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What is IEA PVPS TCP? 

The International Energy Agency (IEA), founded in 1974, is an autonomous body within the framework of the Organisation for Economic 

Cooperation and Development (OECD). The Technology Collaboration Programmes (TCP) were created with a belief that the future of 

energy security and sustainability starts with global collaboration. The programmes are made up of 6.000 experts across government, aca-

demia, and industry dedicated to advancing common research and the application of specific energy technologies.  

The IEA Photovoltaic Power Systems Programme (IEA PVPS) is one of the TCPs within the IEA and was established in 1993. The mission 

of the programme is to “enhance the international collaborative efforts which facilitate the role of photovoltaic solar energy as a cornerstone 

in the transition to sustainable energy systems.” To achieve this, the programme’s participants have undertaken a variety of joint research 

projects in PV power systems applications. The overall programme is headed by an Executive Committee, comprised of one delegate from 

each country or organisation member, which designates distinct ‘Tasks,’ that may be research projects or activity areas.  

The 28 IEA PVPS participating countries are Australia, Austria, Belgium, Canada, China, Denmark, Finland, France, Germany, India, Israel, 

Italy, Japan, Korea, Lithuania, Malaysia, Morocco, the Netherlands, Norway, Portugal, South Africa, Spain, Sweden, Switzerland, Thailand, 

Türkiye, the United Kingdom and the United States of America. The European Commission, Solar Power Europe and the Solar Energy 

Research Institute of Singapore are also members. 

Visit us at: www.iea-pvps.org 

What is IEA PVPS Task 13? 

Within the framework of IEA PVPS, Task 13 aims to provide support to market actors working to improve the operation, the reliability and the 

quality of PV components and systems. Operational data from PV systems in different climate zones compiled within the project will help 

provide the basis for estimates of the current situation regarding PV reliability and performance.  

The general setting of Task 13 provides a common platform to summarize and report on technical aspects affecting the quality, performance, 

reliability and lifetime of PV systems in a wide variety of environments and applications. By working together across national boundaries, we 

can all take advantage of research and experience from each member country and combine and integrate this knowledge into valuable 

summaries of best practices and methods for ensuring PV systems perform at their optimum and continue to provide competitive return on 

investment. 

Task 13 has so far managed to create the right framework for the calculations of various parameters that can give an indication of the quality 

of PV components and systems. The framework is now there and can be used by the industry who has expressed appreciation towards the 

results included in the high-quality reports. 

The IEA PVPS countries participating in Task 13 are Australia, Austria, Belgium, Canada, Chile, China, Denmark, Finland, France, Germany, 

Israel, Italy, Japan, the Netherlands, Norway, Spain, Sweden, Switzerland, Thailand, and the United States of America, and the Solar Energy 

Research Institute of Singapore.   
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EXECUTIVE SUMMARY 

In an anthropocentric world increasingly defined by changes in atmospheric chemistry, two 
clear trends have emerged. One is the increase in the frequency and severity of extreme and 
anomalous weather events, the latter driven by rising temperatures and changing patterns of 
humidity and precipitation; the other is the rapid acceleration of photovoltaic (PV) capacity, 
including the spread of PV into new climate zones, with 2 terawatts (TW) deployed across six 
continents in 2024, and on course for an expected 8 TW by 2030. 

To ensure the further growth of PV energy generation worldwide requires attention be paid to 
global climate trends and to opportunities for designing PV systems to withstand and quickly 
recover from specific storm threats. Traditionally, solar technologies have been a one-size-fits-
all commodity, and specific climatic stressors have been a minor consideration in module and 
system design. As solar installations proliferate across almost all climate zones, however, de-
sign optimization for specific weather threats is gaining attention. This report provides a com-
prehensive look at changing weather patterns and their anticipated impact on the reliability and 
performance of PV systems worldwide. Broken down by storm category, the report covers 
extreme weather events of greatest significance to PV power plants: tropical cyclones, con-
vective storms, snowstorms, dust storms, heat waves, floods and wildfires. For each category, 
an overview of the threat landscape is provided, along with best practices for design and pro-
curement, mitigation strategies, post-storm assessment and follow-on operation and mainte-
nance (O&M) strategies.   

The report also considers weather-inflicted damages to PV systems that fall into one of two 
categories: 

1) catastrophic, as in, the destruction of modules, strings or entire systems, e.g., modules un-
ravel from their mounts, racks collapse, and glass shatters; and 2) sub-catastrophic, as in, 
visual inspection results in no detectable damage, even though internal damage may have 
occurred to the solar cells or other module components, Detectable only with costly imaging 
techniques, such as infrared (IR) or electroluminescence (EL) imaging, undiagnosed damage 
may deteriorate over time, resulting in accelerated performance degradation or the accelerated 
senescence of module components, such as backsheets and encapsulants. 

In addition, the report acknowledges that technological innovation in the solar industry, includ-
ing the proliferation of new materials and components, introduces uncertainty in a world of 
intensifying climatic stressors.  The long-term reliability of emerging cell and module architec-
tures is largely unknown, especially under extreme-weather conditions where modules and 
hardware components are subjected to combined and cyclic forces not captured by acceler-
ated testing.  

