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Terrestrial photovoltaics has its 
origins in the late 1970s and early 
1980s. Cost, efficiency and reliability 

were the focus then—as they are today—
to increase PV adaptation. Systematic 
investigations and improvements in relia-
bility started in the USA in the Jet Propul-
sion Laboratory (JPL) so-called Block Buy 
programme. Many of the standard tests 
are still being used today to ensure quality 
can be traced to that time, with additional 
tests coming from a European effort. These 
quality measures played no insignificant 
part in the remarkable success PV has 
enjoyed in the last 40+ years, leading to 
the astonishing installed capacity curve 
of Figure 1. Testing for extreme weather 
conditions such as temperature extremes, 
but also hail impact and wind loading, 
were a concern even in these pioneering 
days. Additionally shown in Fig.1 is the 
frequency of extreme weather events—
weather events that caused more than 
US$1 billion damage (inflation-adjusted)—

from the National Oceanic and Atmos-
pheric Administration (NOAA) database 
[1]. Coincidentally, the database also goes 
back to approximately the same period. 
As global installations have increased, so 
has the number of these extreme weather 
events. This begs the question: how have 
these events impacted PV installations 
today? And what, if anything, can the PV 
community do to increase resilience? 
PV quality standards are continuously 
adapted to new field observations and an 
investigation like this could ultimately lead 
to higher quality products.

Method
In this analysis we compared NOAA’s 
database on extreme weather events with 
our own PV Fleet Data Initiative timeseries 
database. The NOAA Storm Events 
Database specifically documents storms or 
other significant weather phenomena such 
as hurricanes, floods, hail and windstorms 
etc. with high enough intensity to cause 

loss of life, property damage, injuries, or 
disruption of commerce. Data in the storm 
events database includes the start and end 
date of the event, event type, starting and 
ending latitude-longitude coordinates, as 
well as event severity, when applicable. It 
is important to note that multiple storm 
event types can occur simultaneously in 
the same geographic area; for example, a 
location may experience lightning and a 
windstorm simultaneously.

The other database, the National 
Renewable Energy Laboratory (NREL) 
PV Fleets database, contains time series 
performance data from more than 24,000 
inverters’ data and over 3700 PV sites, with 
most sites commercial or utility scale. The 
total installed capacity is more than 8GW 
with a mean site age of more than five 
years [2].

Degradation  |  Aside from the immediate, visible damage, extreme weather events have a longer 
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McDanold and Chris Deline report on research revealing the long-term consequences of hail, wind 
and other weather phenomena on PV production

Extreme weather impact on 
PV—resilience lessons for 
long-term performance

Figure 1: Count of US$1 billion (inflation-adjusted) weather events in the USA over 
time (left axis). Cumulative worldwide installed PV capacity in GW (right axis)

Figure 2: Extreme wind events in the USA including the 
territory of Puerto Rico from 2008-2022 (red). PV Fleet data 
systems are indicated in black
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As an example, Fig. 2 shows a map 
of high wind events (red) for the USA 
and Puerto Rico overlaid by the PV Fleet 
systems (black). To build relationships 
between storm data and PV system 
data, the latitude-longitude coordinates 
associated with each storm event were 
compared to PV system latitude-longitude 
coordinates. Specifically, storm events 
within 10 kilometers of a PV system, occur-
ring during a period where measured time 
series data for that system was available, 
were marked for further analysis.

To calculate the long-term impact, we 
determined performance loss rates (PLR) 
using the open-source software package 
RdTools [2]. Because the methodology 
is based on a year-to-year comparison, 
at least two years before and after the 
associated weather event were required. 
Consequently, some systems were elimi-
nated for not meeting this requirement. 
Irradiance sensors can substantially bias 
PLR measurements if not calibrated every 
other year. Therefore, we used satellite data 
from the National Solar Radiation Database 
(NSRDB) [3]. The current NSRDB provides 
data within 4km horizontal resolution 
and the irradiance may differ within that 
resolution window, especially on partly 
cloudy days. Hence, we filtered for clearsky 
and therefore relatively stable outdoor 
conditions, allowing us to detect smaller 
changes in PLR [4]. 

Long-term results
The impact of different hail sizes on 
long-term performance losses is summa-
rised in Figure 3 (a). The blue and orange 
boxplots show the PLRs before and after 
the hailstorm, respectively. Individual data 
points are overlaid with a representative 
uncertainty bar from the analysis given 
for each category. For the smallest hail 
category, approximately the size of 
peanuts, no higher PLR after storms was 
detected. However, each hail category 
of 25mm or greater displays statistically 
significant higher PLRs after the storms. 
Of particular interest is the 25mm hail size 
because that is the hail size used in the 
International Electrotechnical Commission 
(IEC) module qualification test standard 
61215. Although the modules used in 
these systems were qualified to that hail 
size, when exposed to that same size hail 
in natural settings, higher PLRs resulted. 
Several possibilities exist that may explain 
the discrepancy: first, in hailstorms, more 
strikes below the maximum size may 
occur and deliver more kinetic energy 

