
A study of combination factor of wind and snow loads on photovoltaic (PV) 
panels based on characterization of joint wind-snow hazard

Shan Ding , Xuanyi Zhou *

State Key Laboratory of Disaster Reduction in Civil Engineering, Tongji University, Shanghai 200092, China

A R T I C L E  I N F O

Keywords:
Photovoltaic (PV) panel
Snowmelt model
Ground snow pressure
Wind speed
Joint hazard
Combination factor

A B S T R A C T

Since the photovoltaic (PV) system uses lightweight materials, wind load and snow load are regarded as its 
dominant loads. However, no specific research is mentioned on the combination factor of wind and snow loads 
on PV panels in major international load codes [1–4]. Therefore, this paper will take the PV tracker as an 
example to study the combination factor of wind and snow loads on PV panels based on the characterization of 
joint wind-snow hazard. First, a multi-layer snowmelt model is used to obtain ground snow pressure over the 
years in representative cities. Then several probability models are selected to fit wind speed and ground snow 
pressure samples in different data pairs and the best probability model is determined. On this basis, the joint 
wind-snow hazard contours are derived. Finally, based on hazard contours, the finite element analysis is used to 
calculate the load effects of PV support. The results reveals that when wind and snow loads are both pressures 
and the load effects considered in the design are the axial force of columns and the bending moment of the main 
beam, the combination factor of wind and snow loads on the PV panel should be 0.7.

1. Introduction

Energy, which is essential for social development, has a crucial 
impact on economic development. With the advancement of technology 
and a growing awareness of environment, solar energy, as a readily 
available, safe and clean alternative, has gradually attracted more 
attention, leading to a booming PV industry globally. The PV system is 
composed of PV support and the modules on the support. Due to the light 
weight of the two parts, the PV system can be easily damaged under the 
combined action of wind and snow. Therefore, how to consider the 
combined effects of wind and snow loads is an important consideration 
in PV structural design.

Many researches have been done regarding the wind load and snow 
load on PV panels respectively. For wind load, Abiola-Ogedengbe et al. 
[5] measured the wind load on a single row of PV panels by wind tunnel 
test and found that the wind load in the vertical direction was sym
metrically distributed along the central axis while the wind load in the 
oblique direction did not have this characteristic. In addition, the 
greater the tilt of the module, the stronger the wind load is. Reina et al. 
[6] used computational fluid dynamics to calculate the average wind 
load of the ground-mounted PV trackers array. Chu et al. [7] used wind 
tunnel tests to study the wind pressure distribution of PV tracker 

installed on flat roof buildings subjected to different wind directions, 
azimuth angles, inclination angles and base heights. Ma et al. [8] studied 
the interference effect of PV panels on the wind load by changing the 
inclination, wind direction and the number of PV panels in the wind 
tunnel, and obtained the wind pressure coefficient of the PV panel array. 
Li et al. [9] studied the influence of PV panel spacing, PV panel incli
nation and parapet height on the wind load of PV panels through wind 
tunnel test. Ma et al. [10] studied the wind load of single-row PV 
modules and PV arrays through wind tunnel tests. The results showed 
that the change of wind load of the first row of PV modules in the PV 
array with inclination was similar to that of single-row PV modules. Xu 
et al. [11], based on numerical simulation and wind tunnel test, dis
cussed the influence of row spacing and ground clearance on the wind 
load. As for the researches on the snow load on PV panels. Grammou 
et al. [12] used the flume test to simulate the snow load distribution on 
the flat roof with PV panels and measured the wind-induced shape co
efficients of PV panels and flat roof. Riley et al. [13] studied the 
magnitude of snow load, the change rate of snow load, the spatial dis
tribution of snow load on PV panels and the influence of wind on snow 
load measurement in winter from 2021 to 2022 through the experi
mental platform built by Sandia National Laboratory. Frimannslund 
[14] studied how the snow reduction system of PV panels affects the 
reliability of roof structure and established the limit state function of 
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roof snow load.
In winter, PV panels are often subjected to wind and snow loads, so 

the impact of joint wind-snow hazard should be considered in the design 
of PV support structure. However, there are only a few articles on the 
joint wind-snow hazard of buildings. Wang et al. [15] used the renewal 
pulse process to simulate the wind load and snow load and, by 
combining them in the numerical simulation, constructed the joint 
wind-snow hazard contour corresponding to the exceedance probability 
in different return periods. Peng et al. [16] obtained the wind pressure 
coefficient on the building surface through experiments and the roof 
snow pressure coefficient considering the wind-induced snow effect 

through numerical simulation; they then used the probability density 
evolution method (PDEM) to evaluate the overall reliability of the 
structure under the wind-snow multi-hazard coupling effect in the 
100-year return period. By far, no study has been done on the joint 
wind-snow hazard in the design of PV support structure. However, the 
probability of wind load and snow load occurring simultaneously at 
their maximum values is small. For this reason, the combination value of 
the two needs to be adopted, which is obtained via the load combination 
factor. At present, the main international load codes [1–4] have 
included neither studies nor literature on the combination factor of wind 
and snow loads on PV panels.

Nomenclature

A The albedo of the snow surface
AIC Akaike information criterion
cs Specific heat of snow (kJkg− 1K− 1)
cw Specific heat of water (kJkg− 1K− 1)
cp Heat capacity of air,1.005 kJkg− 3℃− 1

Dn The maximum deviation between F(x) and Fn(x)
e(Ta) Air vapor pressure (kPa)
e(Ts) Vapor pressure at the snow surface (kPa)
El Latent heat flux (kJm− 2hr− 1)
F(x) Cumulative distribution function
Fn(x) Theoretical distribution function
hs Latent heat of sublimation,2834kJkg− 1

hf Latent heat of fusion, 335kJkg− 1

Hs Sensible heat flux (kJm− 2hr− 1)
k The number of parameters of the probability distribution 

model
Kh(Ke) Heat conductivity (Wm− 1/K− 1)
Ln Net longwave radiation
La Incoming longwave radiation (kJm− 2hr− 1)
Lt Outgoing longwave radiation (kJm− 2hr− 1)
Mi

out Rate of outflow of the ith snow layer (mhr− 1)
Mmax Maximum bending moment of the main beam (kNm)
N The sample size of probability statistics
Prain Rainfall (mhr− 1)
P() Exceeding probability
Psnow Snowfall (mhr− 1)
Ps The pressure of snow above the snow layer (Nm− 2)
Pmax Maximum axial force of columns
Qc Heat conduction through the snowpack (kJm− 2hr− 1)
Qp Heat advected by precipitation (kJm− 2hr− 1)
Qg Ground heat flux (kJm− 2hr− 1)
R2 Coefficient of determination
Rd Dry gas constant,0.287kJkg− 1K− 1

RSS Residual sum of squares
s0 Reference snow load (kPa)
sk Characteristic value of snow load (kPa)
s25 Snow load of the 25-year return period (kPa)
Sw25 Load effect caused by wind load of the 25-year return 

period
SP,w25 Maximum axial force of columns caused by wind load of 

the 25-year return period (kPa)
SM,w25 Maximum bending moment of the main beam caused by 

wind load of the 25-year return period (kNm)
Ss25 Load effect caused by snow load of the 25-year return 

period
SP,s25 Maximum axial force of columns caused by snow load of 

the 25-year return period (kPa)

SM,s25 Maximum bending moment of the main beam caused by 
snow load of the 25-year return period (kNm)

