale values
[23]. Later, Braid et al. [34] developed amethod formeasuring snow
propagation on individual elements of a commercial-scale PV
project by applying hue-saturation-value thresholding to trans-
formed images of module sections considered optical distortions.
Thus, computer vision is particularly useful for snow-related PV
studies.

Non-tracking fixed-tilt solar projects remain the most common
type of solar PV system and despite recent efforts, there remains a
knowledge gap on the impacts of snow losses for bifacial as
compared to monofacial modules for these systems in snowy en-
vironments. Many studies have been in the most extreme envi-
ronments (e.g Refs. [22,27]), which do not represent the majority of
PV systems found in regions that have some snow losses. To solve
this outstanding issue and provide design guidance for those
building PV projects in snowy environments, this study analyzes
snow losses on these two types of systems using empirical hourly
Fig. 1. Bird's eye view of the layout of the system. The monofacial panels are within the solid
west and dash-dot line for those arranged in a line facing south.
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data in a northern environment (Escanaba, MI, USA). The behavior
of monofacial and bifacial solar PV systems during winter is
investigated. Hourly energy data collected from the inverters is
used to analyze the impact of the snow on the energy production of
the two systems. Solar irradiation data collected by two pyran-
ometers is analyzed to determine an existing relationship between
the albedo and the performance of the two types of system during
winter. When analyzing the energy conversion efficiency of solar
PV modules, calculations of the amount of snow cover were carried
out using open-source image processing methods based on color
thresholding and segmentation [35,36]. Projection transformations
based on reference anchor points and snowless ground truth im-
ages provide reliablemasking and optical distortion correctionwith
a fixed surveillance camera. This allows individual PV module-level
snow shedding ratio determination by employing grayscale seg-
mentation given image datasets with sufficient contrast. In addition
to the above features, the presented research also analyzes the
average cumulative snow load for each solar PV module over the
entire observation season. The available data is used to determine
the no-snow losses of the two systems during summer, and the
snow losses during winter. The snow losses analysis results are
discussed in the context of designing PV systems for snow-heavy
location.

2. Methods

2.1. Escanaba solar PV system parameters

The Escanaba solar project is a 1.67 MWDC facility owned by the
Electrical Department of the City of Escanaba, Michigan. The facility
is located adjacent to the Delta County Airport (ESC) with a National
Weather Service station (KESC). The project is made up of two
systemswith one usingmonofacial PV and the second using bifacial
PV modules for power generation. Both systems are connected to
the grid. The monofacial solar PV system is made of 3510 Canadian
Solar monofacial modules of 330 WDC each [37]. The energy
generated by the monofacial PV system is injected to the grid
through 15 inverters [38], each having a power of 60 kWAC. The
total generation power of the monofacial PV system is 1.158 MWDC

with a total available inverter power of 0.9 MWAC. On the other
hand, the bifacial PV solar PV system has 1440 Canadian Solar
bifacial modules [39], with each module having a power of 355
WDC. The DC power generated by the bifacial PV system is con-
verted into AC power through 6 inverters 65 kWAC each [40],
amounting to a total inverter power of 0.39 MWAC and a total DC
generation power of 0.511 MW DC. Fig. 1 displays a top view of the
system showing the monofacial and bifacial arrays of modules.
line; and the bifacial panels are within the dashed line for the system arranged on the
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2.2. Energy generation and snow loss analysis

A comparative energy generation analysis is performed between
the two PV systems. The goal of the analysis is to determine the
increase in energy production in the bifacial system as compared to
the monofacial (bifacial gain), especially in winter. The analysis
period runs from November 1, 2020, to September 30, 2021. The
power generated by the PV project is recorded with a time reso-
lution of 1-min and aggregated into an hourly-based power value
for each inverter individually. The data was cleaned and processed
using Python and Google Colab [41]. The preliminary exploration of
the data has shown that one of the inverters of the bifacial system
has recorded 7000 less data points due to equipment failure and an
extended outage waiting on a warranty replacement. Therefore,
that specific inverter 16 was not considered during the energy
analysis. Also, Fig. 2 shows that there is a discrepancy between the
missing data points across the remaining inverters. The average
number of missing data 3515 represent mostly nighttime records
when the sunwas down, and the systemwas not producing energy.
All the rows containing missing data were dropped to ensure no
inverter had more weight in the analysis than the others. The pa-
rameters of the system with inverter 16 dropped are shown in
Table 1.