Figure 3: PLR before hailstorms (blue) and after storms for systems impacted by different hail sizes (a). 
Electroluminescence (EL) image of a crystalline silicon module after being exposed to a 32mm maximum 
size hailstorm

Figure 4: PV performance loss rates (PLR) before (blue) and after (orange) windstorms, binned by recorded 
wind speed

Figure 5: PV site in Las Vegas, USA, exposed to high wind event in the 90-115 km/h range. Modules on all 
buildings are the same model installed approximately at the same time but in different mounting configura-
tions (a). PLRs before (blue) and after (orange) the windstorm event for the different buildings (b)
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to the module [5]. In addition, naturally 
occurring hail may not be round, as used 
in indoor tests. Furthermore, differences in 
mounting configuration between indoor 
and outdoor settings may be present. 
Finally, after exposure to hail outdoors, 
thermal cycling from diurnal and seasonal 
changes always follows the hail exposure. 
Thermal cycling is used following larger 
hail exposure in the more stringent hail 
testing standard IEC technical specification 
63397, which was published at the end 
of 2022 [6]. More widespread adaption of 
this new standard is required to validate or 
fine-tune the test procedure and improve 
product quality. 

As with hail, systems exposed to differ-
ing high wind speeds reveal an analogous 
threshold behaviour shown in Figure 4. For 
the wind analysis, we found the thresh-
old to be about 90 km/hour or about 55 
miles/hour, below which no higher PLRs 
can be detected. However, most systems 
exposed to higher wind speeds exhibit 
higher PLRs after windstorm exposure. In 
this case, most but not all systems display 
this behaviour because some sub-systems 
are wind sheltered by other systems or 
adjacent structures at the same site. An 
informative example of this performance 
is presented in the next figure, Figure 5. 
This is a site in the desert Southwest of the 
United States of America (USA) where the 
same modules were installed on different 
buildings in different mounting configura-
tions. PLRs before a severe windstorm are 
given again in blue. The initial different 
degradation behaviour is because of the 
mounting. Building A and the gymna-

sium have large sections close-mounted 
to metal roofs and therefore experience 
higher degradation prior to the storm. 
After the windstorm, which was situated to 
the Northwest of the site, the gymnasium, 
as the highest building, exhibits a substan-
tially higher PLR. In contrast, building A 
shows unchanged behaviour because it 
was wind sheltered by the gymnasium. 
Buildings D (carport) and B were precari-

ously exposed to wind gusts in the 90-115 
km/hour range and exhibit greater PLRs 
after the storm. However, building C shows 
almost unchanged behaviour despite the 
exposure. 

An explanation may be provided in 
Figure 6 with an adaptation from the Struc-
tural Engineers Association of California. 
The top of building C is surrounded by a 
parapet that can have an important impact 
on the resilience of the PV system. As the 
wind flows across the building, vortices 
form at the edge of the building where 
modules, if mounted in that zone, can 
experience pronounced uplifting forces. 

The width of this zone depends on a 
variety of factors such as wind speed, the 
parapet height, etc. [7]. Building C has no 
modules mounted in the zone that experi-
ences strong forces, which may provide 
an explanation for the almost unchanged 
long-term performance of the system. 

In contrast, the system in Figure 7 was 
exposed to similar wind gusts, but it is 
immediately noticeable that the modules 
are very closely mounted to the edge of 
the roof without a parapet. In this case, 
modules were damaged and about half 
a dozen modules were uplifted from the 
roof to the ground. Yet, improvements 
in the design of the system and in the 
quality of the installation could have 
possibly prevented the damage the 
system incurred. The usage of double 
clamps, Fig. 7 (b), is not recommended for 
high wind-prone areas. Instead, through-
bolting is the preferred method [8,9]. In 
addition, adequate mounting strength 
brackets are needed for such exposed 
locations, Fig. 7 (c). 

A third weather type we examined for 
long-term performance losses was extraor-

Figure 6: Three-dimensional view of the PV system on building C (a). Illustration of vortex formation atop a 
building circumscribed by a parapet, adapted from the Structural Engineers Association of California (b) 

Figure 7: Satellite view of a PV site in Colorado, USA impacted by a windstorm in the same 90-115 km/h 
category (a). Double clamp failure (b) and bent mounting rack (c) after the storm

“A long tail extending to 60% annual losses is an 
ominous sign of the risk extreme weather may 
pose to PV production. Yet the PV community 
can be proactive by focusing on quality systems, 
components, designs and installations”
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dinary snowstorms, as shown in Figure 8. The 
data is coloured by snow depth and pressure 
in Pascals, with size comparisons shown. The 
weight of snow can vary considerably from 
0.2kg per centimeter (cm) of depth per square 
meter (m2) of area of dry snow to ca. 9kg/(cm 
m2) of ice [10]. In this case we used a medium 
value of typical wet snow of 3.8kg/(cm per 
m2). All these systems were located in north-
ern latitudes making it unlikely that the snow 
melted quickly after the storms. Furthermore, 
the storms impacting these systems were all 
associated with considerable wind exposure 
in late winter, increasing the likelihood 
of high-water (heavy) content. No direct 
measurements of the water content of the 
snow were available, therefore the conversion 
into pressure should be considered only as an 
approximate value. Similar to wind and hail, a 
threshold of ca. 1 meter depth seems to exist, 
above which higher PLRs may be expected. 
However, higher quality data is needed to 
confirm these preliminary findings. 