Sm Maximum value of combined wind and snow load effects
SP,m Maximum Pmax caused by the combination of wind and 

snow loads (kPa)
SM,m Maximum Mmax caused by the combination of wind and 

snow loads (kNm)
Si,T Load effects of live loads at T-year return period
Sn Shortwave radiation (kJm− 2hr− 1)
S0 Potential solar radiation (kJm− 2hr− 1)
t Physical time (hr)
T Return period
Ta Air temperature (℃)
Ts Snow surface temperature (℃)
Tg the ground temperature under the snowpack (℃)
Tmax Maximum torque of the main beam (kNm)
Ui The internal energy in snow layer i (KJm− 2)
V,S Random variables
v,s Threshold values
v0 Reference wind speed (ms− 1)
w0 Reference wind pressure (kPa)
wk Characteristic value of wind load (kPa)
w25 Wind load with the 25-year return period (kPa)
Wi Snow water equivalent of the ith snow layer (m)
Wm Snow water equivalent of the top (mth) snow layer (m)
We Sublimation or evaporation from snowpack (mhr− 1)
xi The ith sample value
̂̃xi Sample estimation value based on the theoretical 

distribution function
z the height from the bottom of the snow (m)
Δz The thickness of the layer (m)
βz wind vibration coefficient
εs Snow surface emissivity
εac Cloudy sky emissivity
σ Stefan-Boltzmann constant, 2.07× 10− 7kJm− 2K− 4hr− 1

ρw The density of water (kgm− 3)
ρa(ρ) The density of air, 1.25 kgm− 3

μ Atmospheric transmissivity
μr Distribution factor of snow load
μs Shape factor of wind load
μz Exposure factor for wind pressure
γi The mass of ice per unit volume of snow (kgm− 3)
γw The mass of water per unit volume of snow (kgm− 3)
λ The effective snow-conduction coefficient (Wm− 1K− 1)
ψ Combination factor of wind and snow loads
ψP Combination factor of wind and snow loads considering 

axial force of columns
ψM Combination factor of wind and snow loads considering 

the bending moment of the main beam
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Given the above-mentioned, this paper will calculate the combina
tion factor of wind load and snow load on the PV panels based on the 
characterization of joint wind-snow hazard. Firstly, the ground snow 
pressure is simulated by multi-layer snowmelt model [17–19]. Then, 
this paper adopts four methods to obtain different data pairs of wind 
speed and ground snow pressure (referred to as "data pair") for the 
purpose of considering the load state when these two important loads 
occur at the same time. A variety of probability models are used to fit 
wind speed and ground snow pressure samples in these four types of data 
pairs respectively. According to the K-S test and AIC, the optimal 
probability model of the two is determined, and the joint wind-snow 
hazard contours of different return periods are further obtained. 
Furthermore, based on the combination value of wind speed and ground 
snow pressure on the joint wind-snow hazard contour of the 25-year 
return period, the load effect of PV support is calculated through finite 
element analysis. Finally, the combination factor of wind and snow loads 
on the PV panel is calculated based on the obtained load effect.

2. Methodology

This study adopts the snowmelt model [17–19] to calculate the 
ground snow pressure and obtains the data pairs by different methods. 
Then, several probability models are selected to fit wind speed and 
ground snow pressure samples in different data pairs and the best 
probability model is determined, based on which the joint wind-snow 
hazard contours of different return periods are calculated. Finally, 
finite element analysis is used to calculate the load effects of wind and 
snow loads of the 25-year return period, and their combined effects of 
the PV support for the calculation of the combination factor of wind and 
snow loads on the PV panel. The calculation process is shown in Fig. 1.

2.1. Multi-layer snowmelt model

According to national codes [1–4], the snow load on the building 
structure is calculated based on the ground snow pressure in a certain 
return period. Therefore, the acquisition of ground snow pressure 

samples is the prerequisite of this study. However, the weather station 
can only obtain the data of snow depth, and the amount of data is too 
limited to support the study. In order to obtain the ground snow pressure 
samples, this paper simulates the whole process of ground snow accu
mulation and melting based on precipitation, temperature, wind speed, 
relative humidity and other meteorological data through the multi-layer 
snowmelt model [17–19], as shown in Fig. 2.

2.1.1. Energy balance equation
The internal driving force of the snow melting process comes from 

the input and output of energy [20]. The energy balance equation of 
layer i at time t is as follows: 

dUi(t)
dt

= Ln(t)+ Sn(t)+Hs(t)+El(t)+Qc(t)+Qp(t)+Qg(t) (1) 

where the calculation method of net longwave radiation Ln, shortwave 
radiation Sn, sensible heat Hs, latent heat El, the energy transferred be
tween adjacent snow layers Qc and energy brought by precipitation Qp 

can be seen in Table 1. The ground heat flux Qg merely affects the first 
snow layer at the bottom of the snowpack and is minimal [44,45]. In 
particular, the calculation of ground heat flux is not provided in the table 
but is replaced by adopting the specified constant boundary tempera
ture. Bartelt et al. [21] hold that the soil temperature fluctuates around 
0℃; Ohara and Kavvas [22] also believe that the temperature of snow 
near the ground is 0℃ in the case of thick snow layers. Thus, the soil 
boundary temperature is assumed to be 0℃.

2.1.2. Mass balance equation
The mass balance equation can describe the effects of snowfall, 

rainfall, snow melting, snow sublimation or evaporation on the quality 
of the snow layer. Compared with the snow particles and water in the 
snow layer, the phase change and diffusion of water vapour have less 
impact on the change of snow layer mass, so the influence on the mass 
balance equation is ignored in this paper [27]. The mass balance 
equation of the top layer of snow (layer m) at time t is shown in Eq. (8) in 

Fig. 1. Procedure of calculation of combination factor in this study.
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Table 2. The mass balance equation of the inside and bottom layer 
(1 ≤ i ≤ m − 1) at time t is shown in Table 2, Eq. (9).

Precipitation occurs in the form of snow or rainfall. In this paper, 
precipitation is divided into snowfall Psnow(t) and rainfall Prain(t) ac
cording to air temperature. When the air temperature Ta is lower than 
− 1℃, all precipitation is snow; when the air temperatureTais higher 
than 3℃, all precipitation is rainfall; when the air temperatureTais be
tween − 1℃ and 3℃, the snowfall and rainfall are linearly interpolated 
[17,18,28]. See Eq. (10) in Table 2 for the calculation method. Latent 
heat can change the liquid water phase state of the snow layer. Ac
cording to Dewalle et al. [29], the sublimation or evaporation of snow 
can be calculated according to Eq. (11) in Table 2. The calculation of 
outflowMout(t)is related to the maximum water holding capacity of 
snow. When the liquid water content inside the snow layer exceeds the 
maximum water holding capacity of the snow layer, the excess liquid 
water will flow out of the snow layer. According to Ref. [30], the for
mula for calculating the maximum water holding capacity of the snow 
layer is shown in Table 2, Eq. (12).

2.1.3. Snowpack compaction and density
The compaction process of snow involves two stages: the destructive 

metamorphism stage of fresh snow and the densification process of 
accumulated snowpack under its gravity or the pressure of upper layers 
[17–19,31]. For fresh snow, because of its low density, the destructive 
metamorphism of the internal structure of snow is the main cause for 
compaction. Eq. (13) in Table 3 shows how the destructive meta
morphism of the internal structure per unit thickness of the snow layer 
changes over time. After the destructive metamorphism stage, the 
compaction rate of the snow layer decreases significantly. At this point, 
the main cause for compaction is the gravity compaction of the snow
pack. The calculation method is shown in Eq. (14) in Table 3. The total 
compaction rate of the snow layer is the sum of the compaction rates of 
the above two stages, and the calculation formula is shown in Eq. (15) in 
Table 3. The density of the snow layer increases with the compaction, 
and the calculation formula is shown in Eq. (16) in Table 3.

2.1.4. Boundary conditions
The boundary conditions between the snow surface and the snow 

Fig. 2. Energy and mass fluxes involved in snowpack melting.

Table 1 
Formula of energy calculation [17–19].

