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Abstract— Snow adhesion has a great impact on the power 

generation efficiency of photovoltaic modules in cold regions, 

which can greatly reduce the power generation of photovoltaic 

power plants. At present, to solve the problem of photovoltaic 

modules that are covered with snow, two methods are mostly 

used globally: manual cleaning and natural melting. Both two 

have disadvantages: the former is time-consuming and costly, 

while the latter takes a long time and has low power generation 

efficiency. Therefore, this paper proposes a method for 

calculating the transient moisture content in the process of snow 

melting from the perspective of natural melting, and estimates 

the sliding time of snow on tilted photovoltaic modules by 

carrying out a force analysis of snow attached to the modules and 

using the snow sliding threshold as the cut-off moment for snow 

melting on photovoltaic modules. This technology is a reference 

for calculating the power loss during the natural melting of snow 

on photovoltaic modules and analyzing the necessity and 

economy of manual de-icing. 
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I. INTRODUCTION 

In recent years, with the mass production of photovoltaic 

modules and the falling price of photovoltaic cells, 

photovoltaic power generation has received more and more 

attention.  According to the electricity report released by the 

International Energy Agency, the total photovoltaic power 

generation will account for 22% of the renewable power 

generation in 2030, becoming the largest source of electricity. 

However, photovoltaic power plants are always outdoors, and 

their working environment is relatively harsh, extremely 

vulnerable to natural disasters such as rainstorm, lightning, 

floods, earthquakes and snow, of which snow is the most 

important factor affecting the normal operation of 

photovoltaic power plants in winter (Fig.1). A series of 

problems will occur due to snow covering the photovoltaic 

panels, such as: greatly reducing the power generation 

efficiency of photovoltaic modules, affecting the life of the 

modules, causing the modules to collapse, etc [1]. At present, 

manual cleaning and natural melting are the most commonly 

used methods for the problem of snow-covered photovoltaic 

panels. It was found that the snow removal from the PV 

modules occurs under four distinct categories: melting, 

shedding (fast sliding), prolonged melting, and melting 

followed by shedding. Among them, the melting followed by 

shedding account for up to 35% of the total snow removal. 

Therefore, this paper studies and analyzes the melting 

followed by shedding in the snow removal process. 

There may be an obvious freeze-thaw cycle during the 

snow melting of photovoltaic modules, which will lead to 

changes in the moisture content, density, type, light 

transmittance, and adhesion of the snow layer [2][3]. The 

influence of snow cover on the power generation efficiency of 

photovoltaic modules mainly includes two aspects. First，
snow has a strong reflection effect on solar radiation, and the 

reflectivity of aging and ablated snow layer to light is in the 

range of 0.4-0.8[4]; The second is the shading and absorption 

of sunlight. A 2cm heights snow cover can reduce the sunlight 

received by the photovoltaic modules by 90%.  

 

Fig.1 Snow-covered photovoltaic panels in the wild 

Under the combined effect of factors such as sunlight, 

airflow, and photoelectric heat generation of photovoltaic 

modules, the snow cover will melt and slide off slowly and 

naturally [5][6]. During the melting of snow on the surface of 

photovoltaic modules, the moisture content of the snow layer 

continues to increase, and the slush layer at the bottom will 

gradually increase until it is saturated. The melt water 

overflows from the bottom of the snow after the water tension 

and gravity reach a balance. Due to the angle between the 

photovoltaic modules and the ground, the meltwater will flow 

down the surface of the photovoltaic panels, which reduces the 

friction between the remaining snow layer and the 

photovoltaic modules, and plays a certain lubricating role [7]. 

When the component of the self-weight of the snow along the 

inclined direction of the photovoltaic is greater than the 

frictional force, the remaining snow layer will slide down 

along the inclined surface of the module under the action of 

its own weight.  

In this paper, a theoretical method for predicting the natural 

snow melting time of photovoltaic panels is proposed. First, 

the snow melting infiltration and its outflow process are 

analyzed to obtain the transient snow layer moisture content. 

Secondly, the equilibrium conditions of the snow layer are 

briefly introduced, and the relevant methods for calculating 

the height of the slush layer are given; In addition, the force 

analysis is carried out on the remaining snow layer to 

determine its sliding threshold; Finally, a flow chart of snow 

ablation time prediction is established, and the natural melting 

time is predicted according to the instantaneous snow layer 
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moisture content, the balance condition of the slush layer, the 

sliding threshold and the friction coefficient between the 

photovoltaic panel and the slush layer. This method is helpful 

for the long-distance perception of the snow state of 

photovoltaic modules, and is of great significance to the power 

generation efficiency prediction and operation and 

maintenance strategy of remote unattended photovoltaic 

power plants under snow conditions.  