The hourly power generation Ph (W) in each case is aggregated
into a daily energy generation Ed (Wh) for each inverter (see
equation (1)). Then, the total generation is computed for the
monofacial and the bifacial system. Because the two systems have
different DC generation power and utilize different inverters, the
analysis is performed using the specific yield of both systems. The
specific yield Ey (kWh/kWDC) in both systems is calculated by
dividing the energy production by the nameplate DC power of the
system PDC (kWDC) as shown in equation (2). In the case of the
bifacial system the total DC power does not include inverter 16.
Fig. 2. Count of missing values for all inverters except inverter 16, one of the bifacial
system inverters.

Table 1
Parameters of the Escanaba Solar Project after removing an inverter of the bifacial syste

Monofacial System

Number of Solar Modules 3510
DC Power per Module (Wp) 330
DC Capacity of the System, (MWp) 1.158
Number of Inverters 15
Power of an Inverter (kWAC) 60
Theoretical Percent Contribution (%) 73.24
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Ed ¼
X

day

PhðWhÞ (1)

Ey ¼ Ed
�
PDCðkWh=kWDCÞ (2)

When all the components of the solar PV project are operating
normally (without inverter 16), the overall systemhas a DC capacity
of 1.581 MWDC, where the monofacial system's power is 1.158
MWDC and the power of the bifacial system is 0.423 MWDC. As a
result, the theoretical percent contribution of the monofacial sys-
tem is 73.24% and the theoretical percent contribution of the
bifacial system is 26.76%. If both systems were operating normally
throughout the study period, it can be inferred that these percent
contributions would be the same in terms of their recorded energy
production. On this basis, the evaluation of the percent contribu-
tion of the real time daily energy production and the theoretical
energy production, provides useful information about the system's
behavior. The actual percent contribution ðPCÞbifacial (%) of the
bifacial system is calculated by dividing the bifacial system energy
generation by the combined generation of the two systems
(equation (3)).

ðPCÞbifacial ¼
Ebifacial

Ebifacial þ Emonofacial
� 100ð%Þ (3)

The percent contribution of the bifacial system is compared to
the albedo at the location of the project. The albedo data is derived
from two Apogee pyranometers [42] installed at the project. The
first pyranometer, facing upwards towards the sky, measures the
direct solar irradiation Id (W/m2) or the downward irradiation. The
second pyranometer, facing downwards towards the ground, cap-
tures the reflected solar irradiation Ir (W/m2) or the upward
shortwave irradiation. The two pyranometers were set up to have a
time resolution of 30 min. The internal clocks of the pyranometers
did not correspond to the sunlight hours of Escanaba and were not
synchronized. Therefore, the data recorded by each pyranometer
was corrected by aligning the first measurement captured each day
with the sunrise time obtained from a National Center for Envi-
ronmental Information (NCEI) database [43]. After cleaning and
aligning the data, the 30-min albedo a30mn is calculated by dividing
the upward radiation by the downward radiation (see equation (4)).
The 30-min albedo data has then been aggregated to calculate a
daily albedo adaily using a weighted average as shown in equation
(5) [44]:

a30mn ¼ Ir=Id (4)

adaily ¼
P

i
�
Idi

� a30mni

�
P

iIdi

(5)

The energy generation data, the pyranometer data, as well as
additional weather data obtained from Solcast [45] were used to
determine the snow losses of the two systems during the winter
m.

Bifacial System Escanaba Solar Project

1192 4702
355 e

0.423 1.581
5 20
65 e

26.76 100
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period. The System Advisor Model (SAM) [46], developed by the
U.S. National Renewable Energy Lab (NREL) was used to perform
the energy simulation. Three models were built in SAM for the two
systems using the specifications in Table 1 as well as the exact
electrical and geometrical configuration of the systems. Two of the
models were used to describe the bifacial system,west and south as
shown in Fig. 1. The detailed parameters of the models are stored in
an open-source repository [47]. The models are built for a single
inverter in each system.