Moreover, the resilience of a PV system during extreme weather depends heavily on the 
unique characteristics of each storm — including the number and types of stressors, how these 
stressors interact in predictable and unpredictable ways, and how such interactions affect the 
system’s components. Even so, generalizations around best practices can be made: 1) site 
planning should always include a review of weather threats specific to the site; and 2) design 
and procurement decisions should be based on the threat landscape. In hail-prone regions, 
for example, modules with thicker front glass are preferred; in snowy regions, frameless out-
perform framed modules; in regions where tropical cyclones are the primary risk, consideration 
must be paid not only to the module architecture but even more to the fasteners and other 
hardware that hold the system together. Stow algorithms for single-axis trackers should also 
be validated via tracked records of damage prevention. In addition, each site must have a set 
of protocols and response strategies specific to the weather threat and be prepared to follow 
them on short notice. And last, but not least, the operational status of a plant must be 
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considered. Sites under construction are more prone to erosion because ground cover is lack-
ing, to wind damages because modules may not be properly fastened and are susceptible to 
flying debris, and to electrical damages, if cable and connectors are exposed to moisture. In 
contrast, fully operational plants are at risk of onsite fires from damages to the electrical net-
work and may have prolonged power losses. 

 

Key Takeaways 
 

1. Most PV plants can survive most extreme weather events, if appropriately sited, de-
signed and maintained. 
 

2. This report considers weather events that 1) have short-term impacts and occur spo-
radically, e.g., tropical cyclones, convective storms (including hail) and 2) those that 
have longer-term impacts and tend to be repetitive, e.g., snow, dust storms, heatwaves, 
and wildfires. From an impact perspective, two types of damage can be identified in PV 
systems: acute and chronic. Risk assessment for PV plants in the first category is a 
critical first step, whereas design optimization for plants in the second is the priority. 
From a resilience and mitigation standpoint, site planning is essential. Risk assessment 
based on a review of historical weather data and the probability of future extreme 
weather events for each location is crucial and must be addressed in the design phase. 
Once the threat landscape has been properly assessed, project developers, and own-
ers must make informed design and procurement choices.  All materials and structural 
components must be code-compliant; module architecture also matters, as in, modules 
specifically designed for hail resilience. In addition, review of the racking/tracking de-
sign, including hardware, by an independent engineer is strongly encouraged.   In ad-
dition, architects should pay close attention to the terrain and geological conditions at 
the proposed site. For example, when installing a PV system on sloped ground, the 
foundation should include features to prevent landslides triggered by tropical cyclones 
or flooding. 

3. Site owners and operators should keep relevant commissioning documents, particu-
larly those related to energy production in order to have a baseline against which future 
performance can be compared. Similarly, any electroluminescent (EL) and infrared (IR) 
images, along with records of visual inspections and I-V measurements, should be pre-
served. 

4. Electrical performance data are essential for evaluating the effects of extreme weather 
events and any resulting acceleration in system degradation. When combined with 
weather data—such as temperature, solar irradiation, and wind speed—this infor-
mation forms time-series data that can help detect weather-related damage. Aware-
ness among site owners and maintenance teams needs to increase regarding the im-
portance of collecting and preserving these data. 

5. Robust operation and maintenance (O&M) protocols are essential. Defects left unre-
solved after storm exposure may worsen over time when exposed to additional envi-
ronmental stressors like heat, wind, and moisture. Continuous monitoring of power out-
put from restored PV systems is therefore critical to ensure their performance and reli-
ability. If a significant drop in power generation is detected, the collected data will help 
the owner make informed decisions about further actions, such as system refurbish-
ment. 

6. Proactive maintenance is equally important and should be tailored to the probability of 
risk. Before a tropical cyclone, for example, tasks such as checking the t tightness of 



 Task 13 Reliability and Performance of PV Systems – Operational and Economic Impacts of Extreme Weather on PV Power Plants 

11 

fasteners and clearing debris, which could become airborne—should be carried out in 
advance. 

7. If damage from extreme weather does occur, corrective maintenance should be imple-

mented as soon as possible. Immediate steps include 1) ensuring the safety of the site 

by disconnecting it from the grid and opening all breakers; and 2) conducting electrical 

and mechanical inspections of the affected PV system. Damaged equipment should be 

left in situ, pending insurance or other claim-related inspections but all damaged PV 

modules and electrical components must be replaced prior to re-energization. 
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 INTRODUCTION 

Extreme weather events are defined in multiple ways: by their economic impact, probability of 
recurrence, intensity relative to historic measurements and distance from the mean. The Inter-
governmental Panel on Climate Change (IPCC) defines extreme weather as events that are 
‘rare at a particular place and time of year’. The term "rare event" typically refers to an occur-
rence that would fall at or beyond the 10th or 90th percentile of a probability distribution derived 
from previous observations [1]. Additionally, the IPCC has reported that human-induced cli-
mate change is contributing to the increased intensity and frequency of most extreme weather 
categories, with widespread adverse impacts beyond what would occur through natural climate 
variability (see Figure 1).  

 

Figure 1: Projected changes in the frequency of global storm activity, determined by the 
IPCC Working Group 1, with blue circles indicating increases in activity and orange cir-
cles indicating a decrease.  The predicted global increase in temperatures, along with 
increased precipitation, has a direct impact on the efficiency and reliability of PV sys-
tems [1]. 

The projected increase in frequency and intensity of storms has implications for PV capacity 

worldwide, with consequences that include 1) acute impacts (lost generation and physical de-

struction) and 2) chronic impacts (accelerated degradation of components and systems). Each 

impact category has its own key performance indicators, which range from resource availability 

to dollars invested in mitigation and O&M strategies, to indirect costs, including insurance pre-

miums.  

