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ABSTRACT: In this study, frameless bifacial modules’ performance in a boreal climate is examined, with a focus on 
snow coverage and snow clearance for different module tilt angles. A group of ten bifacial modules at different tilt 
angles located in northern Sweden at latitude 65°N were studied during the first months of 2019. It was shown that 
modules mounted at 0 and 15° tilt was covered the most by snow and 80 and 90° the least. All other modules, mounted 
at 25-70° tilt, showed mostly similar results in snow coverage and removal. All modules were subjected to snow 
coverage from January to March. In January no considerable energy output was observed for any module. In February 
and March modules with tilt angles of 0 and 15° had a lower energy output than the other modules, for which no 
considerable differences were observed. In April, when no snow coverage occurred, the module mounted at 45° had 
the largest energy output and in May, 25-35° performed the best. For the entire period of January-May the modules at 
35-45° output the most energy. 
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1 INTRODUCTION 
 

During winter months in cold climates a thick cover of 
snow obscures the ground. Until it melts in spring, little-
to-no light reaches the ground since the snows’ high 
albedo means that it reflects most of it [1]. For PV systems, 
this means that snow accumulation on the PV modules can 
cause shading during large parts of the winter, minimizing 
their power output [1]. Worst case scenarios show losses 
as significant as 30% on a yearly basis [2]. [3] [4] [5] [6] [7] 

Earlier studies have found the avoidance of ground 
interference [2], a high module tilt [2] − [5] and a frame-
less module design [6] − [8] to be advantageous when 
considering snow removal. Other less explored 
contributing factors include color of the module backside 
[8], coating/texture of the front glass [5], [8] as well as 
module size, where larger seems better [8]. 

When designing a PV system in cold climates, snow 
shadowing should not be of sole concern. Typically, 
maximum energy output on a yearly basis is desired, 
meaning that all seasons should be taken into account. At 
latitudes of ~65°N the optimal tilt angle for yearly 
production is considered to be ~43° [9], this however 
disregards snow shadowing. 

 
1.1 Bifacial modules 
 For cold climates bifacial modules show a lot of 
promise. They are typically frameless, meaning that no 
frame edges can interfere with snow sliding off, helping in 
snow clearance [6], [7]. They can also utilize their back 
side, which is generally clear of snow and frost, to produce 
electricity even when the front is covered in snow. They 
have shown high effectivity in high albedo environments 
[10], which makes them suitable for snowy climates. 
 Mounting with a steep tilt angle should ideally 
minimize snow accumulation while benefitting snow 
reflection utilization and back side performance [11]. 
  
1.2 Snow behavior 
 Snow accumulates when the resistive forces of snow 
and ice are greater than the gravitational component acting 
along the module surface. Resistive forces can be 
generalized as frictional and adhesive. Frictional forces 

between snow and the module surface are believed to be 
insignificant compared to adhesive forces [12], [13], even 
at low module tilts. It is suggested that adhesion of ice is 
the driving force behind snow coverage [13], as snow 
accumulation can occur even on steep module tilts [2] − 
[5], [12], where the gravitational component should be 
greater than friction by itself. 
 Ice adhesion to modules requires some source of 
moisture; this could be melting snow, freezing rain or 
condensation. This forms a thin layer of ice or frost with a 
much larger coefficient of friction than the module surface 
by itself, making it possible for snow to accumulate [13]. 
 The most common cause for passive snow removal is 
melting and sliding [5]. Snow removal depends on 
multiple factors, both high solar irradiance and/or a 
favorably warm ambient temperature are suggested [14]. 
It is believed that melting is a key factor in snow sliding 
[13]. As melting occurs, water will be absorbed by the 
snow layer, creating a liquid film of water between the 
snow and the module surface [6]. The liquid film reduces 
resistive forces to the point where the layer of snow can 
slide off the module [13]. Observations of snow sliding 
without melting are uncommon [13]. Snow sliding has 
been observed at temperatures as low as -15°C [5], [13]. 
For sliding to occur the module has to be clear from ground 
interference [5]. 
 
1.3 Objectives 
 By examining bifacial modules mounted at different 
tilts during a boreal winter this study aims to answer the 
following questions: 

- How does snow coverage differ between modules 
at different tilts? 

- How does module tilt affect the snow removal 
rate? 

- What tilt results in the highest energy output? 
 

 
2 METHOD 
 
 Data has been collected from Solvåg, Swedish for 
solar wave. Solvåg is a bifacial solar park located in Piteå 
at latitude 65°N in northern Sweden. The frameless glass-
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glass mono-crystalline silicon modules in the park are 
mounted with minimal ground interference, varying tilt 
and varying direction. For this study a group of ten 
adjacent modules were examined, facing 204-239° 
south/southwest with tilt angles ranging from 0-90°. The 
setup can be seen in Fig. 1. The modules were 
photographed with a Hikvision DS-2CD2655FWD-IZS 
camera every 15 minutes from January 22 to April 24, 
2019. This data was used to estimate snow coverage and 
removal throughout the period. 