Energy Formula

Net longwave 
radiation 
[23]

Ln = La − Lt = εacσ(Ta + 273.15)4
− εsσ(Ts + 273.15)4 (2)   

Shortwave 
radiation 
[23]

Sn = (1 − A)μS0 (3)   

Sensible heat 
[24] Hs = ρacpKh(Ta − Ts) (4)   

Latent heat 
[25]

El = Ke
0.622hs

Rd(Ta + 273.15)
[e(Ta) − e(Ts)] (5)   

Heat 
conduction 
[26] Qc = λ

∂T
∂z

(6)   

Heat from 
precipitation 
[25]

QP = Psnowcsρw min(Ta,0∘C)+Prain
[
hf ρw + cwρw max(Ta, 0∘C)

]
(7)   

Table 2 
Formula of mass balance [17–19].

Formula

Mass balance equation of 
the top snow layer dWm(t)

dt
= Prain(t) +Psnow(t) − Mout(t) − We(t) (8)   

Mass balance equation of 
the inside and bottom 
layer of snow

dWi(t)
dt

= Mi+1
out (t) − Mi

out(t) (9)   

Precipitation separation 
formula

Prain =

Ta ≥ 3∘C

− 1∘C < Ta < 3∘C

Ta ≤ − 1∘C
Psnow = P − Prain

(10)   

Sublimation of the 
snowpack [29]

We =
El

ρwhs
(11)   

The maximum water 
holding capacity of the 
snow layer [30]

{
Cr = Cmin γs ≥ ρe
Cr = Cmin + (Cmax − Cmin)(ρe − γs)/ρe γs < ρe

(12)   
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bottom control the energy exchange between the snow layer and the 
external environment.

In the energy balance formula, Neumann boundary condition [21] is 
used as the boundary condition of the snow surface, as shown in Eq. (17)
in Table 4. It is worth noting that the influence of shortwave radiation is 

ignored in Neumann boundary condition. The snow bottom is directly 
connected with the soil. In this paper, it is assumed that the temperature 
of the snow layer at the interface between the snow layer and the soil is 
equal to the temperature of the soil, as shown in Eq. (18) in Table 4. As 
explained in Section 2.1, the soil temperature Tg is assumed to be 0℃.

Table 3 
Formula of snowpack compaction and density [17–19].

Formula

Destructive metamorphism stage [32]
⃒
⃒
⃒
⃒
1
Δz

∂Δz
∂t

⃒
⃒
⃒
⃒
metamorphism

= − 2.778 × 10− 6 × c3 × c4 × exp[− 0.04(273.15 − T)]

⎧
⎪⎪⎨

⎪⎪⎩

c3 = c4 = 1 ifγi ≤ 150kg
/
m3andγw = 0

c3 = exp[ − 0.046(γi − 150)] ifγi > 150kg
/
m3

c4 = 2 ifγw = 0

(13)   

Gravity compaction stage [32]
⃒
⃒
⃒
⃒

1
Δz

∂Δz
∂t

⃒
⃒
⃒
⃒
overburden

= −
Ps

η0
exp[ − c5(273.15 − Ts) − c6ρs] (14)   

Total compaction rate[17–19]
⃒
⃒
⃒
⃒

1
Δz

∂Δz
∂t

⃒
⃒
⃒
⃒
all

=

⃒
⃒
⃒
⃒
1
Δz

∂Δz
∂t

⃒
⃒
⃒
⃒
metamorphism

+

⃒
⃒
⃒
⃒

1
Δz

∂Δz
∂t

⃒
⃒
⃒
⃒
overburden

(15)   

The rate of the snow density change[17–19]

dρs

ρsdt
= −

⃒
⃒
⃒
⃒

1
Δz

∂Δz
∂t

⃒
⃒
⃒
⃒
all

(16)   

Table 4 
Formula of boundary condition [17–19].

Boundary condition Formula

Neumann boundary condition [21]

λm
s

∂Ts(z, t)
∂z

⃒
⃒
⃒
⃒
z=h

= Ln(t) +Hs(t) +El(t)+Qp(t) (17)   

Dirichlet boundary condition [21]

Ts(z = 0, t) = Tg(t) (18)   

Fig. 3. The meteorological data in the winter of 2005/2006 in Nenjiang.
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In the mass balance formula, the initial boundary conditions are as 
follows: 

M(t = 0) = 0 (19) 

2.1.5. Snowmelt model validation
Nenjiang, Heilongjiang Province, China, is taken as a case study. 

Using meteorological data from Nenjiang (Fig. 3 displays the meteoro
logical data for the winter of 2005/2006), the snowmelt model 
described in the previous section was applied to simulate hourly ground 
snow pressure over a winter period (from October 1 to April 30 of the 
following year).

To verify the accuracy of the snowmelt model, the simulation results 
were compared with the annual maximum snow water equivalent for 
Nenjiang from 1981 to 2010 (provided by Mo et al. [33]). The annual 
maximum snow water equivalent was then converted into the annual 
maximum snow pressure, as shown in Fig. 4. The comparison reveals 
that the simulated annual maximum ground snow pressure generally 
follows the observed trend, with only minor deviations. The reasons for 
these deviations may include the following: maximum snow densities 
could have occurred due to heavy rainfall and refreezing before obser
vation; minimum snow densities may have been recorded immediately 
after heavy snowfall, before the snow had undergone sufficient 
compaction; and meteorological data may have been recorded on earlier 
days, when instrument accuracy or observation methods were limited, 
leading to potential errors. This comparison provides evidence of the 
snowmelt model’s accuracy in simulating ground snow pressure.

2.2. Extraction of data pairs

Fig. 5 shows the snowfall and the ground snow pressure calculated 
by the snowmelt model in Harbin, Heilongjiang Province, China in the 
winter of 2015–2016 (October 1, 2015 to April 30, 2016). In this paper, 
a set of continuous snowfall data is defined as a snowfall event, and the 
process from the beginning of snow accumulation to the end of snow 
melting is defined as a snowpack event, as shown in Fig. 5. Snow 
accumulation and melting may occur between two adjacent snowfall 
events (that is, from the beginning of the previous snowfall event to the 
end of the next snowfall event), or snow accumulation may not occur 
due to the small amount of snowfall and high melting rate. To ensure 
that the snow pressure samples in the subsequent four types of data pairs 
represent the most unfavorable conditions, the snowpack event can be 
represented using an envelope line: the snow pressure in each hour 
between two adjacent snowfall events are modelled as a single cluster 
having constant intensity equal to the maximum snow pressure. Thus, 
the envelope line of ground snow pressure can be derived, as shown by 
the blue dashed line in Fig. 6.

After clustering the ground snow pressure using the method 
described above, the four methods shown in Fig. 7 can be employed to 
obtain data pairs. First, the different time periods are divided based on 
snowfall and snowpack events, and the maximum ground snow pressure 
within each time period can be obtained. Then, the maximum wind 
speed within the corresponding time period is identified. The specific 
methods are as follows:

MethodI: The maximum ground snow pressure between two adja
cent snowfall events and the maximum wind speed between two adja
cent snowfall events in each snowpack event.

MethodII: Since the snow will not be affected by the wind after three 
days of precipitation [34], the maximum wind speed within three days 
after a snowfall and the maximum ground snow pressure between the 
snowfall event and the next snowfall event are taken.

Method III: The maximum ground snow pressure of a snowpack 
event and the maximum wind speed within the snowpack event.

Method IV: The maximum ground snow pressure and the maximum 
wind speed in the whole winter.

2.3. Joint hazard contours

When two highly correlated hazardsVandSact on the building 
structure simultaneously and their intensity exceeds their respective 
thresholds v and s, the joint exceedance probability can be expressed as: 

P(V > v, S > s) = 1 − F(v) − F(s)+ F(v, s) (20) 

Where F(v) and F(s) respectively represent the best probability model of 
two hazards, and F(v, s) is the joint probability of the two hazards.