A first simulation was run for July 4 and July 5, 2021, using
measured pyranometer irradiation data. During this first simula-
tion, all the losses were set to zero in SAM. The resulting energy
production was compared to the actual energy generated by the
system during July 4 and July 5, 2021. The energy deficit between
the simulation value and the real value is used to determine the
actual system losses. Since the simulation is performed for the
month of July, which is a summer month, the system losses ob-
tained are snow-free losses. In the second simulation, the losses in
SAMwere set to the calculated snow-free losses value, and weather
file obtained from Solcast was used to evaluate the theoretical
energy of the system during the winter period. Finally, the theo-
retical energy obtained in SAM during the winter period was
compared to the actual energy produced during the same period to
determine the winter snow losses of the monofacial, and the bifa-
cial systems, respectively.
2.3. Snow coverage from image analysis

The analysis period was from January 11, 2020 to 03/31/2021.
Images of a subset of the monofacial and bifacial solar PV modules
were captured independently by two cameras at approximately 15-
min intervals. Pictures taken at night were not used for analysis due
to insufficient lighting. Thus, during the day, 32 images were
generated for each PV module, characterizing the state of the snow
cover from 9:00 in the morning to 17:00 in the evening. A total of
4826 images were analyzed for each PV module for the specified
period.

Fig. 3 shows reference images of the solar PV modules and their
unwrapped active surfaces with masked solar pads. Snow seg-
mentation and determination of the size of the snow cover
boundaries were carried out individually for each solar PVmodule's
Fig. 3. Reference images of the solar PV module groups and their unwrapped active surface
the parallelograms. a) reference image of the bifacial solar PV module, b) reference image of
with 56 masked square solar PV module's active areas, d) unwrapped active surface of the
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active area. Due to lens distortions, PV module images appear
warped. To compensate for this curvature and to segment solar PV
module's active area, ground truth images taken on a snowless day
were selected for each PV module. The dark color of the PV mod-
ule's active area contrasts well with the surrounding metal frame,
which makes it possible to apply a grayscale threshold for their
segmentation.

Since both cameras are stationary, the virtual unfolding of the
PV modules is carried out based on the reference corner points of
the section boundaries, which are close in shape to parallelograms.
For the bifacial PV array, three sections were defined, consisting of
6 � 4, 4 � 4, and 4 � 4 small square solar PV module active areas,
respectively. The monofacial PV module array, in turn, consists of
two sections with 7 � 2 and 8 � 2 rectangular solar PV module
active areas. Each section virtually unfolds using the perspective
transforms of the OpenCV library [48]. The unwrapped sections of
each PV module were combined into a common region, and the
resulting masks were used for the entire image dataset (Fig. 3).

PV module size was measured in relative units. Thus, the di-
mensions of the bifacial PV module, consisting of 56 individual PV
module active areas, are 916 � 260 pixels, and the dimensions of
the monofacial PV module, consisting of 30 rectangular PV module
active areas, are 920 � 260 pixels. The solar PV module active area
of both PV modules are then masked to exclude the metal frame
from the snow segmentation.

Fig. 4 depicts the process of snow segmentation and determi-
nation of the solar PV module overlap percentage. The given
method is based on grayscale thresholding due to the high contrast
of the snow compared to the dark background of the solar PV. The
amount of snow overlap is determined by the ratio of the snow area
to the area of the entire solar PV module. In addition, a snow load
map was calculated for each PV module type, which clearly shows
the solar PV with the greatest snow coverage.

The average snow shading for each day is determined by sum-
ming the segmented snow coverages for each image and dividing
the resulting snow load by the total number of images acquired to
date. This allows leveling out minor segmentation errors for each
individual image.

Finally, maps of averaged cumulative snow load were calculated
for the entire winter analysis period for each PV module.
s. The colored outlines mark the sections of the PV modules that are closest in shape to
the monofacial solar PV module, c) unwrapped active surface of the bifacial PV module
monofacial PV module with 30 masked rectangular solar PV module's active areas.