 
Figure 1: The ten modules used for the study and their tilt. 
The module marked red was disregarded in the study. 
 
 Additional data for solar irradiance and ambient 
temperature was collected using a heated and ventilated 
Kipp & Zonen pyranometer (SMP10-A) and a Mencke & 
Tegtmeyer temperature sensor (Ta-V-4090), both logging 
data every 5th minute throughout 2019. The modules’ 
performance in terms of power and energy output was 
logged every 5-15 minutes through the SolarEdge 
optimizers at the park, also throughout 2019. 
 
2.1 Data processing 
 To determine the snow coverage of each module the 
photographs were inspected manually. Snow coverage 
was categorized as: full, partial or none. This means that 
partial makes no distinction between 95% and 5% snow 
coverage. For the entire period, the snow coverage of each 
module was examined with a daily resolution by 
inspecting the photograph taken closest to midnight. The 
number of days in each category was counted for each 
module. During February 11-23 the modules’ state was 
categorized every 15 minutes and each module’s total 
hours in each category was summed. 
 Energy output data was summed for each month and 
module tilt. Power and meteorological data was used to 
examine the conditions during events of interesting snow 
accumulation or clearance in more detail. 
 
 
3 RESULTS AND DISCUSSION 
 
 Throughout January, all modules were fully covered in 
snow. The first time modules fully cleared was on 
February 11. The period following the 11th up until the end 
of March proved to be the most interesting. This period 
featured frequent snowfall and snow removal. For the 
entirety of April the panels were clear of snow, except for 
one evening where light snowfall occurred and covered the 
modules for a few hours. As the sun did not shine at the 
time of this event, it has been disregarded as the effect on 
energy output was negligible. Thus, for April, the modules 
have been regarded as clear of snow and snow shadowing. 
By April 24, when the cameras were taken down, little 
snow remained on the ground. 
 
3.1 Snow coverage 
 Fig. 2 presents the total number of days that each 
module had none, partial or full snow coverage during the 

period of January 22 to March 31. The 0° module was 
covered considerably more than the others whereas the 80° 
and 90° modules were covered less often. Module tilts 
between 35-60° showed little difference in snow coverage. 
The low tilt modules at 15° and 25° experienced a similar 
number of days with no coverage as those mounted at 35-
60°, but had more days with full coverage. Similarily the 
70° module experienced a comparable number of days 
with no coverage as the the 35-60° modules, but had fewer 
days with full coverage. 

 
Figure 2: Snow coverage of modules with different tilts 
from January 22 to March 31, using a time resolution of 1 
day. Data from April is not included since all modules 
were clear of snow during that month. 
 
 It should be noted that the module with 80° tilt has 
fewer days with full coverage than the 90° module. This is 
due to a large portion of snow breaking off from the 80° 
module on February 4, a week before most modules 
cleared. The sun did not shine at the time and the ambient 
temperature was -14°C. The most likely cause of the 
break-off is deemed to be gravitational forces on the thick 
snow layer. Fig. 3 shows the break-off. This is the only 
recorded break-off event in these conditions in this study. 
The X-pattern on the 90° module was man-made during 
the installation of the cameras and the module was 
considered fully covered during this period. 

 
Figure 3: Snow breaking off from the module with 80° tilt 
on February 4 between 15:56 (a) and 16:11 (b). The 80° 
module is to the left and 90° module to the right in both a 
and b. The brightness and contrast is adjusted for ease of 
viewing. 
 
 The use of a daily time resolution and the use of three 
snow coverage categories might obfuscate deviations in 
snow coverage between the modules. 
 A 15 minute time resolution was used when 
categorizing snow coverage during the period of February 
11-23, the results are presented in Fig. 4. When compared 
to Fig. 2 the snow coverage differs even less between most 
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modules. The extreme cases of 0 and 90° still differ the 
most compared to other modules. The 15° module was 
fully covered slightly more than the 25-80° modules, 
otherwise they all had comparable snow coverage. 

 
Figure 4: Snow coverage from February 11-23, using a 15 
minute time scale in between categorization. 
 
3.2 Snow removal 
 Snow removal occurred by both melting and sliding. 
Sliding was most common for complete snow removal. 
Sliding occurred for all modules, most commonly for those 
25° or steeper and was observed at temperatures below 
freezing. On days where melting and sliding occurred, all 
modules at 25-90° tilt typically cleared from snow at a 
comparable rate and time. This suggests that a certain 
threshold tilt is required to facilitate sliding, above which 
the snow clearance rate is similar for all tilts. This could 
explain why the snow coverage for modules at 25-60° did 
not differ considerably, as seen in Fig. 2. 
 
3.3 Energy output 
 Energy output data from January to May 2019 is 
presented in Fig. 5. 

Figure 5: The energy output of different module tilts for 
different months. 
 