At this point, the joint return period of the two hazards is: 

Fig. 4. Comparison between simulated results and observed data of Nenjiang.

Fig. 5. Snowfall, ground snow pressure in the winter of 2015/2016 in Harbin.

Fig. 6. The envelope line of ground snow pressure.
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T =
1

1 − F(v) − F(s) + F(v, s)
(21) 

If the correlation between the two hazards is weak or none, the joint 
exceedance probability distribution of the two hazards can be expressed 
as: 

P(V > v, S > s) = 1 − F(v) − F(s)+ F(v)⋅F(s) = (1 − F(v))⋅(1 − F(s))
(22) 

At this point, the joint return period of the two hazards is: 

T =
1

(1 − F(v))⋅(1 − F(s))
(23) 

Therefore, according to Eqs. (21) or (23), based on the best proba
bility model of the two hazards and the selected joint return period, all 
combination values of hazards of the return period can be calculated. 
The line formed by these combined values is the joint hazard contour of 
this return period.

2.4. Combination factor calculation

In addition to the dead loads acting on the structures, various vari
able loads typically influence the structures as well. However, the 
probability of multiple variable loads reaching their maximum values 
simultaneously over the structure’s lifetime is very low. Therefore, 
during the design of the structure, the reduction in the combination of 
variable loads should be considered. If the maximum value of each 
variable load during the design reference period is used, the design will 
be overly conservative and not reflect real conditions. Consequently, we 
have the following relationship: 

∑n

i=1
Si,T > Sm (24) 

Where Si,T is T-year load effect of each variable load; Sm is the maximum 
value of the combined load effect.

In order to make both sides of Inequality (24) equal, the left side of 
the inequality is multiplied by a factor less than 1: 

ψ
∑n

i=1
Si,T = Sm (25) 

If the load considered is static and has a linear relationship with load 
effect, the combination of load effects and load combination are basi
cally the same issue. Therefore, ψ in Eq. (26) is the load combination 
factor: 

ψ =
Sm

∑n

i=1
Si,T

(26) 

3. Statistical analysis and Joint wind-snow hazard contours

In this section, the data pairs in 40 representative cities across the 
country are obtained by the methods described in Section 2. Then the 
probability models are used to fit the wind speed and ground snow 
pressure samples in four types of data pairs of each city respectively, 
after which the best probability model of the two is determined by K-S 
test and AIC so as to obtain the joint wind-snow hazard contours of 
different return periods.

3.1. Data pairs of wind speed and ground snow pressure

The meteorological data in this paper are from the website of the 
China Meteorological Administration (http://data.cma.cn/), including 
precipitation, temperature, daily temperature difference, wind speed 
and relative humidity, which are recorded on a daily basis. Among them, 

Fig. 7. Methods for getting data pairs of ground snow pressure and wind speed.
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the daily maximum wind speed required in this paper is quoted directly 
from the website, and the ground snow pressure is calculated by the 
snowmelt model described in Section 2.1. However, the time step of 
meteorological data used in the calculation of the snow melting process 
is usually set to 1 h [18]. Therefore, according to the method adopted by 
Zhou et al [18], the daily meteorological data can be converted into 
hourly meteorological data. It is assumed that the average relative 

humidity and average wind speed of each hour in a day are equal to the 
daily average. The precipitation per hour is the average of the accu
mulated observed precipitation in 12 h. The hourly average temperature 
is obtained by linear interpolation between the minimum temperature 
and the maximum temperature of the day. By this method the hourly 
meteorological data in over 40 years of 40 representative cities shown in 
Fig. 8 are calculated. See Appendix A for details. Based on the meteo
rological data of each city, the hourly ground snow pressure of the 40 
cities in each winter can be calculated through the snowmelt model.

Finally, based on the wind speed data and ground snow pressure data 
of the 40 cities, the data pairs of the 40 cities are obtained by using the 
four methods described in Section 2.2, which provides a data basis for 
subsequent research work.

3.2. Fitting probability model

The probability model includes two aspects: the probability distri
bution function and the corresponding parameter estimation method. 
The Chinese load code [1] recommends the type-I extreme value dis
tribution (Gumbel) as the best probability distribution of the annual 
maximum ground snow pressure and the annual maximum wind speed. 
It also advises using the method of moment (MOM) to estimate the pa
rameters. For comparison, this paper uses the three most common 
probability distribution functions to fit the wind speed and ground snow 
pressure samples obtained in Section 2.2, namely Gumbel, lognormal 
and generalized extreme value (GEV) distributions. For Gumbel distri
bution, the maximum likelihood method (MLE), moment method 
(MOM) and least square method (LSM) are used to estimate the pa
rameters respectively. For lognormal distribution, the moment method 
and maximum likelihood method are used to estimate the parameters 

Fig. 8. China map and locations of the 40 representative cities.

Fig. 9. Comparison of the density histograms of ground snow pressure data in Urumqi and probability density using Gumbel (MLE, MOM, LSM), GEV (MLE), 
Lognormal (MLE, MOM).
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respectively. For the generalized extreme value distribution, the 
maximum likelihood method is adopted to estimate the parameters. 
Taking Urumqi as an example, the above probability model is used to fit 
the ground snow pressure and wind speed in the four types of data pairs 
of the city, and the results are shown in Fig. 9 and Fig. 10 respectively.

3.3. Goodness-of-fit tests

The goodness-of-fit test determines whether the selected probability 
model in Section 3.1 can be used to describe wind speed samples and 
ground snow pressure samples. The most commonly used method is the 
Kolmogorov-Smirnov test (K-S test) [18, 35, 36], which establishes 
statisticsDnbased on the empirical distributionFn(x)and theoretical dis
tributionF(x)of the samples: 

Dn = max|F(x) − Fn(x)| (27) 

At a certain significance level θ, for the sample size N, Massey [35]
gave the critical value Kθ that the above statistics Dncannot exceed. In 
general, the significance level is θ = 0.05. When the sample size N > 35, 
Kθ = 1.36/

̅̅̅̅
N

√
. If Dn > Kθ, the sample does not obey the distribution 

F(x) at the significance level θ. On the contrary, the sample obeys the 
distributionF(x) at the significance levelθ. The K-S test results of the 
wind speed and ground snow pressure from four kinds of data pairs in 40 
locations are shown in Fig. 11 and Fig. 12. It can be seen that in terms of 
the wind speed, all probability models perform well across four kinds of 

data pairs, with GEV (MLE) showing the best performance. However, for 
ground snow pressure, GEV (MLE) and Lognormal (MLE) work properly 
at more than 98 % of all locations.

K-S test can only judge whether the alternative probability model is 
appropriate. However, it cannot determine the best model when mul
tiple probability models pass the test [18,19,36]. Therefore, the Akaike 
Information Criterion (AIC) proposed by Akaike [37] is adopted here, 
which quantitatively compares the advantages and disadvantages of 
each model. Based on the residuals squares sum (RSS), the AIC index 
calculation formula is defined as follows: 

RSS =
∑N

i=1
(xi − x̃i)

2 (28) 

AIC = N ln(RSS)+2k (29) 

Where k is the number of probability distribution parameters, GEV 
distribution k = 3, Gumbel distribution and lognormal distribution k =

2; xi is the sample value, x̃i is the value with the same non-exceeding 
probability as xi estimated by F(x), x̃i = F− 1[Fn(xi) ].

The term containing RSS indicates the accuracy of the probability 
distribution in sample fitting. Apparently, the smaller the RSS, the better 
the probability model. The number of parameters k indicates the 
complexity of the probability model, and the smaller the number, the 
simpler the model. Therefore, the model with the smallest number of 
parameters and RSS has the smallest AIC. The smaller the AIC, the better 

Fig. 10. Comparison of the density histograms of wind speed data in Urumqi and probability density using Gumbel (MLE, MOM, LSM), GEV (MLE), Lognormal 
(MLE, MOM).
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the model. The probability models for each region, as indicated by AIC, 
and their corresponding occurrence frequencies are shown in Fig. 13. 
For wind speed across the four types of data pairs, GEV (MLE) exhibits 
the highest goodness of fit, followed by Gumbel (LSM). For ground snow 
pressure, Lognormal (MLE) provides the best fit in the data pairs ob
tained using methods I, II, and III. However, for the ground snow pres
sure samples in the data pairs obtained using method IV, GEV (MLE) 
shows the best fit.