Fig. 4. Snow segmentation and determination of solar PV module overlap percentage.

Fig. 5. Energy yield profile (kWh/kWDC) of the monofacial system and the bifacial system, the box shows the winter period.
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3. Results

3.1. Energy generation results

The daily energy production profile of the project is shown in
Fig. 5 for the entire period of the study. As expected, the overall
energy generated by the monofacial system is higher than the en-
ergy generated by the bifacial system, because the DC power of the
monofacial system is overall higher compared to the bifacial. The
energy yield in Fig. 5 shows that both systems have similar energy
yield values, and the energy yield is overall higher during the period
after February as compared to the period before February. This leads
to the split of the study period into two, a winter period running
661
fromNovember 30, 2020, toMarch 4, 2021, which is the periodwith
snow, and a non-winter period spanning betweenMarch 5, 2021, to
September 30, 2021, when the weather has no snow.

Fig. 6 compares the monthly energy yield of the solar project for
themonths of February 2021 and July 2021. These twomonths have
been chosen as characteristics month for the winter and non-
winter periods, respectively. Because there is no snow on the
modules in July, the month of July is considered as the base case
operation of the project. On Fig. 6a, the energy yield of all the in-
verters (monofacial and bifacial) is between 140 kWh/kWDC and
160 kWh/kWDC. Also, Fig. 6a, shows that there is no significant
difference between the energy yield of the monofacial system and
the bifacial system, validating the results shown in Fig. 5. This result



Fig. 6. Detailed energy yield of all the inverters in the project for the two characteristic months. (a) July 2021. (b) February 2021.

Fig. 7. Hourly results of the percent contribution (%) calculation for the bifacial system. (a) Hourly representation of the percent contribution during the winter period and the non-
winter period. (b) Distribution of the percent contribution during the winter period. (c) Distribution of the percent contribution during the non-winter period.
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is unexpected because of previous work. The bifacial system should
theoretically have a higher yield compared to the monofacial and is
discussed further in Section 4. On the other hand, during February,
all the panels do not perform equally. The bifacial system has a
clearly superior performance compared to the monofacial system.
The lowest performing bifacial inverter has a similar yield
(86.1 kWh/kWDC) as the highest performing monofacial inverter
(85.7 kWh/kWDC). The bifacial system performs as high as
95.3 kWh/kWDCwhile themonofacial performs as lowas 66.1 kWh/
kWDC. Fig. 6b also reveals that there is a divergence between the
yield of the inverters both monofacial and bifacial during the
winter period. This is correlated with the findings of the snow
coverage analysis.
662
Fig. 7 shows the hourly result of the percent contribution
calculation. The baseline plot on Figs. 7 and 8 represent the theo-
retical percent contribution (26.76%) of the bifacial system calcu-
lated using the power output of both systems. On Fig. 7a, the
delimitation between the winter and non-winter behavior of the
plant is clearly shown. When the percent contribution is at the
baseline percentage, the two systems are performing as predicted.
This means that the bifacial system's contribution to the overall
system is 26.76%while the contribution of themonofacial is 73.24%.
On the other hand, when the percent contribution of the bifacial
system is above the baseline, then the bifacial system is contrib-
uting more than the theoretical contribution of 26.76%. Similarly,
when the percent contribution is below the baseline, the



Fig. 8. Daily percent contribution (%) of the bifacial system energy production during the analysis period compared to its theoretical baseline contribution of the bifacial system.
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monofacial system is contributing more than 73.24%. According to
Fig. 7a, the bifacial system's production is higher than the mono-
facial system's production during the winter period. For a detailed
analysis of the percent contribution data, histograms of the winter
period and the summer period are plotted on Fig. 7b and c,
respectively. The distribution of the percent contribution in Fig. 7b
and c is similar for the winter and the non-winter period around
the theoretical percent contribution of the bifacial system (26.76%).
This similarity shows that the bifacial system produces its theo-
retical value in summer and winter with some fluctuations.
Nevertheless, during the non-winter period, there are some near
zero contribution of the bifacial system. A possible explanation for
Fig. 9. Results of the daily albedo analysis. (a) Representation of the daily albedo and the perc
March 19, 2021. (b) Scatter plot of the albedo and the percent contribution of the bifacial sys
system.
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this observation is the passing of clouds covering the bifacial
modules while the monofacial system was uncovered. Further-
more, during the winter period, there is a significant outlying
observation at 100%. This indicates that the bifacial system has two
different behaviors during winter depending on whether the
modules are covered by snow or not.

