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Abstract. This paper seeks to give a comprehensive account of wind-induced pressures on solar panels mounted on 
building roofs. Suitable design guidelines aimed at ensuring the solar panel’s safety and reliability are important 
for both manufacturers and designers. In spite of the amount of research that has been conducted in an attempt to 
create code/standard provisions suitable for design of solar panels on building roofs, the design information for 
these structures is still in the process of genesis. The main goal of this study is to create an opportunity to become 
familiar with the obstacles that hinder the reliable evaluation of wind loads on solar panels. Accordingly, this paper 
provides an overview of the results obtained by previous researchers on impact of the parameters on wind-induced 
loads on solar panels. Also, a critical review of up-to-date provisions available in different national wind codes and 
standards for designing solar panel systems indicates that their guidelines are emerging and limited for a few 
geometries and configurations. Data and results from diverse sources carried out in Atmospheric Boundary Layer 
wind tunnels are collected and compared with the respective design values. Vast discrepancies were found within 
the range of available results and more forward-looking parametric studies will be indispensable to yield credible 
results for codification purposes and sustainable design.  

1 INTRODUCTION 

It is observed that impressive global attitudes towards reducing the pressure on current non-renewable energy 
sources like carbon-producing fuel sources (coal and oil) have been progressing toward sustainable and clean energy 
supply. Solar power, arguably the most accessible and prevalent application for renewable energy, becomes the 
focus of the world attention resulting in rapid applications of photovoltaic solar panels of various utility scale 
systems throughout the world. Beside this, moving towards renewable energy would offer economic benefits at the 
individual owner and national level. Generally, photovoltaic solar panels exist in two forms; ground- and roof-
mounted solar panels. Currently, solar panels are used in low-rise commercial and industrial buildings with a variety 
of geometries. 

Solar panels are lightweight structures and wind pressures on their surfaces may be critical in affecting their 
structural integrity. The damage to this kind of structures can be attributed to small breakage of the outer sheet of the 
panel (the glass surface), thus high wind forces may impose failures to the glass layer. Moreover, the wind-induced 
damage of the solar panel or the array itself may occur directly, such that the panels of the array are peeled away 
from the supporting system. This heap of damaged panels may of course become flying debris in strong wind events 
and could constitute a risk to downstream buildings. 

 Several parameters are expected to influence wind-induced pressures on solar panel surfaces because of the 
complex nature associated with this type of wind-building interaction. Examples include: approaching wind-flow 
properties; geometry of the building on which the solar arrays are mounted; panel geometry, configuration and 
location on the roof. Moreover, wind loads on solar panels may be affected by the existence of geometrical features, 
i.e., parapets on the roof perimeter, wind deflectors or fairings bonded onto the perimeter of the panel. 

The paper presents a comparative study based on the available literature on wind loads on roof-mounted solar 



 

 

panels. The first part gives a concise overview of previous researchers’ findings on the parameters affecting the 
wind loads on solar panels. The second part of this paper provides a critical review for up-to-date provisions 
available in different national wind codes and standards, namely: Australian/New Zealand Standard (AS/NZS 
1170.2 with Amendment 2 [1]), Japanese Industrial Standard (JISC 8955 [2]) and American Society of Civil 
Engineers (ASCE 7-16 [3]), for designing solar panels systems. Also, data and results from diverse sources carried 
out in independent wind tunnel simulations are collected and put in comparable formats to better comprehend the 
reliability of the code values. All data and results are presented in terms of dimensionless area-averaged pressure 
coefficients over the panel area and effective area of the array. For comparison purposes, wind pressure coefficients 
of the studies considered in this research are converted to pressure coefficients referenced to 3-sec dynamic velocity 
pressure using the well-known Durst curve (Durst [4]). 

2 PREVIOUS STUDIES 

In the last few years, there has been growing interest in investigating wind-induced loads on solar panels. The 
number of studies conducted in this field has been growing since 2008, where the experimental studies have gotten 
the major share from the available literature in comparison with computational studies. Experiments were carried 
out at different geometric wind tunnel scales ranging between 1:15 and 1:200 with different terrain exposures, 
mostly open-country terrain. Furthermore, blockage ratios were found to be in range of 3% to 15%. It was observed 
that previous studies were concerned with solar panels mounted on flat roofs or gable roofs only with angles of 7.5o, 
14o, 15o, 22.5o, 30o and 45o. Also, systems of solar panels were tested on buildings with mean roof height ranging 
between 4 m and 22 m with horizontal plan dimensions ranging between 10 m and 41 m. Finally, the available 
literature includes combination of solar panel systems tested at different inclinations between 2o and 45o. Moreover, 
results of these studies have been expressed in terms of net panel pressure coefficients and area-averaged pressure 
coefficients. 