II. THEORETICAL CALCULATION METHOD FOR PREDICTING 

THE NATURAL SNOW ABLATION TIME OF PHOTOVOLTAIC 

MODULES 

A. Calculation method of instantaneous moisture content of 

snow cover 

Under natural conditions, the melting of snow on the 

surface of photovoltaic modules is affected by factors such as 

light, airflow, and photoelectric heat generation of 

photovoltaic modules, but light has the greatest impact on 

snow melting (Fig.2). Therefore, this paper mainly considers 

the effect of light on melting. 

When the snow melts, the transient mass of the melted 

snow can be solved by the following energy conservation 

formula: 

( ) (1 ) ( )
melt f

m t h Al I t = −      (1) 

0
( ) ( )

t

I t s t dt=      (2) 

( ) ( )
c suf amb

Q t h A T T= −     (3) 

where 𝑚𝑚𝑒𝑙𝑡 is the mass of snowmelt, ℎ𝑓 is the latent heat 

of fusion for snow, Al is the reflectivity, which reflects the 

proportion of incident solar radiation reflected by the snow 

surface, generally 0.4-0.8, 𝐼 is the amount of incident solar 

radiation in the t time period, s(t) is the solar radiation 

intensity at time t. Q is the energy lost by snow and air 

convection, h𝑐 is the convective heat transfer coefficient, 𝑇𝑠𝑢𝑟  

is the snow surface temperature, and 𝑇𝑎𝑚𝑏  is the ambient 

temperature.  
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Fig.2 Snowmelt infiltration and overflow on inclined PV panel 

surfaces 

As shown in Figure 2, after the snow on the surface of the 

photovoltaic module melts, the meltwater penetrates into the 

lower layer of snow under the action of gravity. As snow is a 

porous material composed of ice crystals, air and water vapor, 

the penetration of meltwater will be hindered, causing its 

penetration rate to be much slower than its melting rate, so that 

part of the melt water is retained, saturating the bottom snow 

layer to form slush layer [8]. Thus, two distinct layers exist on 

the PV panel these being the dry snow layer at the top and the 

slush layer which is saturated with water at the bottom. During 

the melting of the snow, the slush layer will continue to 

increase in height until it reaches its maximum height. [9].  

The meltwater that does not flow out of the snow layer is 

approximately considered to be absorbed by the snow layer, 

and its size at time t is: 

( )
t

liq melt a runoff
m t m m dt= −      (4) 

runoff water
m A= V     (5) 

where mliq is the retained water mass in the snow layer, 

mrunoff  is the melt water overflow mass per unit time, a is the 

time when the melt water flows out of the snow layer, A is the 

cross-sectional area of the slush layer, Δhsnow is the change in 

snow heights per unit time, and V is the penetration rate. 

Darcy's law was used to relate the fluid velocity through a 

porous environment to the permeability of the media and the 

available pressure gradient for flowing the fluid through the 

pores.  

K dp
V

dx
= −     (6) 

Assuming that the heights of the slush layer of any volume 

is dx, the fluid dp/dx of the slush layer can be calculated as 

follows: 

sin
dp

g
dx

 =     (7) 

The moisture content of the snow layer at time t can be 

calculated as: 

'

( )
( ) 100%

( )

liq
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m t
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where msnow is the mass of snow when it is not melted, 

which can be obtained by installing a weight sensor at the 

bottom of the photovoltaic panel. 

B. Equilibrium conditions of slush layer 

As mentioned before, the height hw of the slush layer will 

increase. When it satisfies the equilibrium condition 

hw >=3cm [10] of the slush layer, the snow layer will slide off 

the surface of the photovoltaic panel. 

In order to judge whether the equilibrium condition is 

satisfied, the height of the slush layer at time t0 needs to be 

obtained. 

It is assumed that the slush layer with the ideal height hw is 

equal in volume to the slush layer with the actual slope height 

hx (Fig.3). Therefore, in practice, the equivalent height of the 

slush layer is: 

2x wh h=     (9) 

liq

w

liq eff

m
h

n
=     (10) 

where neff is the relative density between the snow density 

ρsnow and the liquid water density ρliq. 