As installed global solar capacity continues to expand beyond its current 2 TW to an anticipated 

8 TW by 2030, the operational and economic consequences of extreme weather are also likely 

to increase. The latter reflects the rapid growth in solar capacity in densely populated coastal 
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areas, where storm activity is high and storm-inflicted damages are likely to have a dispropor-

tionate impact on resource availability [2].  

Damages to PV systems caused by tropical cyclones, heavy snowfall, hail, wildfires, and other 
events directly affect the levelized-cost of energy (LCOE) of PV systems (see Figure 2); they 
also have a broader social impact by reducing the availability of the solar generation and cre-
ating a stage for possible—even if unwarranted--social pushback [2]. 

Despite several highly visible case studies the multiple of impacts of weather damages on a 
global scale have not been comprehensively assessed. Additionally, the long-term impacts on 
the LCOE and performance of PV systems are not well quantified. While understanding the 
latter will require more information-sharing on the part of asset owners, this report captures 
what is known to date, with the intent of sharing best practices and helping improve the resili-
ence of PV systems worldwide. 

In this report, the authors, a cohort of PV experts distributed across five continents, examine 
seven types of extreme weather events that occur globally and present them in the following 
order: tropical cyclones, convective storms, snowstorms, dust storms, heat waves, floods, and 
wildfires. For each extreme weather event we strive to capture—depending on available data—
impacts during the acute phase (e.g., power generation reduction due to irradiance loss and 
PV system damage from mechanical stress) as well as during the chronic phase (e.g., latent 
reliability issues in PV modules and balance of system components, leading to underperfor-
mance).  It is also important to note that damage to PV systems can occur during construction 
or once the plant is fully operational. The construction phase poses unique challenges: sites 
may be graded but generally lack ground cover and are therefore highly vulnerable to flooding 
and erosion; modules may be on racks but not inter-connected and not torque-verified; con-
nectors may be unmated and uncapped, and therefore exposed to moisture and dust, and 
cables may lie in open trenches. 

This report also acknowledges underlying trends in the PV industry that are contributing to the 
increase in storm-related damages, including the shortage of skilled installers and the prolifer-
ation of larger and thinner modules. Our intent is not to imply that PV systems are inherently 
vulnerable to extreme weather but rather to provide an evidence-based rationale for designing 
more robust systems, a strategic approach tailored to specific weather threats. In addition, we 
address mitigation strategies, including both predictive and corrective maintenance ap-
proaches, to improve overall system resilience. Readers should note that general principles of 
resilience apply to multiple storm categories and will find certain mitigation strategies repeated 
in multiple chapters. The overlap is intentional, enabling each chapter to stand on its own.  
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Figure 2:  U.S. disaster cost assessments of the total, direct losses ($) inflicted by: trop-

ical cyclones, inland floods, drought & heat waves, severe local storms (i.e., tornado, 

hail, straight-line wind damage), wildfires, crop freeze events and winter storms  [3]. 
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 TROPICAL CYCLONES: HURRICANES, TYPHOONS AND 
MONSOONS 

2.1 Overview 

Tropical cyclone is a generic term encompassing hurricanes, typhoons, and cyclones. These 
destructive weather events are trans-global, occurring along the eastern and western coasts 
of North America, and in Asia (i.e., the Indian Ocean and the West Pacific Ocean), as shown 
in Figure 3 [4]. While the specific definitions, including intensity, of each type of tropical cyclone 
vary, they can cause severe damage to infrastructure, including homes, electrical lines and 
transportation networks, due to their high winds (generally exceeding 33 m/s ≃ 119 km/h) and 
heavy rainfall (which can lead to flooding). In recent years, PV systems located in the path of 
tropical cyclones have also seen catastrophic damage, prompting efforts to identify resilient 
designs and best practices for plant survivability.  

 

According to IPCC projections (see Figure 4), the intensity of tropical cyclones is expected to 
increase, although the frequency of their formation may decrease or remain unchanged [1]. 
One indicator of their projected intensity is a proposed extension to the Saffir-Simpson hurri-
cane scale, from Category 5 (over 70 m/s = 252 km/h), to Category 6 for wind speeds exceed-
ing 86 m/s (≃ 310 km/h) [5]. Moreover, because tropical cyclones are temperature-dependent 
(related to rising ocean temperatures) an increase in Category 6-equivalent storms, commen-
surate with the level of global warming can be expected 

 

Figure 5: Image (left) depicts economic damages >$1B USD attributable to tropical cy-
clones [6]; image (right) shows the distribution of PV power plants [7], [8]. Florida, which 
has had the largest number of tropical cyclone disasters in US, ranks third in solar ca-
pacity; Texas ranks second in both categories. 

 

Figure 3: Tracks of tropical cyclones ex-

tracted from IBTrACS [4]. Creative Com-

mons License CC BY 4.0. 

 

Figure 4: Summary schematic of past and 

projected changes in tropical cyclone be-

haviour [1]. 
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PV systems installed in coastal areas in North America and Asia are considered most at risk 
from tropical cyclones [1], [5], as seen in Figure 5. Furthermore, as storm activity expands, 
regions previously unaffected by intense storms may be at risk, exemplified by Hurricane He-
lene, which in 2024 devasted an area of North Carolina more than 500 miles (≃ 805 km) inland. 