2.1 Boundary layer profiles 

Figure 1 shows the approaching flow profiles of longitudinal mean wind velocity ( GV ), normalized by the 

gradient velocity ( GV ) of each study, and turbulence intensity ( (%)IU ) of some studies involved in this research. As 

clearly shown in Figure 1, the boundary layer profiles considered are different in terms of wind speed and turbulence 
intensity. However, all the experiments involved have been conducted in open-terrain exposure. For instance, the 
boundary layer of Cao et al [5] of profile with α = 0.16 yielded the highest turbulence intensities among the other 
studies. Comparing these boundary layer profiles of the related studies sheds light on several relevant problems that 
needed to be addressed. These key inconsistencies are derived from the fact that the current wind codes and 
standards are lacking for specific definitions describing the open-terrain exposure. 

 

       

Figure 1. Vertical distribution of mean wind speed and longitudinal turbulence intensity 

In spite of the differences in the mean velocity profiles, the results of these studies can be compared in terms of 
dimensionless pressure coefficients, where the measured pressures were dimensionalized by the mean dynamic 



 

 

pressure at reference height. But on the other hand, it is expected that higher turbulence would produce higher peak 
wind loads. 

2.2 Impact of different aspects on solar panels wind loads 

Over the past several years researchers have demonstrated several aspects affecting of wind-induced pressures on 
roof-mounted solar panels. Contradictory opinions have been documented among the considered literature on the 
impact of building plan size, roof slope, panel size, array inclination and spacing on the induced pressure on solar 
panels. Whereas the impact of the array location, in case of a single-array solar panel system mounted on flat-roofs, 
is minimal; in case of multi-array solar panels, the panel location is important and the most critical values are 
obtained for panels located on the roof perimeter or near the ridge.   

It was found that wind loads on solar panels are strongly affected by building plan size. This was shown in many 
studies, i.e., Stathopoulos et al [6]; Banks [7]; Kopp [8]; and Pratt and Kopp [9]. Specifically, Banks [7]; Kopp [8]; 
and Pratt and Kopp [9] have found that wind loads on solar panels are increased with increasing the building plan 
size. Similarly, Stathopoulos et al [6] have indicated that the impact of building height on solar panel wind loads is 
minimal. In contrast, Cao et al [5] have found that wind loads on solar panels are not affected by the building plan 
size. 

Aly and Bitsuamlak [10] have concluded that wind loads on solar panels are decreased with increasing roof 
slope. This fact was obtained for solar panels mounted on a gable roof with angles of 14o and 22.6o. Ginger et al [11] 
and Stenabaugh et al [12] have studied wind loads on solar panels mounted on gable roofs of inclinations (7.5o, 15o 
and 22.5o) and (30o and 45o), respectively. Contrary to the previous claim, these studies have documented that wind 
loads on solar panels are increased with increasing the roof slope. 

Kopp [8] has found that panel pressure coefficients are increased with doubling the panel depth for high panel 
inclination (20o). Whereas, Ginger et al [11] have found that the panel pressure coefficients are similar over two 
panel widths (1.7 and 3.4 m) for solar panels mounted parallel to gable roofs. 

Stathopoulos et at [6] have examined the effects of the array inclination for four cases with 20o, 30o, 40o and 45o. 
The study has found that the most critical values occurred for panel inclination of 30o. Cao et al [5] have also 
investigated the effects of the array inclination and concluded that the wind loads on solar panels were increased 
with increasing the array inclination over the range of inclinations considered in their study (15o, 30o and 45o). Kopp 
[8] has also examined the effect of panel inclination for five inclinations 2o, 5o, 10o, 20o, 30o. The study observed 
that most critical values of pressure coefficients were linearly increased with increasing the inclination from 2o to 
10o but at higher inclination the impact of the array inclination became minimal. Ginger et al [11] have investigated 
the impact of the array inclination on wind-induced pressure for two inclinations (15o and 30o) and found that panels 
with higher inclination experience higher wind loads. 