Short-term results
Apart from long-term consequences, short-
term outages can occur following extreme 
weather events, an example of which is 
shown in Figure 9. In that case, a small 
tornado uprooting several trees along the 
North-South running road was reported. The 
production of three inverters within a day of 
the event is given in Figure 9 (b). The dotted 
vertical line indicates the timing of the wind 
event. At this particular site 26 inverters were 
installed, but only one of them is offline 
the day following the tornado. Therefore, 
this particular plant lost only the produc-
tion of one inverter on one day. Inspecting 
all the time series following storm events, 
we can integrate the lost production for all 
170 identified crystalline silicon systems. 
It is important to note that multiple storm 
effects can be associated with a single 
storm. For example, flooding and heavy 
rain could occur within hours over a single 
storm, and both events would be consid-
ered contributors to a PV system outage. 
We also estimated lost annual production 
from the downtime intervals using PVWatts 
simulation [11]. Figure 10 (a) displays the 
distributions for flooding and high wind 
events and hail and lightning in Fig. 10 (b). 
The primary horizontal axis displays the 
estimated production loss while the second-
ary horizontal axis shows the number of lost 
production days. Both overlaid histograms 
exhibit markedly skewed distributions 
although at different scales. At the median, 
all these weather events have an impact 
of around 1% annual lost production or 

Figure 8: PLR before and after severe snowstorms colour coded by the snow depth ranging from about 0.5 
to 1.5 meters. Pressure estimate from the snow depth estimates is shown on the secondary colourbar

Figure 9: PV system impacted by a high wind event (a). Power production for three representative inverters 
of the system within one day of the event (b). The vertical dotted line indicates the timing of the event 

Figure 10: Histograms of the production impact caused by extreme flooding and high wind events (a) and 
hail and lightning (b). The secondary horizontal axis displays the lost production days
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between two and four days, which is 
relatively small. However, a few systems are 
much more severely impacted, as can be 
seen in the tail of Figure 10. More details 
including the percentage of systems losing 
more than two weeks of production are 
provided in Table 3. This tail is especially 
pronounced for floods and high wind 
events. 

Therefore, from a fleet perspective the 
short-term impact of these extreme events 
is relatively minor, yet the risk is exempli-
fied in the long tail of the distributions. 
Because we did not have full operations 
and maintenance (O&M) tickets for these 
specific systems, it is not clear if the loss 
was caused by damage to the system 
and possible associated safety aspects or 
merely a communications issue. Finally, 
the risk associated with the long tail of 
lost production demonstrates the need to 
continue to build systems engineered to 
withstand safely the extreme weather that 
may occur over the decades-long expected 
lifespan of the modules.

Conclusion
Severe weather has been increasing in 
frequency and impact. We investigated 
the impact of some of these severe events 
on the performance of PV systems from 
a fleet perspective. Median short-term 
outages led to production losses of only 
approximately 1% of annual production 
per event. Yet, a long tail extending to 60% 
annual losses is an ominous sign of the risk 
extreme weather may pose to PV produc-
tion. Long-term consequences in the form 
of increased degradation beyond specific 
thresholds were found for hail, high-wind 
and snow events. Yet, the PV community 
can be proactive and minimise the impact 
of these serendipitous events by focusing 
on quality systems, components, designs 
and installations. More stringent hail testing 
and adoption of a higher hail testing 

standard is required. Different testing for 
dynamic (wind) and static (snow) mechani-
cal loading may be required to improve 
system resilience. Quality design and instal-
lations are also an integral part of storm 
resilience and require the development of 
a well-trained workforce. However, recent 
industry trends such as larger module 
formats, thinner cells and thinner front glass 
may increase system vulnerability. Despite 
these long-term challenges, PV can provide 
extensive backup power and save lives 
when infrastructure is damaged by extreme 
weather events. Finally, although this study 
is limited to events and deployments in the 
USA, we hope to lessons can be applied 
internationally. 
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Turn to p.22 for insights into designing 
more resilient PV systems

Event Systems 
within 
10 km of 
event

Systems 
with lost 
produc-
tion

Systems 
impact-
ed (%)

Median 
lost 
produc-
tion (%) 

Median 
lost days 

Systems 
with more 
than 2 
weeks lost 
production 
(%)

Flood & 
rain

2716 80 3.0 1.1 4.2 0.4

Hail 1010 16 1.6 0.8 3.1 0.1

High wind 2293 74 3.2 0.7 2.7 0.4

Lightning 437 6 1.4 1.0 3.6 0.2

Total 6456 176 2.7 0.9 3.5 0.4

Table 3. Outage summary table