 For January, when all modules were covered with 
snow and the solar irradiance was low, the energy output 
was minimal for all modules. In February and March, 
when modules cleared in between frequent snowfall 
events, module tilts of 25° or steeper proved beneficial and 
output more energy compared to the modules with lower 
tilts. This difference is most likely due to a higher degree 
of snow coverage on the modules with low tilt, as seen in 
Fig. 2. During this period all modules mounted at 25° or 
steeper performed similarily. In April, during which the 
modules were clear of snow, the energy output differed 
more across module tilts with a peak for the module at 45°. 

In May the results show that modules mounted at 25-35° 
performed better than others. Most modules output more 
energy in April than in May, this is despite the fact that 
there was more solar irradiance in May, as presented in 
Table I along with the average temperature for the months. 
The lower temperatures of April benefits crystalline 
silicone solar cells and is probably a contributing factor 
along with the higher albedo due to snow cover. 
 
Table I: Total global horizontal irradiance for April and 
May, 2019. 
 

Parameter April May 
Irradiance [kWh/m2] 124 128 
Mean temperature [°C] 5,4 8,6 

 
 Most modules had similar energy output during the 
snowy months of February and March, but not in April and 
May. As was seen in Fig. 2, the 80 and 90° module had 
noticeably fewer days of full snow coverage than other 
modules in February and March. However, this did 
seemingly not equate to a higher energy output during 
these months compared to the other modules. This 
suggests that the advantages the steep modules have with 
respect to snow coverage during these months is mitigated 
by a suboptimal module tilt, equalizing their performance 
with lower module tilts. When the snow had cleared in 
April and May, the steepest modules no longer had any 
advantages compared to other modules and output less 
energy than those angled at 25-60°. 
 By looking at the total energy output for the period, 
seen in Fig. 6, it can be seen that the modules mounted at 
35-45° had the highest output. 

 
Figure 6: Total energy output from January to May 2019. 
 
3.4 Detailed study of snow clearing event 
 Throughout March 7-10 there was regular snowfall. 
The snow coverage that had accumulated, visually 
estimated to be 4-5cm, was removed on the 11th, an event 
that was studied in detail and can be seen in Fig. 7 and 8. 
No snow had accumulated on the 90° module whereas all 
other modules were either partially or fully covered in the 
morning. At 8:56 the modules started receiving direct 
sunlight and the first signs of snow melting occurred at 
9:41. Of the covered modules the 80° module was the first 
to fully clear at 11:26, followed by all other modules 
between 11:56 and 12:56, except the 0° module. It should 
be noted that for all modules that cleared, a substantial part 
of the snow slid off the module before fully melting. Note 
that the 0° module remained covered throughout the day. 
Fig. 7 shows an abridged version of the melting sequence. 
Throughout this period the ambient temperature ranged 
between -4°C and -1°C and the horizontal solar irradiance 
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peaked at 400 W/m2, this is shown in Fig. 8. The solar 
irradiance and ambient temperature was sufficient for the 
snow to slide off the modules, even though the ambient 
temperature was below freezing. The initially low 
horizontal solar irradiance, Ee, was most likely due to 
snow covering pyranometer, despite the fact that it was 
heated and ventilated. 

 
Figure 7: Snow melting and sliding off of the modules on 
March 11. For information on module tilt, see Fig. 1. 
 

 
Figure 8: Power output for different module tilts, 
horizontal solar irradiance (Ee) and ambient temperature 
(Ta) for March 11. For ease of viewing, only selected 
modules are shown. 
 
 The power output for March 11 shows the effects of 
snow shadowing the modules. The 90° module with no 
snow coverage initially performs best, but as other 
modules clear some reach higher power outputs. This is 
most likely due to a more optimal module tilt in relation to 
the solar elevation angle and snow reflection. All modules 
output energy, even if their front was covered in snow. 
This is assumed to result from light reaching the back side 
of the module. Some light penetrating through the snow 
cover might also contribute to the energy output. 
 
 
4 CONCLUSIONS 
 
 The module installed horizontally was covered the 
most by snow and the vertical module the least. Modules 
mounted at 35-60° showed no considerable difference in 
snow coverage. 
 For modules at 25-80° snow removal performance was 

similar. When snow removal occurred it was typically due 
to sliding which happened at a similar rate and time for 
modules 25° or steeper. Sliding occurred at temperatures 
below freezing. For the modules at 0 and 15° snow sliding 
was less common, especially for the 0° module. 
 For the entire period of January to May, 2019, the 
modules tilted at 35 and 45° had the largest energy output. 
 
 
5 FUTURE WORK 
 
 The effects of module tilt on snow behavior will be 
studied in further detail throughout the winter of 
2019/2020 and feature measurements of albedo, front and 
back side irradiance and the fraction of snow covering the 
modules. Several groups of modules, with different 
directions, will be included in the analysis. 
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