1 ( / )eff snow liqn  = −      (11) 

C. Remaining snow cover sliding threshold judgement 

The natural ablation process of snow on photovoltaic 

modules can be divided into three stages: heating stage, 

melting stage and sliding stage. When the hw does not reach 

3cm, the remaining snow sliding off on the PV modules is 



3 of 6 

mainly related to the sliding threshold, which is a transient 

process. So, the time of the third stage can be ignored, and the 

total snow melting time can be expressed as: 

1 2
t t t= +     (12) 

where t1 is the heating time, t2 is the melting time of the 

snow layer. The natural snow melting time is mainly 

determined by the sliding time of the remaining snow layer 

during the melting process. 

The snow falling threshold is the key point to judge the 

melting time of snow. The snow on the photovoltaic module 

is mainly affected by its own gravity G, the supporting force 

FN of the module, and the frictional force Fr between the snow 

layer and the surface of the module (Fig.3). When the 

component of the snow's own weight along the photovoltaic 

tilt direction is greater than the frictional force, the remaining 

snow layer will fall under the action of its own weight: 

cos

sin

N

r N

F G

F F G



 

=


= 
    (13) 

Where μ is the friction coefficient between the snow layer 

and the photovoltaic module. So, the condition for the 

remaining snow layer to slip off the PV modules can be 

expressed as: 

tan      (14) 

θ

FN

Fr

G

 

Fig.3 Analysis of the force of the upper layer snow on the 

photovoltaic panel 

III. PREDICTION STEPS OF SNOW NATURAL MELTING TIME OF 

PHOTOVOLTAIC PANEL  

First, when the interface temperature between the snow and 

the PV modules reaches the freezing point temperature of 0°C 

(the PV surface temperature is assumed to be fixed at the 

freezing point of water for the rest of the melting process). 

Input physical quantities such as solar radiation intensity, 

snow heights, density, and inclination angle of photovoltaic 

modules, and calculate the height hw of the slush layer at time 

t0 in the future, and judge whether the height hw of the slush 

layer satisfies the equilibrium condition. If so, it can be 

considered that the melting and falling off of the snow layer is 

completed at t0, and the melting time is t0. If it is not satisfied, 

then judge the relationship between the friction coefficient μs 

and tanθ between the snow layer and the photovoltaic module 

at time t0, if the former is less than the latter, the melting time 

is t0; if the former is greater than the latter, increase the time 

step, and repeat the loop calculation until the conditions are 

met to exit the loop, the time step is generally 0.5h. Fig.4 

shows the flow chart and input/output parameters of the 

prediction method.  

 

Something to be aware of is: 

In the prediction process, the balance condition of the slush 

layer is higher than the sliding threshold. Since the prediction 

starts at t0=0, and the time step is 0.5h, no matter what value 

t0 takes, as long as the balance condition of the snow layer is 

satisfied, the cycle can be exited, and there is no need to 

consider whether μs≤tanθ is met. 
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Fig.4 Flow chart of snow ablation time prediction 

IV. EXPERIMENTAL DESIGN AND EXPERIMENTAL RESULTS 

In order to study the natural snow melting time of 

photovoltaic modules, a dynamic friction factor experiment 

and a photovoltaic panel snow natural melting experiment 

were designed respectively. 

The experimental device was mainly composed of far-

infrared radiators, photovoltaic panels, cameras, and 

thermocouple sensors. To simulate solar radiation, a far-

infrared radiator was used as a thermal radiation source. A 

photovoltaic panel with a size of 362 mm × 362 mm × 20 mm 

and a surface material of toughened glass was selected as the 

experimental object. Since snow melting has environmental 

temperature requirements, an artificial climate laboratory was 

selected as the experimental site, and the indoor temperature 

was controlled to maintain 0±0.5°C. To obtain the surface 

temperature of photovoltaic panels and the proportion of 

liquid water in snow, thermocouple sensors and LWC sensors 

with an accuracy of ±0.1 °C were placed on the surface of 
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photovoltaic panels. When using an ice crusher to prepare 