The pattern observed in the percent contribution on an hourly
basis is also reflected when the data is the daily percent contribu-
tion. Fig. 8 shows that for the winter months, especially, November,
December, and February, there are peaks in the percent contribu-
tion, and these peaks correspond to the days with the highest
snowfall of the study period [49].
ent generation contribution (%) of the bifacial system between December 29, 2020, and
tem. (c) Scatter plot of the albedo and the daily energy yield (kWh/kWDC) of the bifacial



Fig. 10. Snow losses boxplot during the winter (November 1, 2020, to March 4, 2021)
for the monofacial system and the bifacial system.
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In Fig. 9a, the albedo is compared to the percent generation
contribution of the bifacial system. Both plots appear to follow a
pattern, therefore the albedo is scatter-plotted against the percent
contribution and the energy yield of the bifacial as shown on Fig. 9b
and c, respectively. Fig. 9b shows an exponential relationship be-
tween the albedo and the percent contribution. Nevertheless, this
observation is biased since the relationship is only observed during
winter. On the other hand, Fig. 9c shows no correlation between the
albedo and the energy yield of the bifacial system.

Fig. 10 displays the boxplot of the snow losses during the winter.
It should be specified that the losses plotted on Fig. 11 are the losses
due only to snow covering the surface of the modules in the
Fig. 11. Daily amount of snow (from 9:00 a.m. to 17:00 p.

Fig. 12. Difference in the percentage of snow co
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monofacial and bifacial systems. The results clearly show that the
monofacial system has a lower performance during the winter
when the modules are covered in snow. The average snow losses in
the monofacial system are 33.12% with a maximumvalue of 36.41%,
and a minimum value of 30.63%. In contrast, both the bifacial
subsystems (south andwest bifacial arrays) have snow losses below
18%. The average snow losses for the bifacial subsystem located to
the west are 14.90%, with a maximum and minimum value of
17.52% and 12.27% respectively. The maximum and minimum snow
losses for the south bifacial subsystem are 16.28% and 16.03% with
an average value of 16.20%.

When the method used to calculate the winter snow losses is
applied to the entire study period (November 1, 2020, to September
30, 2021), the average annual snow losses for the monofacial sys-
tem is 16.37%, while the average annual snow losses for the bifacial
south and west subsystems are 2.24%, and 0.24%, respectively.

3.2. Snow coverage results

The daily amount of snow shading on the monofacial and bifa-
cial PV modules is shown in Fig. 11.

Fig. 12 shows the difference in the percentage of snow cover for
both monofacial and bifacial PV module arrays. Over the entire
observation period, the total shaded area of the monofacial PV
system is approximately 1.15 times larger than the total shaded area
of the bifacial PV system. The observation period lasted 151 days,
about 30 of which were during periods of snowfall. In total, for
approximately two-thirds of the snowfall period, the monofacial
module array had a greater snow load than the bifacial one (Fig. 12).
In most cases, after the snowfalls, the bifacial PV module clears
more rapidly. This has previously been hypothesized to be from
back surface heating, which causes the snow to slide off the bifacial
modules more rapidly as a layer of water decreases the sticking
coefficient for snow on the module [10]. Typical snow shading
m.) on the monofacial and bifacial solar PV modules.

ver for monofacial and bifacial PV modules.



Fig. 13. Typical snow shading dynamics over several days with the 15-min temporal resolution.

Fig. 14. Average snow load map for the bifacial PV modules (blue) and monofacial PV modules (orange). Each cell represents individual solar PV module's active area with an
average cumulative snow load as a percentage of the load of the entire module.
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dynamics over several days with the 15-min temporal resolution is
shown in Fig. 13 and confirm this hypothesis. This observation,
however, does not prove this phenomenon has systematic nature.