In conclusion, based on the K-S test and AIC comparison, it can be 
observed that, in the data pairs obtained using methods I, II, and III, the 
ground snow pressure samples follow the Lognormal (MLE) model. In 
contrast, the ground snow pressure samples in the data pairs obtained 
using method IV are better represented by the GEV (MLE) model. For 
wind speed samples, regardless of the data pairs acquisition method, 
GEV (MLE) is the probability model with the best goodness of fit. The 
results are summarized in Table 5.

3.4. Joint wind-snow hazard contours

This paper adopts the linear regression method to analyse the cor
relation between wind speed samples and ground snow pressure sam
ples. Fig. 14 shows the correlation between wind speed samples and 
ground snow pressure samples in different data pairs in Urumqi by using 
the linear regression method. The coefficients of determination R2 in 
Fig. 14 are smaller than 0.24, which reflects the very low correlation 
between the two [38]. The R2 between wind speed samples and ground 
snow pressure samples of 40 representative cities is calculated, and the 
results are shown in Appendix A. It is evident that all R2 are smaller than 

0.24, and the vast majority are below 0.08. Therefore, it can be 
considered that no matter which type of data pair is concerned, it proves 
the wind speed samples and ground snow pressure samples are not 
correlated, that is, they are independent of each other [38]. Therefore, 
according to Eq. (23), by using the obtained best probability model of 
wind speed, the best ground snow pressure probability model and the 
selected joint return period, all combination values of wind speed and 
ground snow pressure of this joint return period can be calculated. The 
line formed by these combination values is the joint hazard contour of 
wind speed and ground snow pressure for the selected return period, 
namely the joint wind-snow hazard contour. Taking Urumqi as an 
example, the joint wind-snow hazard contours for the joint return pe
riods of 10 years, 25 years, 50 years, and 100 years are calculated based 
on four types of data pair, as shown in Fig. 15. From the graph, it can be 
seen that those contours vary in shapes, which is a result of the different 
optimal probability models of wind speed samples and ground snow 
pressure samples in different types of data pair.

4. Study of cases

4.1. Computational model

The research object of this paper is a row of single-axis PV tracker 
with a length of 100 m, a chord length of 2.4 m, a height of 1.5 m and an 
inclination of 30 ◦. Fig. 16 shows its finite element model. It can be seen 
from the figure that the PV support is composed of a rotating shaft (main 
beam) and 13 steel columns with the spacing of each column being 8 m. 
It is worth noting that the top of the column in the middle is equipped 

Fig. 11. Pass rate of probability model of wind speed by K-S test.
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with a motor that controls the rotation of the PV panel. Thus, it can be 
taken as a rigid connection with the main beam. For the rest of the 
columns, their connections with the main beam are regarded as semi- 
hinged.

4.2. Load combination and load cases

In Section 3.4, the combination values of wind speed and ground 
snow pressure on the joint wind-snow hazard contours for different re
turn periods are calculated. Subsequently, the wind speed is converted 
into the characteristic value of wind load, as shown in Table 6. It is 
important to note that βz represents the wind vibration coefficient, 
which is typically taken as 1.2 according to the general code for engi
neering structures [39]. μz is the exposure factor for wind pressure. 
Assuming terrain roughness is classified as type B, and since the height 
of the PV tracker is less than 10 m, the value is taken as 1 [1]. μs is the 
shape factor of wind load. Since the shape factor of the wind load of the 
PV tracker is not given in the code [1], this study refers to the value of 
open single-slope roofs, as shown in Appendix B. With a 30◦ inclination 
angle and under pressure conditions, the shape factors at both ends of 
the PV panel are μs1= +1.4, μs2= +0.6. For uplift forces, μs3= -1.4, 
μs4= -0.6. Other values are calculated by linear interpolation method. 
The above shape factors correspond to the resultant pressure on the 
upper and lower surfaces of the PV panel. From this, it can be seen that 
the wind load follows a trapezoidal distribution along the width of the 
PV panel [40,41], as shown in Fig. 17. Trapezoidal wind load will 
impose torque on the main beam. Therefore, the effect of trapezoidal 
wind load on PV panels can be regarded as the superposition of a 

uniformly distributed load effect and a torque, as shown in Fig. 17.
In addition, it is worth noting that the transmitted radiation energy is 

significantly reduced when the panel is fully covered by snow [46]. As a 
result, the energy yield efficiency of the PV panel is low, leading to 
minimal heat output from the PV panel. Therefore, the impact of heat 
transfer between the PV panel and the snowpack is negligible. As 
mentioned in Section 2.1.1, the ground flux is also minimal. Thus, the 
characteristic value of the snow load on the horizontal projection plane 
of the PV panel can be calculated based on the ground snow pressure, as 
shown in Table 6. μr is the snow distribution factor, which is taken as 
0.85 based on the reference value of 30◦single slope roofs in the code 
[1]. Since the influence of wind-induced snow drifting is not considered 
here, the snow load on the PV panel is assumed to be uniformly 
distributed.

The snow load can only act on the PV panel in the form of pressure, 
but the wind load can be either a pressure or an uplift force. Therefore, 
this paper considers the impact of two different combinations of wind 
and snow loads on the PV support, as shown in Fig. 18. The wind load 
and snow load in Case I are both pressures. In Case II, the wind load is an 
uplift force, and the snow load is a pressure.

4.3. Load effect analysis

According to the code for the design of PV support structure [42], the 
service life of PV support is 25 years. Therefore, the designed reference 
period should be 25 years. This section uses Urumqi of Xinjiang Province 
in China as an example, in which the joint wind-snow hazard contour for 
the 25-year return period calculated by using four different data pairs is 

Fig. 12. Pass rate of probability model of ground snow pressure by K-S test.
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selected, as shown in Fig. 19. A series of combination values of wind 
speed and ground snow pressure on the contour are taken and converted 
into characteristic values of wind load and snow load according to the 
method described in the previous section. It is worth noting that the two 
ends of each joint wind-snow hazard contour in Fig. 19 (i.e., the wind 
speed when the ground snow pressure is 0 and ground snow pressure 
when the wind speed is 0) are the wind speed and ground snow pressure 
for a return period of 25 years, which can be converted into the 25-year 
characteristic value of wind load w25 and snow load s25, as shown in 
Table 7. Table 7 shows that the w25 derived from different data pairs 
varies significantly, which is due to the different lengths of time for 
obtaining each maximum wind speed sample by different methods (see 
Section 2.2 for specific methods). The longer it takes, the larger the 
sample of maximum wind speed may be obtained, leading to a larger 
w25. Conversely, w25 would be smaller. According to the two cases 
shown in Fig. 18, the characteristic values of wind and snow loads are 
loaded on the finite element model of the PV panel shown in Fig. 16, and 
the three load effects of the PV support are calculated: the maximum 
axial force of columns Pmax, the maximum bending moment of main 
beam Mmax and the maximum torque of main beam Tmax.