Not too many studies have been conducted to investigate the horizontal spacing between the arrays. Kopp [8] 
and Wood et al [13] have concluded that the most critical pressure coefficients of the panels are independent of the 
array spacing. In contrast, Cao et al [5] have observed that panel pressure coefficients are increased with increasing 
array spacing. 

3 CODIFICATION ISSUES 

Proper structural design of solar array systems is at the base of the pyramid of a matrix of issues that must be 
considered to obtain sustainable and resilient systems for future solar power sources. In this section, the progress 
achieved on wind loads on solar panels will be surveyed in terms of wind loading codification. 

3.1 Codification difficulties 

Suitable design guidelines are important for both manufacturers and designers to increase the solar panel 
integrity and reliability, which in turn may reduce the cost of financing for installing solar panels. Despite the 
amount of research that has been conducted so far, problems are still ongoing to provide code/standard provisions 
suitable for design of solar panels on building roofs.  

Though wind tunnels have been considered to be the desired method to provide and obtain wind engineering 



 

 

guidelines, there are still many obstacles such as scaling ratios and blockage ratios that could trip up the proper 
simulation of roof-mounted solar panel systems in wind tunnels. To fulfill the delicate details required for solar 
panel models in atmospheric boundary layer wind tunnels and instrumentation requirements, larger models may be 
desirable. Relaxing geometric test scaling leads to high blockage ratio. In the case of Browne et al [14], the 
geometric scale was relaxed to 1:25, and therefore the blockage ratio was very high (15%).  

Generally, typical geometric test scaling used to predict wind loads on low-rise buildings is in the range of 1:300 
to 1:500. The effects of scaling on the wind loads measured in wind tunnels have been investigated by Stathopoulos 
and Surry [15]. Models of similar geometry have been tested at three geometric scales, 1:500, 1:250 and 1:100, 
under two different terrain exposures. It was observed that relaxing of the geometric scale up to a factor of 2 
underestimates the local pressure coefficients acting on building walls by the range of 20% to 30%.  

Recently, Aly [16] has carried out a CFD study to investigate the model scale effects on wind-induced pressures 
on ground-mounted solar panels. Aly [16] has investigated the distribution of the net mean pressure coefficients on 
different scaled models (1:50, 1:20 and 1:10 in virtual wind tunnel and physical boundary layer wind tunnel; and 1:1 
in 3-D computational domain). Also, Aly [16] has investigated the net peak pressure coefficients on models scaled at 
(1:1 in CFD and 1:30, 1:20, 1:10 and 1:5 in physical boundary layer wind tunnel). It was found that the values of the 
mean pressures coefficients are in good agreement, whereas the values of the net peak pressure coefficients are 
influenced by the scaling ratio. 

Likewise, the lack of full-scale experimental results for solar-panel system could be another obstacle faces the 
development of design load provisions for solar-panel systems. Availability of such results would be very useful for 
purposes of experimental values validation. 

3.2 Current provisions 

Conceivably, current wind codes and standards of practice provide emerging design provisions for limited 
configurations of solar panels. In this matter, wind load provisions of different wind codes and standards, namely: 
Australian/New Zealand Standard (AS/NZS 1170.2 [1]), Japanese Industrial Standard (JISC 8955 [2]) and American 
Society of Civil Engineers (ASCE 7-16 [3]), will be discussed. AS/NZS 1170.2 [1] provides guidelines to only 
design solar panels mounted parallel to the roof. JISC 8955 [2] prescribes guidelines for a few installations of 
ground- and roof-mounted solar panels. Recently, a new set of wind load provisions have been included in ASCE 7-
16 [3] to design roof-mounted solar panels. The provisions of these wind codes and standards are mainly for a 
system of multi-array solar panels mounted on building roofs, they have many limitations that may restrict the scope 
of their applications. Table 1 points out the scope of applications of these wind codes and standards for ground- and 
roof-mounted solar panels. 