In addition, maps of averaged cumulative snow load were
calculated for the entire analysis period for each PV module
(Fig. 14). Thus, certain areas of the solar PV modules are more
loaded with snow than others during the entire winter season. This
information can be used in the future to develop adaptive heating
or snow removal systems.

4. Discussion

The energy production and image analysis performed in this
study have shown that a bifacial PV system performs better in a
snowy environment compared to a monofacial PV system. Both
665
systems have similar yields during periods with no snow (March 5,
2021, to September 30, 2021), but the bifacial system's yield out-
performs its monofacial counterpart during the winter (November
1, 2020, to March 4, 2021). The bifacial system's lowest yield during
winter (86.1 kWh/kWDC) surpasses the monofacial system's yield
(85.7 kWh/kWDC) during the same period. There is an exponential
relationship between the albedo and the overall percent contri-
bution of the bifacial system. The snow loss analysis has shown that
the bifacial system only loses 0.24%e2.24% of its annual energy due
to snow coverage, while the monofacial system loss in average is
16.37%. The snow coverage analysis using computer vision has
shown the bifacial system having a faster snow clearing rate than
the monofacial PV system.

The average winter snow losses (33.12%) and the annual losses
due to snow (16.37%) for the monofacial system are in agreement
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with the results obtained in previous work for severe winter
climate locations [28]. The average winter generation losses for a
location that have a similar annual snowfall profile as Escanaba,
were estimated between 13% and 68%, depending on the inclina-
tion angle while the annual electricity generation losses were be-
tween 5% and 34% [27,28,50]. On the other hand, the average snow
losses from the bifacial system according to the results of the pre-
sent study are lower than 2.5%. This result is corelated to the bifacial
energy yield gain observed during winter.

During February, the characteristic winter month for the study,
the bifacial system has an average energy yield of 90.82 kWh/kWDC,
and the monofacial system's average energy yield is 76.12 kWh/
kWDC. As a result, the bifacial gain during the characteristic winter
month of February is 19.31%. The bifacial gain is explained further
by exploring the results of the computer vision analysis. According
to the camera image analysis, the snow on the bifacial modules
surface clears faster than themonofacial modules. Even though this
observation seems to not have a systematic nature on its own,
when it is combined with the energy yield, albedo and snow losses
results, the bifacial modules have a net energy production advan-
tage compared to the monofacial system. Furthermore, even
though there is no direct relation between the energy yield and the
albedo (see Fig. 9c), the scatter plot on Fig. 9b confirms that the
bifacial gain is linked to the albedo increase during winter. The
higher the albedo, the higher the bifacial gain, and the lower the
snow coverage on the bifacial as compared to the monofacial sys-
tem (see Fig. 11).

The energy yields of the two systems are similar except for the
winter days where the bifacial system has a better yield than the
monofacial system. Theoretically, the yield of the bifacial system
would be greater than the monofacial system during the entire
period of study [14,51,52]. This is because the type of module used
in the monofacial and the bifacial have similar peak DC power on
the front surface, and the bifacial modules have an additional en-
ergy capture surface at the back. Nevertheless, because of the ge-
ometry of the project (see Fig. 1), the back surface of the bifacial
modules appears to not receive the substantial reflected solar en-
ergy in low albedo conditions. The discrepancy that derives from
the geometry of the system is explained by the difference between
the snow losses of the west and south bifacial subsystems. The
losses of the inverters in the bifacial subsystem located to the south
have a small standard deviation (0.14) while the stand deviation of
the losses of the west inverters are 3.70 as displayed in Fig. 10. A
possible explanation of this observation is the geometry and the
spacing between the rows of the plant. Even though the spacing is
optimized for the monofacial system, it is not optimized for the
reflected light to reach the back of the modules in the system,
especially in summer. This could explain why there is a uniformity
in the losses observed throughout the bifacial inverters located to
the south of the plant while the losses of the west bifacial inverters
have a high variability. There is a compound shading effect, not on
the front surface of the modules, but at the rear of the module that
curbs down the energy generated by the bifacial system in summer.
This shading effect is overcome during winter by the high value of
the albedo of snow on the ground. As a result, the findings in this
study relating to the snow losses of the bifacials system are con-
servative values. This draws a particular attention to the need for
further optimization of the layout design of a solar PV project using
bifacial modules.