2.2 Equipment damage and failure mechanisms 

Storm damages are generally attributable to poorly de-
signed racking systems and/or poorly installed bolts 
and fasteners. Fasteners that are inadequately torqued 
or not designed for high-stress conditions (as in having 
low mechanical strength) are a common problem. Fret-
ting and the resultant wear of threaded bolts can lead 
to loosening during wind events—and if the wind load 
is severe enough—cause cascading effects that range 
from the collapse of the racking or tracker platform to 
modules being ripped from their fasteners, often in mul-
tiples (see Figure 6). In addition, excessive, repetitive 
wind loads can lead to irreversible deformation of both 
fasteners and support structures if they exceed the al-
lowable stress of the mounting hardware.  

Tracking systems, where modules are attached to a 
single torque tube fixed on one end, are vulnerable to 
torsional stress that is exacerbated by high wind load-
ing on the modules. If the hardware is insufficient for 
the wind load, strong winds can induce torsional gallop-
ing, creating escalating stress on the modules, result-
ing in a runaway-failure event. The process begins 
when the end-of-row modules begin to flutter and then 
twist inward from the edges toward the central mod-
ules, which are supported by the drive mechanism and 
are therefore the most rigid part of the row. As the outer 
modules loosen, the twisting gradually intensifies, 
spreading from one module to another. Eventually, the 
tracker will twist apart, resulting in airborne modules 
and the loss of the entire row [9].  

Damage may also extend beyond mechanical failures to include a heightened risk of electrical 

failure.  High winds can loosen cables, causing fretting within connectors and/or partial sepa-

ration of the pin and socket. Loose or poorly torqued connectors then become vulnerable to 

moisture penetration, which in turn leads to corrosion, high resistance and ultimately failure 

[10]. Heavy rainfall can also lead to water penetration inside the housing of combiner 

boxes/power conditioner boxes, disrupting the electrical circuitry throughout a plant. 

2.3 Economic impacts 

The economic impacts of tropical cyclones on PV plants are manifold, ranging from lost gen-
eration to physical damages to increased operating expenses. One study of generation losses 
during 18 hurricane events, showed power losses of approximately 50% during the period of 
storm activity (likely attributable to a combination of trackers in stow position and reduced irra-
diance), although generation returned to normal afterwards [11]. Statistical analysis also re-
vealed that the performance ratio during hurricane days was—as might be expected—12.6% 

 

Figure 6: Tracker system dam-

aged by Hurricane Helene in the 

US in 2024 is shown here. Fas-

tener failures caused modules to 

detach from the torque tube and 

tear from electrical connections. 

Photo: L. Burnham. 
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lower than on non-hurricane days [12]. Recent data, however, suggests that annual production 
losses (median values) due to high winds and heavy rain are relatively small, around 1% for 
each category [13]. The same study suggests that degradation rates for PV systems accelerate 
for sites which exceed a minimum wind speed threshold (25 m/s = 90 km/h) [13]. As explained 
by the authors, this effect may vary depending on the surrounding environment (e.g., wind 
shadowing) and/or appropriate operation and maintenance practices. While more data is 
needed, it appears feasible to predict generation losses due to tropical cyclones and incorpo-
rate those predictive models into the design and procurement stages for new plants to ensure 
more accurate LCOE calculations and provide a justification for more robust designs.   

Such probability modelling is increasingly justifiable based on the escalating frequency and 
rising costs of storm events.  As the number of PV installations grows, insurance payouts for 
severe-weather damage are likely to rise. In Japan, for example, insurance payouts increased 
by a factor of 3.7 from 2017 to 2021 [14], with a significant portion attributed to damages from 
high winds, flooding, and related causes [15]. Much as the intensity of tropical cyclones is 
expected to increase [1], insurance rates for PV systems are also likely to rise, commensurate 
with the heightened risk of severe damage. This represents an indirect, but measurable, eco-
nomic impact of extreme weather. 

2.4 Diagnostic tools  

Two types of post-storm assessments are 
needed to a diagnose the damage caused by 
tropical cyclones: 1) an electrical analysis to 
accurately estimate the storm’s impacts on 
electrical safety and power production; and 2) 
a structural analysis to document any physi-
cal damages to modules, racking and associ-
ated hardware. Daily or real-time monitoring 
of PV electrical systems in areas prone to 
tropical cyclones is highly advisable and var-
ious service providers offer monitoring sys-
tems with advanced technologies (e.g., their 
own PV performance software). If a properly 
monitored PV system shows an abnormal re-
duction in electrical generation during or after 
a tropical cyclone, electrical safety must be 
promptly confirmed. In particular, combiner 
boxes, inverters and high-voltage equipment 
enclosures should be checked for ingress of 
wind-driven rain. Drone-mounted or 
handheld thermal cameras can also be de-
ployed to verify the electrical safety of PV 
connectors. Less urgent from a safety per-
spective is the diagnosis of damage to the so-
lar cells in the absence of broken module 
glass. The latter involves subjecting a subset 
of modules to EL-imaging but the process is time-consuming and expensive and generally 
undertaken only if there is reason to suspect cell damage, and—even then—may involve only 
a sampling of modules (for more information on EL imaging, see Chapter 3).   