The experimental values of extreme net peak panel and area-averaged pressure coefficients are the most 
substantial values of pressure coefficients for codification purposes meeting the current needs of the design wind 
codes and standards. In this matter, these values of pressure coefficients from independent wind tunnel studies will 
be compared with the respective design values derived from the considered wind codes and standards. It should be 
noted that the pressure coefficients of ASCE 7-16 [3] are for the most critical wind direction, whereas the pressure 
coefficients of AS/NZS 1170.2 [1] are the most critical for the orthogonal wind direction to the roof edge and the 
values of JISC 8955 [2] are the pressure coefficients when the array is directed to wind. 

Values of extreme net peak panel and area-averaged pressure coefficients of single-array system from two 
different experiments Cao et al [5] and Stathopoulos et al [6] are compared with the respective values prescribed by 
JISC 8955 [2] and ASCE 7-16 [3], see Figure 3 and 4. Which are accompanied with the illustration of the geometry 
and configurations of the considered buildings and solar panels. 

The design wind pressure coefficients, (GCp)p, of ASCE 7-16 [3] for solar panels mounted on flat roofs of 
Stathopoulos et al [6] are calculated using the following equation: 

nomrnEcpPP )GC(γγγ=)GC(
       (1) 

in which pγ , cγ  and Eγ  are respectively the parapet height, panel chord and array edge factors. nomrn )GC(  is 

the nominal net pressure coefficient. 
Equations 2 and 3 define the values of parapet height and panel chord factors, respectively, as follows: 
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in which  hpt and h are the mean parapet height above roof and the building mean-roof height, respectively. LP is 

the panel chord length. All geometries considered are without parapets (hpt=0), therefore, pγ  is taken as 0.9. For 

panel lengths of 2.0 m and 5.6 m, the values of the panel chord factor are respectively 0.8 and 0.94.  Since the 
considered arrays are single systems of solar panels, the value of Eγ  is taken as 1.5. 

The nominal net pressure coefficients are computed based on the normalized wind area (An), which is expressed 
as follows: 

[ ]
A×2
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1000
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       (4) 

in which A is the effective wind area and taken as the panel area and the tributary area for the array being 
considered. Lb is the normalized building length defined as follows: 

)W,h,)hL(4.0min(=L 5.0
b        (5) 

in which L and W are, respectively, the long and short horizontal plan dimensions of the building. For instance, 
the normalized length of the building presented in Figure 3 (h=65.6 ft, L = W= 82.0 ft) is 29.3 ft (8.9 m). Then, the 
normalized wind area (An) for the panel with A = 2.0 m2 (21.5 ft2) is 25. Finally, the values of the nominal net 
pressure coefficient are computed from Figure 2, where the values are provided for a range of array inclinations for 
different roof zones versus the normalized wind area. It should be noted that, all arrays considered in this research 
are located in corner zone (zone 3). 

The design wind pressure coefficients, (GCp)p, of JISC 8955 [2] for solar panels mounted on flat roofs of 
Stathopoulos et al [6] are calculated using the following equation: 

2
rfwPP E×G×C×49.0=)GC(        (6) 

in which Cw is the coefficient of wind force and Gf is the gust effect coefficient, which depends on array mean 
height above the ground (hP) and the ground surface roughness (Gf = 1.8 - 2.3). It should be noted that Equation 6, 
which matching Equation 1 of ASCE 7-16 [3], has been derived from the provisions of JISC 8955 [2]. Also, 
exposure II of JISC 8955 [2] was selected to match exposure B of ASCE 7-16 [3] and the exposures of the 
considered studies for open-terrain exposure. 

Er is coefficient representing the variation of the mean wind speed with height, which is expressed based on  
(Zb/hP) ratios as follows: 
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in which Zb, Zg and α are parameters defining the roughness exposures. For exposure II, Zb, Zg and α are 
respectively 5 m, 350 m and 0.15. Accordingly, the value of Er for Cao et al [5] is 1.11 using Equation 8 and for 
Stathopoulos et al [6] Er = 0.96 using Equation 7. According to exposure II and based on the mean height of the 
array plan above the ground, the values of the gust effect coefficient (Gf) of Cao et al [5] and Stathopoulos et al [6] 
are respectively 2.1 and 2.2.  