artificial snow, it should be noted that the ice crusher should 

be placed in the freezer for a period of time to ensure that the 

temperature of the ice crusher is lower than the freezing point 

(0°C), and the snow making process was also carried out in 

the freezer, so as to ensure that the manmade snow used is 

closer to the real snow, and the density of the experimental 

snow produced was 300kg/m3, 400kg/m3 and 500kg/m3 

respectively 

A. Experimental procedure of kinetic friction factor 

Since the snow on the surface of the photovoltaic panel 

melts followed by shedding, there are certain requirements for 

the surface temperature and the ambient temperature, that is, 

the slush layer between the snow layer and the photovoltaic 

panel appears, the surface temperature of the photovoltaic 

panel Tsur≤0℃, and the ambient temperature Tamb≤0℃. The 

photovoltaic panels were placed in an artificial climate 

chamber, and the panel temperature was monitored with a 

thermocouple sensor. The prepared snow was placed on the 

upper part of the panel, and the heights of the snow was 2cm, 

3 cm, 4 cm, 5 cm, and 6 cm, respectively, and then the 

photovoltaic panel was slowly adjusted until the inclination 

angle reached 10°. Since only solar radiation was considered, 

the melting of the snow layer will start at the surface of the 

snow layer. A watering can was used to evenly spray the ice-

water mixture to simulate the snow melting process until the 

snow slipped off the surface of the photovoltaic panel. After 

each experiment was completed, a towel was used to clean the 

surface of the photovoltaic panel to prevent water droplets left 

on the surface from affecting the next experiment.  The above 

experimental steps were repeated, and record the water quality 

sprayed in each experiment and the surface temperature of the 

photovoltaic panel to obtain the moisture content of the ice 

and snow layers of different thicknesses sliding off the surface 

of the photovoltaic panel when the inclination angle of the 

photovoltaic panel is 10°. 

B. Experimental steps for the natural melting of snow on 

photovoltaic panels 

Before the experiment, the surface of the photovoltaic panel 

was required to be kept dry and clean. The far-infrared radiator 

was facing the photovoltaic panel, and the experimental 

requirements of different radiation intensities were achieved 

by adjusting the radiation intensity of the far-infrared radiator. 

The MR-5 radiation detector was used to measure the thermal 

radiation at different positions to check the thermal radiation 

balance on the surface of the photovoltaic panel (Fig.5). 

Heat radiation 

control device 

PV

Surveillance 

cameras 

PC

Thermocouple 

Sensor

Artificial climate chamber 

Heat radiation 

source 

LWC Sensor

 

Fig.5 A schematic of the experimental apparatus 

Since the heating of the heat source will heat the snow, the 

photovoltaic panels and the nearby air, if the experiment is 

carried out directly according to the temperature setting of the 

previous experiment, there will be a large error, and the 

prediction time is much longer than the experimental time. 

Therefore, the temperature should be appropriately lowered 

during the experiment, and the initial temperature of the 

photovoltaic module surface should be set to -3.0℃.When 

both the surface temperature of the photovoltaic panel and the 

temperature of the artificial climate chamber met the 

experimental requirements, snow was placed on the surface of 

the photovoltaic panel, and the panel inclination was slowly 

adjusted to 10°. The far-infrared radiator was turned on, and 

the radiation intensity of the snow surface was kept at 

200w/m2. When the snow fell off, the timing was stopped, the 

heights change of the snow layer, PV panel surface 

temperature, the quality of overflow water and the melting 

time were measured and recorded, the moisture content of the 

remaining snow was calculated, and the actual melting time 

was compared with the theoretical time. Experiments were 

carried out with snow heights of 4cm, 5cm, 6cm, and 7cm. 

C. Experimental results 

A series of kinetic friction factor experiments and natural 

melting experiments of photovoltaic panel snow were carried 

out on the surface of photovoltaic panels with 4 snow heights 

under 3 different snow densities. The actual melting time was 

compared with the theoretical time, and the predicted time was 

closer to the actual time. 

Figure 6-8 shows the reference range of the moisture 

content of the snow layer when the ambient temperature is  

-0.5±0.5°C, the PV module surface temperature is -0.5C, the 

inclination angle is 10°, and the snow density is 300 kg/m3, 

400 kg/m3 and 500 kg/m3 respectively. For snow with a 

density of 300kg/m3, when the height of the snow is 2cm, if 

the moisture content is in the range of 37.7%-43.5%, the snow 

will slip. It can be observed that with the increase of snow 

height, the moisture content of the snow is also gradually 

reduced at the moment when the snow slides.  
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Fig 6 The snow density is 300kg/m3, the ambient temperature is  

-0.5±0.5°C, the inclination angle of the PV modules is 10°, and the 

PV module surface temperature increased from -1.2℃ to 0.3℃ 

 
Fig 7 The snow density is 400kg/m3, the ambient temperature is  

-0.5±0.5°C, the inclination angle of the PV modules is 10°, and the 

PV module surface temperature increased from -1.3℃ to 0.3℃ 

 