In addition to employing aerial drones to survey the site and document site-wide damages 

(e.g., number and location of damaged modules/rows), manual inspections are needed to 

 

Figure 7: Ground-level robots, equipped 

with thermal and optical cameras can 

image front and rear-sides of the mod-

ules, as well as the rear-side electrical 

network. Photo: L. Burnham. 
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ascertain structural damage. Although Light Detection and Ranging (LiDAR) technology (with 

or without an unmanned aerial vehicle) could be valuable in the future [16], best practices 

today call for a detailed row-by-row inspection to assess the integrity of the modules, racking 

hardware and electrical BoS. Ground-level robots that survey each module and take thermal 

images of the connectors, are a technology that is gaining interest, especially for the largest 

PV plants, (see Figure 7) but have yet to become commonplace. New-generation drones that 

can fly between the rows and also capture backside images are also attracting interest but 

require more sophisticated controls and navigation software. 

2.5 Mitigation strategies 

Because PV installations are proliferating in tropical and sub-tropical regions, damages to PV 
systems from tropical cyclones are on the rise. To mitigate the escalating threat posed by 
severe winds and heavy rain, best practices (summarized in Table 1) can be categorized into 
four stages as follows: 1) project planning, 2) system design, 3) construction and commission-
ing, 4) operation and maintenance.  

In the project planning stage, it is important to consider the historic patterns of tropical cyclone 

activity (see Table 2). This information is crucial for determining whether a specific location is 

high or low risk for a catastrophic storm and whether or not a resilient PV system can be de-

signed for that site. For example, one can estimate both the capital expenditure (CAPEX) and 

operational expenditure (OPEX) for a proposed PV system based on the relevant meteorolog-

ical parameters, e.g., wind speed, precipitation, etc. Analysis of historical wind patterns is also 

advised because predominant wind direction as well as its ramp rate can inform tracker stow 

strategies. 

The design phase, however, is the crucial stage for mitigating serious damage [17]. Detailed 
design recommendations for PV systems installed in cyclone-prone areas are shown in Table 
3. System designers should adhere to these guidelines to ensure that materials for structural 
components and PV modules are chosen within the specified limits set by these regulations. 
In addition, the recommendations described in the chapter 5.6.5 of “Guidelines for Operation 
and Maintenance of Photovoltaic Power Plants in Different Climates” should be considered 
[10]. The authors of this report also strongly recommend that the choice of a racking/tracking 
system be reviewed by an independent engineer, with expertise in bolted joints and failure 
mechanisms specific to climatic stressors. 

During construction and commissioning, installation training is paramount, and field crews 
should be explicitly trained to properly install module fasteners as well as bolted joints, which 
are widely acknowledged to be the weak point in many racking systems and insufficiently cov-
ered by existing codes and standards. For example, current PV auditing standards, such as 
IEC 62446, do not include checks for fasteners or torque audits despite their importance to 
system reliability. At the commissioning stage, the agent of record should (1) verify the correct 
installation of all—or a significant subset of—designated structural connections, and (2) con-
duct torque audits on at least 1% of the fasteners. If 10% or more of these fasteners are either 
over-tightened or under-tightened, the contractor should reinstall all fasteners [18]. In addition, 
the improper management of electrical cables poses significant risks to the integrity of the PV 
connectors and ultimately the electrical balance-of-systems. Other poor practices that should 
be avoided include loose hanging wires, widespread reliance on plastic cable ties, and im-
proper routing of PV wires [19]. 

During the O&M stage, the site-owner or site-operator should implement clear protocols for 
pre- and post-storm O&M tasks, including stow strategies for tracking systems in advance of 
a storm and post-storm inspections that include module examinations, torque tests of fasteners 
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and thermal imaging of connectors [20]. While these tasks can be performed by onsite person-
nel, hiring skilled consulting engineers to manage the recovery efforts is recommended. In 
addition, safety checks conducted by a qualified electrician are essential before accessing the 
system [20].  

2.6 Key takeaways and recommendations 

In regions prone to frequent cyclones, project planning should include an overall risk assess-

ment, accounting for historical and predicted weather patterns as well as design and procure-

ment decisions. In plain words, historical weather conditions, as well as future projections, 

should inform the planning stage and be reflected in each specific site design. 

Pre- and post-storm planning for existing, as well as partially constructed, PV systems, is also 

of high importance. Such planning includes both installation and response training for onsite 

crews and the dissemination of detailed protocols to minimize confusion and maximize both 

response and recovery strategies. A rapidly executed pre-storm response — in accordance 

with the weather forecast and alarms reported by various agents (Table 2) — should be integral 

to any onsite operations manual. The following countermeasures are minimum requirements.  

Pre-storm phase for systems under construction: 

• Clear debris and secure loose materials in and around arrays to avoid wind-blown ob-

jects that can damage modules. 

• Make sure all exposed connectors are capped or—at a minimum—fastened under 

the modules, where their exposure to water and dust ingress is minimized. 

• Secure cables to the racking to avoid abrasion and stress from wind loading. 

Pre-storm phase for commissioned systems:         

• Conduct a torque audit on all fasteners. 

• Stow single-axis tracker systems per manufacturer specifications. 

• Power down all components by opening breakers, fuses, and switches. 

 

Post-storm phase for systems under construction (in addition to the recommendations 

for commissioned systems): 

• Inspect racking posts for shifting or loosening that may have been caused by ero-

sion. 

• Document any flooding of open trenches and exposed cables. 

• Check integrity of module pallets. 

• Replace any open, unmated, connectors that appear to be dirty or wet. 