When the combination mode of Case I is adopted, the wind load is a 

pressure, and the variation of load effect is shown in Fig. 20. Fig. 20 (a), 
(b), (c) and (d) show the variation of Pmax with the combination value of 
wind speed and ground snow pressure. At this time, the wind load and 
snow load are both pressures, thus the axial force of the column is 
negative. In order to visualize the changing trend, the projection of 
scattered points in space is drawn in the X-Z plane and Y-Z plane. Then 
SP,m, the maximum value of Pmax, is spotted, as shown by the blue ball in 
the figure. See Table 8 for specific values. The axial force SP,w25 andSP,s25 

of the column under the action of w25ands25 can also be obtained from 
the graph. See Table 8 for the specific values. Fig. 20 (e), (f), (g) and (h) 
show the variation of Mmax corresponding with the combination value of 
wind speed and ground snow pressure. Then the maximum value SM,m of 
Mmaxand the bending moments SM,w25 and SM,s25 of the main beam under 
the independent action of w25 and s25 are calculated. See Table 9 for 
specific values. As the snow load is uniformly distributed, no torque 
occurs on the main beam, and the torque of the main beam is only 
related to the wind speed. As shown in Fig. 20 (i), (j), (k) and (l), the 
maximum torque Tmax of the main beam increases with the wind speed 
rising. Therefore, if the combination mode of wind and snow loads in 
Case I is adopted in the design of PV support and the load effect 
considered is the axial force of columns and bending moment of the 
main beam, the combined effect of wind and snow loads should be 
considered.

It is worth noting that in Fig. 20 (a), (b) and (e), (f) on the 25-year 
joint wind-snow hazard contour derived from the data pairs obtained 
by method I and method II, when the wind speed in the combination 
value of wind speed and ground snow pressure increases and the ground 
snow pressure almost remains unchanged, the absolute value of the 
maximum axial force of columns |Pmax| and the absolute value of the 
maximum bending moment of main beam |Mmax| slowly increase and 
reach the maximum value; when the wind speed further increases and 
the ground snow pressure decreases, |Pmax| and |Mmax|begin to decrease. 

Fig. 13. Goodness-of-Fit of probability model determined by AIC.

Table 5 
The best probability model after probability statistics.

Variable Distribution for different wind-snow data pairs

Method I Method II Method III Method 
IV

Ground snow 
pressure

Lognormal 
(MLE)

Lognormal 
(MLE)

Lognormal 
(MLE)

GEV 
(MLE)

Wind speed GEV (MLE) GEV (MLE) GEV (MLE) GEV 
(MLE)
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Through the comparison of Table 8 and Table 9, it is found that the 
maximum value of the maximum axial force of columns SP,m and the 
maximum bending moment of the main beam SM,m under the combined 
action of wind and snow loads are close to the maximum axial force of 
columns SP,s25 and the maximum bending moment of main beam SM,s25 

caused by the single action of snow load of the 25-year return period, 
respectively. This phenomenon proves that the load effect is mainly 
controlled by snow load at this time. In Fig. 20 (c) and (g), when the 
wind speed in the combination value of wind speed and ground snow 
pressure increases and the ground snow pressure almost remains un
changed, the results are similar to those in Fig. 20 (a), (b) and (e), (f), 
and |Pmax| and |Mmax| slowly increase and reach the maximum value; 
when the wind speed further increases and the ground snow pressure 
decreases, |Pmax| and |Mmax| begin to decrease. When the wind speed 
increases to 14 m/s and the ground snow pressure decreases to 0.1kPa, 
|Pmax| and |Mmax| start to increase. Through the comparison of Table 8
and Table 9, it is found that SP,m and SM,mare close to SP,s25 and SM,s25 

respectively. This phenomenon shows that the load effect is mainly 
affected by snow load at this time. However, when the wind load in
creases to 14 m/s, the load effect is mainly controlled by the wind load. 
In Fig. 20 (d) and (h), unlike the phenomena in the above figures, on the 
25-year joint wind-snow hazard contour calculated based on the data 
obtained by method IV, when the wind speed and ground snow pressure 
in the combination value of wind speed and ground snow pressure 

increase and the ground snow pressure almost remains unchanged, 
|Pmax| and |Mmax| increase but do not reach the maximum value; when 
the wind speed further increases and the ground snow pressure de
creases, |Pmax| and |Mmax| increase and slowly reach the maximum value, 
and the maximum value occurs when the wind speed is 23 m/s and the 
ground snow pressure is 0.25kpa. Through the comparison of Table 8
and Table 9, it is found that SP,m is close to SP,w25 and SP,s25 , and SM,m is 
close to SM,w25 and SM,s25 . This indicates that the load effect is controlled 
by both wind load and snow load.

When the combination mode of Case II is adopted, the wind load is an 
uplift force. Due to the opposite direction of wind load and snow load, 
the load effects offset each other. At this point, it can be considered that 
the load effect caused by wind load is beneficial to the bearing capacity 
of PV support compared with the load effect caused by snow load, or the 
load effect caused by snow load is beneficial to the bearing capacity of 
PV support compared with the load effect caused by wind load. There
fore, if the combination of Case II is adopted in the design of PV support, 
there is no need to consider the combined effects of wind and snow 
loads.

4.4. Combination factor of wind and snow loads

As the wind load and snow load considered in this paper are static 
loads which have a linear relationship with the load effect, the combi

Fig. 14. Correlation between wind speed and ground snow pressure in Urumqi.
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nation factor of wind and snow loads on the PV panel can be calculated 
according to Eq. (25) in Section 2.4, as shown in the following formula: 

ψ =
Sm

Sw25 + Ss25

(28) 

Where Sm is the maximum value of combined wind and snow load ef
fects, Sw25 and Ss25 are the load effects caused by wind load and snow load 
of the 25-year return period, respectively. It can be seen from Section 5.1 
that if the combination mode of wind and snow loads in Case I is adopted 
in the design of the PV support and the load effect considered in the 
design process is the axial force of the column and the bending moment 
of the main beam, the combined effect of wind and snow loads should be 
taken into consideration. Therefore, Sw25 is the axial force of columns 

SP,w25 and the bending moment of the main beam SM,w25 caused by the 
wind load for the 25-year return period alone, and Ss25 is the axial force 
of the column SP,s25 and the bending moment of the main beam 
SM,s25 caused by the snow load for the 25-year return period. Sm is the 

Fig. 15. Hazard level contours for different return periods in Urumqi.

Fig. 16. Computational model of PV panel.

Table 6 
The formulas of characteristic value of wind and snow loads.

The characteristic value of 
wind load

wk = βzμsμzw0 [1]

• The reference wind 
pressure, w0

w0 = 0.5ρv2
0v0 is the reference wind speed (m/s), 

which is the joint wind-snow hazard contours for 
different return periods.

• The wind vibration 
coefficient, βz

βz= 1.2 [39]

• The exposure factor for 
wind pressure, μz

μz= 1 [1]

• The shape factor of wind 
load, μs

μs1= +1.4,μs2= +0.6 (pressure) [1]μs3= − 1.4, 
μs4= − 0.6 (uplift force) [1]

The characteristic value of 
snow load

sk = μrs0 [1]

• The reference snow 
pressure, s0

s0 is the ground snow pressure value on the joint 
wind-snow hazard contours for different return 
periods.

• The snow distribution 
factor, μr

μr= 0.85 [1]
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maximum value of the maximum axial force of columns (SP,m) and the 
maximum value of the maximum bending moment of the main beam 
(SM,m) under the combined action of wind and snow loads on the 25-year 
joint wind-snow hazard contour.

Based on the analysis in Section 4.3, the wind and snow load com
bination factors when considering the axial force of the column and the 
bending moment of the main beam can be calculated for the design of PV 
structure in Urumqi. The results are shown in Table 8 and Table 9. 
Finally, the wind load and snow load on 25-year joint wind-snow hazard 
contours calculated from four types of data pairs of 40 representative 
cities are combined in the way of load Case I, and the wind and snow 
load combination factor of 40 representative cities is calculated, as 
shown in Appendix C. All results are given in Fig. 21. The top horizontal 
line of each box chart represents the maximum value, the bottom hori
zontal line represents the minimum value, and the horizontal line inside 
the box represents the average value. It can be seen from the figure that 
if the load effect considered in the design is the axial force of the column, 
the average value of the wind and snow load combination factors 
derived from the data pairs obtained by different methods are both 0.68. 
If the load effect considered is the bending moment of the main beam, 
the average value of the wind and snow loads combination factors 
calculated based on the data pairs obtained by different methods are 
0.65, 0.65, 0.67 and 0.69, respectively. Therefore, from a comprehen
sive perspective, when the axial force of columns and the bending 
moment of the main beam caused by wind and snow loads are consid
ered in the design of PV support, the combination factor of wind and 
snow loads can be taken as 0.7.