The values of Cw for Cao et al [5] and Stathopoulos et al [6] are respectively calculated based on the following 
equation: 

Pw θ016.0+71.0=C , for 15o ≤ θP ≤ 45o       (9) 
 
 
      



 

 

Ground-mounted: 

 

 Lp h1 h2 θP 
AS/NZS 1170.2 [1] Not included  

JISC 8955 [2] - - - 15o ≤ θP ≤ 45o 
ASCE 7-16 [3] Not included 

Roof-mounted: 
(parallel) 

W

L

h

z

LP

θ 

G

S

 

 h/L h/W θ 
Z 

(m) 
LP 

G 
(m) 

S 
(m) 

AS/NZS 1170.2 [1] < 0.5 < 0.5 - ≥ 2G - 0.05 ≤ G ≤ 0.30 - 
JISC 8955 [2] - - 12o ≤ θP ≤ 27o - - - - 
ASCE 7-16 [3] All All All 2G - 0.25 0.0064 ≤ S ≤ 2.04 

Roof-mounted: 
(un-parallel) 

L

W

z

G1

Lp

G2

θ 

θP

h

S

 

 h/L h/W θ Z 
LP 
(m) 

θP G1 G2 
S 

(m) 
AS/NZS 1170.2 [1] Not provided 

JISC 8955 [2] - - 0o - - 0o ≤ θP ≤ 45o - - - 

ASCE 7-16 [3] All All ≤ 7o 
Min[2(G2-hpt) 

and 1.2 m) 
2.04 ≤ 35o 

≤ 
0.61 

≤ 
1.22 

0.0064 ≤ S 
≤ 2.04 

hpt: parapet height. 

Table 1. Wind code and standard imposed limitations for prescribing design wind pressures 

 



 

 

           
(a)                        (b) 

 
(c) 

Figure 2. Figures from ASCE 7-16 [3]: (a) Notations and definitions, (b) Building roof plan and (c) Nominal net 
pressure coefficient, An, for 15o ≤ ω ≤ 35o 

Figure 3 compares the experimental results of most critical net panel pressure coefficients, (GCp)p, of Cao et al 
[5] and the prescribed code values for roof-mounted solar panels of flat roofs. Value of Cao et al [5] were obtained 
from single-array solar panels of total length 7.0 m and width 2.0 m tested at eight different locations (A through H) 
on square flat roof of size (25.0 m) and height (20.0 m). The array with inclination of (15o) consists of seven equal 
size panels of area (2.0 m2). Building and panels details are shown in Figure 3. Clearly, the values of ASCE 7-16 [3] 
overestimate the measured actual wind load coefficients of most panels. Wind load coefficients of the edge panels 
located at the windward perimeter (A and E) are roughly 60% lower than the values of ASCE 7-16 [3]. On the 
contrary, JISC 8955 [2] underestimates the experimental wind pressures of most panels.  

Similarly, most critical net area-averaged pressure coefficients, (GCp)p, of Stathopoulos et al [6] are compared 
with the recommended code values for roof-mounted solar panels of flat roofs. Values of Stathopoulos et al [6] were 
obtained from single-array solar panels of inclination (20o and 30o), total plan dimensions of 25.8 m and 5.6 m. The 
array was installed on rectangular flat roof of dimensions (30.6 X 19.6 m) and height (7.0 m). It should be noted that 
the height of the array above the roof at the upper edge for both inclinations 20o and 30o are 1.9 m and 2.8 m, 
respectively. However, these two heights and the length of the array (5.6 m) are higher than the limit specified by 
ASCE 7-16 [3] (1.22 m and 2.04 m, respectively). 

Figure 4 shows the comparison of most critical net area-averaged pressure coefficients of Stathopoulos et al [6] 
with the prescribed code and standard values of JISC 8955 [2] and ASCE 7-16 [3]. It was found that the actual wind 
loads obtained by Stathopoulos et al [6] are dramatically underestimated by the design values recommended by 
ASCE 7-16 [3] by a wide range within a factor of 1.5 to 2.1. 