Post-storm phase for commissioned systems: 

• Visually inspect damages to PV modules (front and back), mounting structures, fasten-

ers, cables, connectors (module-to-module and homerun), combiner boxes, inverter 

boxes, wiring, and other components. It is important to 1) check purlins and rails for 

evidence of cracks or deformation; 2) look for evidence of cable abrasion; 3) replace 

broken zip ties and other failed cable fasteners; and 4) verify that connectors are not 

sitting in pooled water or show evidence of submersion (e.g., algal growth).   

• Dry and clean the interiors of combiner boxes and inverter boxes. Components inboxes 

that were exposed to water or high humidity should be closely inspected for indicators 

of moisture ingress, replaced if necessary, and thereafter monitored for evidence of 

increased resistance to ensure electrical safety.  
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• Perform torque audits on fasteners. 

• Test for electrical faults in all systems. 

• Replace any damaged electrical components before energizing the system. 

• Subject subset of connectors to thermal imaging after the system has been re-ener-

gized and at 6 and 12 months.

Table 1: References that include recommendations for reducing damages from tropical 
cyclones. 

Country Issuer Title 
Issued 
Year 

Ref # 

USA US-FEMA 
Hurricanes Irma and Maria in The U.S. Virgin Islands 
- Building Performance Observations, Recommenda-
tions, and Technical Guidance 

2018 [21] 

USA US-FEMA 
Rooftop Solar Panel Attachment: Design, Installation, 
and Maintenance - Hurricanes Irma and Maria in the 
U.S. Virgin Islands - Recovery Advisory 

2018 [22] 

USA US-FEMP 
Solar Photovoltaic Systems in Hurricanes and Other 
Severe Weather 

2018 [23] 

USA RMI 
Solar Under Storm: Select Best Practices for Resilient 
Ground-Mount PV Systems with Hurricane Exposure 

2018 [24] 

USA NREL 
Solar Photovoltaics in Severe Weather: Cost Consid-
erations for Storm Hardening PV Systems for Resili-
ence 

2020 [25] 

USA RMI 
Solar Under Storm Part II: Select Best Practices for 
Resilient Roof-Mount PV Systems with Hurricane Ex-
posure 

2020 [26] 

USA RMI 
Solar Under Storm for Policymakers: Select Best 
Practices for Resilient Photovoltaic Systems for Small 
Island Developing States 

2020 [27] 

USA US-FEMP 
PV System Owner’s Guide to Identifying, Assessing, 
and Addressing Weather Vulnerabilities, Risks, and 
Impacts 

2021 [19] 

USA NREL Preparing Solar Photovoltaic Systems against Storms 2022 [20] 

USA US-FEMP 
Toward Solar Photovoltaic Storm Resilience - Learn-
ing from Hurricane Loss and Rebuilding Better 

2023 [18] 

AUS 
Queens-
land Gov. 

Cyclone and Storm Tide Resilient Building Guidance 
for Queensland Homes 

2019 [28] 

 Nextracker 
Mitigating Extreme Weather Risk Part 1: Understand-
ing How Differentiated Design and Control Strategies 
Unlock New Opportunities for Solar Development 

2020 [29] 

 Nextracker 

Mitigating Extreme Weather Risk Part 2: Surviving 
High-Wind Events and Dynamic-Wind Effects with 
Differentiated Solar Project Design and Control Strat-
egies 

2021 [30] 

 FM Global 
Property Loss Prevention Data Sheets 1-15: Roof-
Mounted Solar Photovoltaic Panels 

2024 [31] 

  FM Global 
Property Loss Prevention Data Sheets 7-106: 
Ground-Mounted Solar Photovoltaic Power 

2024 [32] 



 Task 13 Reliability and Performance of PV Systems – Operational and Economic Impacts of Extreme Weather on PV Power Plants 

21 

Table 2: Official information sources on tropical cyclones in each region. 

Area Official Information Source 

North Atlantic, Eastern- and Central-Pacific United States National Hurricane Center  

Western Pacific Japan Meteorological Agency  

Indian Ocean India Meteorological Department  

South Indian Ocean from 30°E to 90°E Météo-France – La Reunion  

South Indian Ocean from 90°E to 125°E, north of 
10°S 

Indonesian BMKG  

South Indian Ocean and South Pacific Ocean 
from 90°E to 160°E 

Australian Bureau of Meteorology  

South Pacific east of 160°E, north of 10°S Papua New Guinea National Weather Service  

South Pacific west of 160°E, north of 25° S Fiji Meteorological Service  

South Pacific west of 160°E, south of 25°S MetService New Zealand  

https://www.nhc.noaa.gov/
https://www.jma.go.jp/bosai/map.html#5/34.5/137/&elem=root&typhoon=all&contents=typhoon&lang=en
https://rsmcnewdelhi.imd.gov.in/
https://meteofrance.re/fr/cyclone
https://web-meteo.bmkg.go.id/en/component/content/category/36-tropical-cyclone
http://www.bom.gov.au/cyclone/
https://www.pngmet.gov.pg/
https://www.met.gov.fj/
https://www.metservice.com/warnings/tropical-cyclone-activity
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Table 3:   Representative regulations and guidelines for wind load design for PV systems. 