5. Conclusion

This paper takes 40 cities in different regions of China as the research 
object and uses the multi-layer snowmelt model to simulate the ground 
snow pressure samples. The data pairs of ground snow pressure and 
wind speed in winter (referred to as "data pair") is obtained by different 
methods. The wind speed samples and ground snow pressure samples 
are fitted by the probability model, based on which the joint wind-snow 
hazard contour for the 25-year return period is calculated. Finally, the 
load effect of PV support caused by wind load and snow load is obtained 
through finite element analysis, and the combination factor of wind and 
snow loads in each city is calculated. The following conclusions can be 
drawn from this study: 

(1) By comparing the annual maximum ground snow pressure 
calculated by the multi-layer snowmelt model with the measured 
data, it can be drawn that the deviation between the two is small 
and the trend is consistent. The results show that the ground snow 
pressure can be accurately simulated by inputting the meteoro
logical data into the multi-layer snowmelt model, which provides 
a solid data basis for this study.

(2) For each city, four methods are used to obtain the data pairs of 
winter ground snow pressure and wind speed, and six probability 
models (Gumbel (MLE), Gumbel (MOM), Gumbel (LSM), GEV 
(MLE), Lognormal (MLE), Lognormal (MOM)) are selected to fit 
the wind load samples and snow load samples in each data pairs, 
and then the best probability model is determined by K-S test and 
AIC. The results show that in the data pairs obtained by methods 

Fig. 17. The decomposed method of wind load on the PV panel.

Fig. 18. Wind load and snow load acting on the PV panel.

Fig. 19. Hazard level contours for the 25-year return periods in Urumqi.

Table 7 
25-year reference wind and snow pressure calculated using data pairs of 4 
methods.

Methods w25 (kPa) s25 (kPa)

Method I 0.14 0.57
Method II 0.08 0.57
Method III 0.23 0.55
Method IV 0.43 0.68
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Fig. 20. Variation of maximum axial force of columns ((a), (b), (c), (d)), maximum bending moment of main beam((e), (f), (g), (h)) and maximum torque of main 
beam ((i), (j), (k), (l)) with data pairs of 4 methods for Case I in Urumqi.
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I, II and III of data pairs acquisition, the ground snow pressure 
samples of more than 50 % of cities follow lognormal (MLE). The 
ground snow pressure samples in the data pairs obtained by 
method IV follow GEV (MLE). As for the wind speed samples, GEV 
(MLE) is the probability model with the highest goodness of fit 
and the largest number of applicable cities, regardless of the data 
pairs obtained by either method.

(3) When the wind load and snow load are both pressures, the 
combination of wind and snow load effects should be considered 
in the design of PV support. When the wind load is an uplift force 
and the snow load is a pressure, it is unnecessary to consider the 
combined effects of wind and snow loads. This is because, at this 
time, the directions of wind and snow loads are opposite, thus the 

load effects offset each other. In other words, the load effect 
caused by the wind is beneficial to the bearing capacity of the PV 
support compared with the load effect from the snow, or the load 
effect caused by the snow is better for the bearing capacity of the 
PV support than that from the wind load. It should be noted that 
this paper assumes the snow load is uniformly distributed, 
therefore, it does not consider the uneven distribution of snow 
load.

(4) When the wind load and snow load are both pressures and the 
axial force of columns and the bending moment of the main beam 
are considered in the design of PV support structure, the combi
nation of wind and snow load effects is required, and the com
bination factor of wind and snow loads is 0.7. If the torque of the 
main beam is considered, the combination of wind and snow load 
effects is no longer necessary, as the torque is only caused by the 
wind load.

6. Limitations and future perspectives

In this study, ground snow pressure is calculated using the multi- 
layer snowmelt model. The snow load on the PV panel is subsequently 
determined based on the simulated ground snow pressure. However, the 
heat transfer between the PV panel and the snowpack is not considered 
in this analysis. To improve the accuracy of the snow load estimation on 
the PV panel, the heat flux between PV panel and snowpack can be 
simulated or measured in the future, and considered in the energy 
equation of multi-layer snowmelt model.

Wind can also affect the snow load on the PV panel. Specifically, the 
wind-induced snow drifting can result in the reduction of snow load and 
the uneven snow distribution on PV panel. Nonetheless, this impact is 
not considered in this study. To address this, wind tunnel tests and nu
merical simulations could be conducted to examine the impact of wind- 
induced snow drifting on the PV panel. Moreover, the snow compaction 
by wind is also a topic worth studying, which can contribute to further 
improve the accuracy of the multi-layer snowmelt model.
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Appendix A. . Weather stations selected from Fig. 1

Cities Latitude Longitude Years Coefficient of determination, R2

Method I Method II Method III Method IV

Harbin 45.45 126.38 1951–2016 0.0022 0.0134 0.0351 0.0140
Qiqihar 47.20 123.56 1951–2016 0.0028 0.0063 0.1749 0.0562
Yanji 42.54 129.31 1953–2016 0.0166 0.0118 0.1484 0.0142
Dalian 38.54 121.38 1951–2016 0.1579 0.1195 0.2314 0.1493

(continued on next page)

Table 8 
Axial force of columns and combination factors: Urumqi as a case.

Methods SP,w25 (kN) SP,s25 (kN) SP,m(kN) ψP

Method I − 3.56 − 9.36 − 9.44 0.73
Method II − 1.95 − 9.36 − 9.42 0.83
Method III − 5.77 − 9.05 − 9.13 0.62
Method IV − 10.59 − 11.18 − 12.90 0.59

Table 9 
Bending moment of the main beam and combination factors: Urumqi as a case.

Methods SM,w25 (kN-m) SM,s25 (kN-m) SM,m(kN-m) ψM

Method I − 2.38 − 5.76 − 5.84 0.72
Method II − 1.30 − 5.76 − 5.82 0.82
Method III − 3.85 − 5.78 − 5.65 0.60
Method IV − 7.07 − 6.88 − 8.60 0.62

Fig. 21. Combination factors of wind load and snow load for Load Case I in 
representative cities considering different load effects.
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(continued )