 

 

  

Figure 3. Comparison of most critical net panel pressure coefficients, (GCp)p, from the experimental results of Cao 
et al [5] and the recommended code values for the solar panels mounted on buildings 

         

Figure 4. Comparison of most critical net area-averaged pressure coefficients, (GCp)p, from the experimental results 
of Stathopoulos et al [6] and the recommended code values for the solar panels mounted on a flat roof 

 
Coupled with the previous comparisons, experimental values of extreme net peak panel pressure coefficients of 

panels mounted parallel to gable roofs obtained by Aly and Bitsuamlak [10] are compared with the respective values 



 

 

prescribed by AS/NZS 1170.2 [1], JISC 8955 [2] and ASCE 7-16 [3], see Figure 5.  
The design wind pressure coefficients of ASCE 7-16 [3] for solar panels mounted parallel to the roofs is defined 

as follows: 
)p(GCEγa=γP)P(GC        (10) 

in which aγ is the pressure equalization factor, defined with respect to effective wind area of the solar panel, see 

Figure 2 (c). PGC is the external pressure coefficient made earlier for components and cladding of roofs of low-rise 

buildings. Eγ is taken as 1.5 for all panels of Aly and Bitsuamlak [10]. The effective area of the tested panels is 39 

ft2 (3.6 m2), therefore the pressure equalization factor is 0.67. GCp value of the panels is -0.82, derived from the 
figure of roof external pressure coefficients for cladding and components of gable/hip roofs with (7o ≤ θ ≤ 27o), such 
that all panels are located within the corner zone of the roof. 

The design wind pressure coefficients of AS/NZS 1170.2 [1] for solar panels mounted parallel to the roofs, 
matching the values of ASCE 7-16 [3], are evaluated using the following equation: 

 

figC=P)PGC(        (11) 

in which figC is aerodynamic shape factor provided according to the roof slope and panel location. 

 
Equation 6 is used to evaluate the JISC 8955 [2] designing values of pressure coefficients of solar panels 

mounted parallel to the roofs. Such that, Gf = 2.2 and Er is calculated based on Equation 7. The coefficient of wind 
force (Cw) is calculated based on the following equation: 

2
w θ0026.0-θ077.0+1.0-=C , for 12o ≤ θ ≤ 27o    (12) 

Figure 5 presents comparison of the experimental results of most critical net panel pressure coefficients, (GCp)p, 
of Aly and Bitsuamlak [10] with the prescribed code values for solar panels mounted parallel on the buildings roofs. 
The considered values of Aly and Bitsuamlak [10] were obtained by testing equal size solar panels of length 2.4 m 
and width 1.5 m at two configurations on gable roof of slope (22.6o), size (9.0 × 18.9 m) and mean height (4.3 m). 
The details of the buildings and solar panel configurations are shown in Figure 5. Clearly, AS/NZS 1170.2 [1] and 
ASCE 7-16 [3] provisions widely overestimate the wind pressures of the considered panels. Thus, ASCE 7-16 [3] 
values are found to be 1.5-2.5 larger than the experimental values and AS/NZS 1170.2 [1] values are found to be 
2.5-4.5 larger than the experimental values. On the other hand, JISC 8955 [2] provisions clearly underestimate the 
wind pressures of the considered panels with a factor between 1.2 and 2.2. 
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Figure 5. Comparison of most critical net area-averaged pressure coefficients, (GCp)p, from the experimental results 
of Aly and Bitsuamlak [10] and the recommended code values for the solar panels parallel to gable roof 

 
According to the previous comparisons, it appears that the considered wind codes and standards involved 

conflicting interpretations of estimation of wind-induced pressures on roof-mounted solar panels. This may be 



 

 

attributed to the experimental limitations on which these provisions were created. Moreover, these findings highlight 
the need for more research directed toward wind loads codification on solar arrays not only to maximize safety, but 
also to minimize cost of financing for installing solar panel systems. 

4 CONCLUSIONS 

This research represents an accumulation of knowledge, upon which to deliver the current level of development 
achieved through the previous studies to provide wind loads on solar panels. Different views on the influence of the 
major parameters on wind induced pressures on solar panel surfaces were noticed. These parameters are: building 
size, roof slope, array inclination, array size and array spacing. 

A survey of the set of provisions available in the current wind codes and standards reveals the need for 
substantial progress to be made toward codification of wind-induced loads on solar panels, which these codes and 
standards lacked. Such progress must be proceeded from and with specific guidelines for aerodynamic testing of 
solar panels systems to reach the intended consequence of having reliable and accurate estimation of wind effects on 
these structures.  
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