Country / 
Region 

Issuer Code # Title 
Issued 
Year 

Ref # 

USA ASCE 7-22 
Minimum Design Loads and Associ-
ated Criteria for Buildings and Other 
Structures 

2021 [33] 

USA SEAOC PV2-2017 Wind Design for Solar Arrays 2017 [34] 

EU CEN EN 1991-1-4/AC 
Eurocode 1: Actions on Structures - 
Part 1-4: General Actions - Wind Ac-
tions 

2010 [35] 

AU/NZ SA/NZS AS/NZS 1170.2 
Structural Design Actions, Part 2: Wind 
Actions 

2021 [36] 

CN CS GB 50009-2012 
Load Code for The Design of Building 
Structures 

2012 [37] 

TW 
CNS-
TW 

CNS 16189 
Evaluation Guide for Design Wind 
Loads of Photovoltaic Systems 

2022 [38] 

JP METI  
Interpretation for "Ministerial Order on 
Technical Standards for Solar Photo-
voltaic Power Generation Facilities" 

2021 [39] 

JP JISC JIS C 8955 
Load Design Guide on Structures for 
Photovoltaic Array 

2017 [40] 

JP NEDO  
Design Guidelines for Ground-
Mounted Solar Photovoltaic Power 
Systems 

2019 [41] 

JP NEDO  
Design and Construction Guidelines 
for Sloped-Terrestrial Mounted Solar 
Photovoltaic Power Systems 

2023 [42] 

JP NEDO  
Design and Construction Guidelines 
for Floating Solar Photovoltaic Power 
Systems 

2023 [43] 

JP NEDO  Design and Construction Guidelines 
for Agrivoltaic Systems 

2023 [44] 

  IEC IEC TS 63348 
Evaluation of Photovoltaic (PV) Module 
to Mounting Structure Interface 

under 
discus-

sion 
[45] 
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 SEVERE CONVECTIVE STORMS: HAIL, TORNADOES 
AND STRAIGHT-LINE WINDS 

3.1 Overview 

Severe convective storms (e.g., severe thunderstorms) produce damaging hail, intense wind 
gusts, and tornadoes that can result in significant property losses [46]. In recent years, severe 
hail, while relatively infrequent, has emerged as the leading cause of insured losses to PV 
power systems and therefore a leading concern for the solar industry [47]. This chapter em-
phasizes hail risk identification, quantification, and mitigation to align with published insurance 
loss data but the general analytical and scientific principles—and engineering-based risk as-
sessment methodologies—presented here are applicable to all convective storm perils, includ-
ing tornadoes and straight-line winds. 

3.1.1     Definitions 

The U.S. National Weather Service (NWS) glossary [48], maintained by the National Oceanic 
and Atmospheric Administration (NOAA), provides meteorological definitions, including those 
summarized below, that are foundational to an understanding of severe convective storm risk: 

Severe thunderstorm. A thunderstorm that produces a tornado, with winds of at least 26 m/s 
(=93 km/h), and/or hail with a diameter of more than 25 mm.  

Hail. Showery precipitation in the form of irregular pellets or balls of ice more than 5 mm in 
diameter. Severe hail, as defined by the NWS, has a diameter of more than 25 mm.  

Tornado. A violently rotating column of air with circulation reaching the ground; on a local 
scale, tornadoes are the most destructive atmospheric phenomenon. 

Straight-line winds. Thunderstorm winds that have no rotation (i.e., not a tornado). 

 

 

Figure 8: European Centre for Medium-Range Weather Forecasts (ECMWF) Reanalysis 
v5 (ERA5) depicts climatology and trends data for severe thunderstorm environments 
[49].  

3.1.2     Geographic distribution 

Convective storms are a global phenomenon and common in locations seeing significant solar 
market growth (e.g., central United States, southern Europe, southern China, and eastern 



Task 13 Reliability and Performance of PV Systems – Operational and Economic Impacts of Extreme Weather on PV Power Plants 

 

24   

Australia) and are coincident with the severe thunderstorm environments shown in Figure 8 
[49]. Though far smaller in scale than hurricanes and typhoons (see Chapter 2), severe con-
vective storms occur worldwide and pose a threat on every continent except Antarctica [46]. 
Because of their ubiquitous geographic distribution, severe convective storms are potentially 
more damaging to solar assets than any other large-scale natural catastrophes on an annual 
basis [47] Hailstones associated with thunderstorms occur in many locations at a rate of more 
than one event per year, a far greater frequency than the occurrence of tornadoes [50].  

Moreover, climate [51] models generally predict that meteorological conditions conducive to 
thunderstorms will intensify in future decades, resulting in an increase in storm frequency and 
severity [51]. Details about how this projected increase plays out both regionally and on a 
global scale, however, are the subject of much scientific study [49]. While the scientific com-
munity’s understanding of severe convective storm climatology and trends remains a work in 
progress [49],[51], the insurance industry has amassed extensive data on the financial impacts 
of smaller-scale severe weather events (e.g., hail, windstorms, and tornadoes), suggesting an 
expanding threat landscape. A 2019 study supported by Munich Re, for example, documented 
a significant increase in hail events in southern Europe over a 37-year period [52]. More re-
cently, GCube Insurance reported that over a five-year period (2018–2023), hail resulting from 
severe convective storms accounted for 54% of total insured solar sector losses [53]. 

3.2 Case studies, failure modes, and event severity 

The following case studies characterize the frequency, severity, and technical considerations 
specifically associated with hailstorms or windstorms, including damages (see Figure 9). 