Cities Latitude Longitude Years Coefficient of determination, R2

Method I Method II Method III Method IV

Anshan 41.07 122.59 1951–2016 0.0031 0.0058 0.0076 0.0872
Benxi 41.19 123.47 1955–2016 0.0018 0.0046 0.1105 0.0506
Yingkou 40.40 122.14 1951–2016 0.0204 0.0172 0.2382 0.1078
Shenyang 41.47 123.24 1951–2016 0.0352 0.0237 0.1917 0.0451
Changchun 43.52 125.2 1951–2016 0.0092 0.0179 0.0403 0.1774
Urumqi 43.47 87.37 1951–2016 0.0073 0.0343 0.1399 0.0525
Zhaosu 43.08 81 1954–2016 0.0082 0.0326 0.1380 0.1621
Hohhot 40.49 111.41 1951–2016 0.0039 1.8739e− 4 0.0170 0.0158
Siziwang Banner 41.32 111.42 1959–2016 4.4764e− 4 6.7647e− 5 0.0550 0.0024
Beijing 39.56 116.2 1951–2016 0.0060 0.0181 0.0659 0.0488
Tianjin 39.08 117.11 1951–2016 0.0029 3.2660e− 4 0.0590 0.1131
Taiyuan 37.55 112.31 1951–2016 0.0116 0.0169 0.0485 0.0046
Shijiazhuang 41.32 111.42 1951–2016 1.3972e− 4 0.0438 0.0089 0.0027
Zhangjiakou 40.50 115.11 1956–2016 0.0026 6.4334e− 4 0.0543 0.0019
Tangshan 39.39 118.11 1957–2016 0.0047 0.0019 0.0431 0.0400
Jinan 36.42 117.04 1951–2016 0.0236 0.0209 0.0476 0.0211
Weifang 36.42 119.08 1951–2016 0.0041 0.0014 0.0440 0.0074
Yinchuan 38.25 107.05 1951–2016 0.0598 0.0346 6.5352e− 4 0.0057
Guyuan 35.58 106.45 1956–2016 2.1461e− 6 0.0064 0.0215 6.0810e− 4
Xining 36.35 101.55 1954–2016 4.1983e− 4 0.0423 0.0041 2.7386e− 5
Jingyuan 36.36 104.39 1951–2016 0.0481 0.0102 0.0460 0.0094
Jiuquan 39.40 98.43 1951–2016 0.0098 0.0185 6.6024e− 4 0.0446
Bayanbulak 42.48 84.27 1958–2016 0.0113 0.0203 0.2052 0.0776
Yulin 38.15 109.25 1951–2016 7.6736e− 4 0.0016 0.0473 0.0127
Changdu 31.09 97.1 1954–2016 0.0532 0.0102 0.0759 0.0037
Ganzi 31.37 100 1951–2016 5.1315e− 4 0.0147 0.0334 0.1397
Hefei 31.47 117.18 1952–2016 1.2359e− 4 2.7851e− 4 0.0522 3.8154e− 4
Hangzhou 30.14 120.1 1951–2016 0.0013 0.0055 0.0712 0.0021
Nanjing 28.36 115.55 1951–2016 0.0527 0.0214 0.0851 0.0427
Zhengzhou 34.45 113.35 1951–2016 0.0078 1.3961e− 04 0.0556 0.0181
Xinyang 32.10 114.05 1951–2016 0.0204 7.4810e− 5 0.0691 0.0109
Changsha 28.06 112.47 1970–2016 0.0534 0.0605 2.0331e− 7 0.0725
Wuhan 30.36 114.03 1951–2016 0.0061 0.0088 0.0504 2.4919e− 5
Nanchang 28.36 115.55 1951–2016 0.0018 0.0084 7.7676e− 4 0.0011
Dujiangyan 31.00 103.4 1954–2016 0.0052 0.0270 0.1471 0.0484
Bijie 27.18 105.17 1951–2016 6.0445e− 4 0.0275 0.0723 0.0641

Appendix B. . The shape factors of open single-slope roof in Chinese load code for the design of building structures (GB 50009—2012) 
[1]

The shape factors for photovoltaic trackers are not provided in GB 50009—2012 [1]. Therefore, the shape factors for an open single-slope roof can 
be referenced instead. Specific illustrations and values are shown in Fig. A1 and Table A1, respectively. A comparison with the wind pressure co
efficients for photovoltaic trackers based on wind tunnel tests and numerical simulations [11,43] reveals that the shape factors for the open 
single-slope roof are quite similar.

Fig. A1. Schematic diagram of wind direction for the open single-slope roof in GB 50009–2012

Table A1 
The shape factors of open single-slope roof in GB 50009—2012 [1]

Inclination angle α (◦) Leeward Windward

μs1 μs2 μs3 μs4

≤ 10 − 1.3 − 0.5 + 1.3 + 0.5
30 − 1.4 − 0.6 + 1.4 + 0.6
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Appendix C. . Combination factors of wind load and snow load for Case I in representative cities considering different load effects

Cities Load effects

Axial force of columns Bending moment of main beam

Method I Method II Method III Method IV Method I Method II Method III Method IV

Harbin 0.65 0.64 0.70 0.68 0.57 0.56 0.64 0.66
Qiqihar 0.66 0.65 0.70 0.69 0.54 0.53 0.61 0.62
Yanji 0.70 0.70 0.72 0.71 0.60 0.62 0.77 0.79
Dalian 0.55 0.55 0.52 0.54 0.56 0.58 0.56 0.58
Anshan 0.72 0.71 0.75 0.74 0.66 0.65 0.60 0.59
Benxi 0.75 0.74 0.79 0.78 0.71 0.70 0.67 0.67
Yingkou 0.59 0.59 0.62 0.62 0.55 0.55 0.61 0.63
Shenyang 0.69 0.67 0.73 0.72 0.56 0.55 0.55 0.57
Changchun 0.59 0.58 0.67 0.65 0.59 0.61 0.69 0.71
Urumqi 0.73 0.72 0.83 0.82 0.62 0.60 0.59 0.62
Zhaosu 0.67 0.66 0.72 0.70 0.59 0.57 0.58 0.59
Hohhot 0.62 0.64 0.57 0.59 0.57 0.59 0.69 0.71
Siziwang Banner 0.61 0.63 0.54 0.56 0.69 0.70 0.73 0.75
Beijing 0.63 0.65 0.57 0.59 0.63 0.65 0.70 0.72
Tianjin 0.63 0.65 0.57 0.59 0.69 0.70 0.73 0.74
Taiyuan 0.55 0.55 0.64 0.62 0.53 0.53 0.60 0.62
Shijiazhuang 0.71 0.70 0.83 0.82 0.65 0.64 0.70 0.71
Zhangjiakou 0.61 0.62 0.63 0.62 0.58 0.59 0.61 0.63
Tangshan 0.60 0.60 0.66 0.65 0.58 0.58 0.60 0.62
Jinan 0.60 0.59 0.60 0.58 0.54 0.56 0.63 0.65
Weifang 0.59 0.59 0.58 0.57 0.58 0.58 0.63 0.65
Yinchuan 0.77 0.79 0.61 0.63 0.76 0.78 0.82 0.84
Guyuan 0.60 0.62 0.56 0.57 0.58 0.60 0.69 0.71
Xining 0.60 0.62 0.55 0.53 0.63 0.65 0.70 0.72
Jingyuan 0.63 0.65 0.56 0.58 0.64 0.66 0.74 0.75
Jiuquan 0.65 0.67 0.57 0.59 0.66 0.68 0.79 0.81
Bayanbulak 0.55 0.56 0.60 0.58 0.55 0.57 0.68 0.70
Yulin 0.64 0.66 0.55 0.57 0.65 0.67 0.72 0.74
Changdu 0.64 0.64 0.69 0.69 0.60 0.60 0.68 0.69
Ganzi 0.68 0.70 0.63 0.65 0.73 0.74 0.81 0.82
Hefei 0.79 0.78 0.79 0.78 0.70 0.69 0.69 0.69
Hangzhou 0.87 0.86 0.87 0.87 0.81 0.80 0.79 0.79
Nanjing 0.71 0.71 0.71 0.70 0.66 0.66 0.66 0.66
Zhengzhou 0.68 0.67 0.75 0.74 0.61 0.59 0.57 0.59
Xinyang 0.76 0.75 0.78 0.77 0.71 0.70 0.74 0.74
Changsha 0.87 0.86 0.87 0.86 0.82 0.82 0.76 0.75
Wuhan 0.86 0.85 0.85 0.84 0.82 0.81 0.65 0.64
Nanchang 0.70 0.69 0.69 0.67 0.65 0.64 0.55 0.54
Dujiangyan 0.85 0.85 0.90 0.89 0.85 0.84 0.75 0.77
Bijie 0.84 0.83 0.90 0.89 0.82 0.81 0.62 0.61

Mean 0.68 0.68 0.68 0.68 0.65 0.65 0.67 0.69

Data availability

Data will be made available on request.
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