According to these observations, the interrow spacing in bifacial
PV systems needs to be increased during the design phase to allow
for reflected solar radiation to reach the back of the modules, and
future work is required to explore the optimal layout design of a PV
project combining monofacial and bifacial modules. Previous
studies have shown that snow clearing on solar PV modules is
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accelerated in frameless modules [53,54]. Combining frameless
technology and bifacial PV modules offers an opportunity to
enhance snow shedding in bifacial systems in wintery environ-
ments. This is a promising alternative that should be investigated
further both from an industry perspective and a research
perspective. Another parameter that highly influences snow
shedding in solar PV modules is the tilt angle [27,28,50]. In this
study the tilt was fixed at 35�, future studies are needed to inves-
tigate the bifacial gain and snow losses in higher latitudes and se-
vere snow climate for different tilt angles at the same latitude. It
should also be pointed out that while snow losses are important
now, as the climate changes the expected snow losses over a PV
systems lifetime provide less and less of an impact [55].

A recent study has shown that the use of shotcrete as photo-
voltaic racking could reduce the cost of PV racking at higher lati-
tudes if the existing PV systems could generate at least 18% more
energy [15]. The bifacial gain obtained in this study (19.31%),
complements the shotcrete study, but requires a new racking ge-
ometry as the earlier study was for monofacial PV and allowed for
no albedo gathering on the back side. Through the fact that the
energy increase obtained because of the high albedo of the snow is
just as high as the value required for the use of shotcrete. Also,
using shotcrete around bifacials PV racking offers the possibility to
coat the shotcrete racks in superhydrophobic [56] material that
would increase the albedo of the surface, providing an opportunity
to increase the bifacial gain throughout the whole year. Futures
studies are needed to conduct a detailed analysis of the impact of
combining shotcrete reflectors or other high albedo materials with
bifacial systems on the cost of the racking of the system, and
consequently the levelized cost of electricity. This can be further
expanded to other type of high reflective surfaces such as white
sand, or high albedo plants (offering the possibility of exploring
bifacial gain in agrivoltaic systems), especially with the use of back
reflectors for bifacials to compliment reflector technologies used
for the front surface of PV modules [57,58].

The open-source methods for image analysis are the most so-
phisticated to date but could be improved. In the future, the
developed surveillance system can be improved by adding near-
infrared and shortwave infrared channels [59]. Additionally, an
RGB color space transformation can be applied for more reliable
segmentation in conditions with strong reflections or shadows
[60].

5. Conclusions

In this study, bifacial and monofacial PV modules energy yield
and snow losses are analyzed in a severe winter climate. The
analysis is performed using a combination of empirical recorded
hourly data analysis and simulation. Datawas recorded through the
system's inverters, a pair of pyranometers, and a set of cameras, and
was analyzed using data analysis techniques and open-source
computer vision. The energy yield analysis has shown that the
bifacial modules performed better than the monofacial, especially
during the winter period, yielding a bifacial gain of 19.31% during
the characteristic winter month. The computer vision analysis
combined with the observed correlation between the albedo and
the energy gain provided by the bifacial system have shown that
the bifacial system might clear snow faster than the monofacial
system. The snow losses analysis has revealed that the bifacial
performs better than the monofacial system inwinter, as well as on
an annual basis. The annual snow losses of the monofacial system
were on average 16.37% while the bifacial system only lost between
0.24 and 2.24% of its annual energy production due to snow. Even as
utility power density on utility-scale solar projects increases, this
study has revealed the importance of carefully designing the
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interrow spacing of solar plants involving bifacials modules. These
results show the benefit of using bifacial systems in severe winter
climate, and in location with albedo in general, to improve the
overall performance of solar PV plants.
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