 
Fig 8 The snow density is 500kg/m3, the ambient temperature is  

-0.5±0.5°C, the inclination angle of the PV modules is 10°, and the 

PV module surface temperature increased from -1.6℃ to 0.2℃ 

The snow shedding experiment was carried out at room 

temperature. Figure 9 shows the reference range of the 

moisture content at the moment of shedding of the snow layer 

with a density of 400kg/m3. Compared with Fig. 7, the range 

of moisture content decreases greatly when the snow slides off, 

For example, snow with a thickness of 2cm has a moisture 

content range of 42.6%±3.2% when the ambient temperature 

is -0.5°C, and 26.0%±4.2% when the ambient temperature is 

18.0°C. In addition, the temperature of the photovoltaic panel 

surface increased sharply, from -1.9°C to -0.1°C in a relatively 

short period of time, which accelerated the speed of snow 

melting. It can be seen that the ambient temperature has a great 

influence on the snow slide off. 

 
Fig 9 The snow density is 400kg/m3, the ambient temperature is 

18.0±0.5°C, the inclination angle of the PV modules is 10°, and the 

PV module surface temperature increased from -1.9℃ to 0.1℃ 

 
Fig 10 The snow density is 400kg/m3, the initial thickness is 6cm, 

the ambient temperature is -0.5±0.5°C, the inclination angle of the 

photovoltaic module is 10°, the thermal radiation reaching the 

surface of the snow layer is 200w/m3, the initial temperature of the 

photovoltaic module surface is -3.2°C, and The temperature at the 

time of sliding down is 0.1 ℃ 

At the beginning of the experiment, the surface 

temperature of the snow layer was low, and the moisture 

content did not change significantly. When the surface 

temperature reached the melting temperature, the moisture 

content increased rapidly, which was slightly higher than the 

prediction model. When the prediction model is 31350s, the 

snow thickness becomes 4 cm, and the moisture content is 
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33.17%. Comparing with Figure 7, it can be seen that the 

lower limit of the moisture content for 4 cm thick snow to slide 

down has been reached, which meets the shedding conditions. 

When the snow melting experiment was carried out to 28000s, 

the thickness of the snow became 4 cm, and the moisture 

content was 33.6%, which also reached the lower limit of the 

moisture content of the snow with a thickness of 4 cm and 

satisfies the shedding conditions. But its melting continued for 

a period of time until it slipped off at 34000s. The thickness 

of the snow was 3.5cm and the moisture content reached 

41.3%. Comparing the predicted model time with the actual 

shedding time, the error range is ±10%. The melting time is 

about 45 min less than the time of the prediction model. The 

reason for this phenomenon may be that the snow did not 

completely cover the photovoltaic panels during the 

experiment, so after the surface of the photovoltaic modules 

was heated, the heat distribution on the surface of the 

photovoltaic modules was uneven, resulting in heat transfer 

and accelerated snow melting. Another reason is that there is 

a certain temperature difference between the ambient 

temperature and the snow temperature, and convection occurs, 

so the increase of the snow surface temperature is also affected 

by the ambient temperature. But when it is consistent with the 

ambient temperature, the influence of the environment on it is 

very weak. The melting time is about 56min longer than the 

minimum time of the prediction model. The reason is that the 

surface temperature of the photovoltaic panel has been slowly 

increasing, and it did not stop rising at -0.5°C (the surface 

temperature of the photovoltaic panel set by the kinetic 

friction factor experiment), instead, it stops at 0.1°C and the 

snow begins to fall off, so the time it takes for the temperature 

to rise may be the reason why the melting time is higher than 

the minimum predicted time. 

V. CONCLUSIONS 

In this study, a theoretical method for predicting the natural 

melting time of snow cover on photovoltaic panels was 

proposed. It was shown that: 

Based on the conservation of energy and mass, if only solar 

radiation is considered as the heat source, this method is able 

predict the instantaneous moisture content and heights 

changes of the sloped-panel snow cover, and thus estimate the 

melting time of snow cover. Considering the high priority of 

the equilibrium condition for the melting of the slush layer, 

once its equilibrium condition is reached at a certain moment, 

it can be assumed that this moment is the time of shedding of 

the snow layer. The accuracy of the predicted melting time 

might be affected by a number of external factors, including 

panel cleanliness, re-freezing of melt water, panel material, etc. 

This study only considered the effect of solar radiation and 

convection on the natural melting of the snow layer on the 

surface of the photovoltaic panel, but the heat generated 

during the conversion of light to electricity and heat transfer 

from temperature differences between the front and rear 

surfaces of photovoltaic panels should also be considered.  
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