3.2.1     Hailstorm loss events  

Hail forms via accretion when convective storm updrafts carry water droplets into extremely 
cold areas of the atmosphere, where they freeze, grow, and increase in mass. Hail falls when 
the downward gravitational force exceeds the strength of the thunderstorm updraft [54]. To 
meet the minimum ballistic-impact requirements in the IEC 61215-2 product qualification 
standard, PV module designs must withstand 11 impacts of a 25-mm ice ball at terminal ve-
locity. As solar markets have proliferated globally, so have reports of catastrophic damage 
consistent with naturally occurring hail having a diameter of more than 25 mm. The following 
case studies illustrate the range of impacts hail can have on PV systems globally. 

Noord-Brabant/Limburg, Netherlands 
(2016). On June 23, 2016, heavy thunder-
storms in the southeast of the Netherlands 
produced severe hail and property damage. 
Local reports documented maximum hail-
stone diameters in the 6 cm (tennis ball) to 7 
cm (baseball) range. A comprehensive statis-
tical analysis of the resulting insured losses 
noted that visible damage to solar panels was 
surprisingly most pronounced in areas ex-
posed to hail in the 4 cm (ping-pong ball) to 5 
cm (larger than a golf ball) range, based on 
the frequency and distribution of hail in this 
size range [55]. In addition to visible hail dam-
age, the study also noted insured losses as-
sociated with “invisible” hail damage (cell 
cracks) to solar modules. In a typical year, hail 

 

Figure 9: Solar array in Colorado dam-

aged by a record hailstorm that im-

pacted 25–50% of the on-site PV mod-

ules. Photo: Dennis Schroeder / NREL. 
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accounts for 19% of insured severe 
weather losses in the Netherlands; in 
2016, hail accounted for 73% of severe 
weather-related insured damage. 

Pecos County, Texas, United States 
(2019). In May 2019, seasonal thunder-
storms in West Texas produced dam-
aging hail that fell on the 182 MW-rated 
Midway Solar farm. According to insur-
ance reports, severe hail damaged 
more than 400,000 solar modules at 
the 600-hectare site, resulting in in-
sured losses of $70 million to $80 mil-
lion [56]. Hail damages included broken 
glass as well as modules with cracked 
cells [57]. In response to the historic 
magnitude of these losses, insurance 
premiums increased by as much as 400% in this region [58]. 

Switzerland (2021). During June and July 2021, Switzerland experienced a series of wide-
spread and intense hailstorms, the most severe of which occurred on June 28th. Hailstones 
reached sizes of up to 9 cm, causing significant damage in densely populated areas, resulting 
in some of the most expensive hail-related losses in recent decades [59]. Approximately 15% 
of all PV systems in Switzerland were situated in areas that experienced hailstones larger than 
5 cm. Damages are typically expected when hailstones exceed 4 cm, with a significant in-
crease in damage observed from hail above 5 cm in diameter. In addition to glass breakage, 
EL images of approximately 6,000 modules from 411 affected PV systems revealed significant 
cell cracks in 57% of the modules. The likelihood of cell cracks increases with hail size, but the 
spread for all categories is high (see Figure 10) [60]. 

West Texas, United States (2022). The hail season in Texas (May–June) brought devastation 
to multiple solar projects, with cumulative hail damages estimates at $300 million [61]. Accord-
ing to insurance reports, four separate solar farms (347 MW, 415 MW, 500 MW, 500 MW) 
located in three counties (Andrews, Brown, and Pecos) incurred significant hail damages, with 
damaging hail sizes across these sites ranging from 6 cm (tennis ball) to 9 cm (softball) [57]. 

 3.2.2   Windstorm loss events 

Convective storm-induced wind damage typically results from straight-line winds rather than 

tornadoes. Though tornado wind speeds may reach 160 to 480 km/h (ca. 44 to 133 m/s) and 

will destroy any PV systems in their path, tornadoes are typically small-scale, short-lived, and 

infrequent events. By comparison, straight-line winds in the 80 to 100 km/h (22 to 28 m/s) 

range—notably lower than typical project design wind speeds—have inflicted damage on mul-

tiple fixed-tilt and single-axis tracker systems. In fact, as early as 2015, an engineering report 

noted that while structural wind damage is rare in utility-scale applications, failures have been 

observed in code-compliant structures [62]; a finding that has been reinforced anecdotally. 

Based on reports of helical twisting in fielded systems, wind engineers posit that torsional in-

stability in single-axis trackers, combined with improperly designed or torqued hardware, could 

be the root cause of observed failures [63]. Case studies from Australia and the US illustrate 

the damages to PV from windstorms. 

Darling Downs, Queensland, Australia (2018). In October 2018, a seasonal thunderstorm 

damaged single-axis trackers supporting approximately 2,000 solar modules at the 55 MW-

 

Figure 10: Percentage of modules with critical 

cell cracks as a function of hailstone diameter 

[60]. 
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rated Oakey 2 solar project [30]. Though recorded wind gusts associated with the convective 

storm peaked at only 74 km/h (≃ 21 m/s), the two-up, module-in-portrait-orientation trackers 

sustained structural damages consistent with torsional galloping, a wind-induced instability that 

can occur in flexible structures at relatively modest wind speeds [9].  

Lamar County, Texas, United States (2023). In March 2023, a utility-scale solar project in 

northern Texas, also the same module design as Darling Downs, incurred straight-line wind 

damages consistent with torsional tracker instability. According to insurance industry stake-

holders, the site experienced maximum wind gusts in the 80 km/h (≃ 22 m/s) range, well below 

the project design wind speed, resulting in damages estimated at $30 million [56]. 

3.3 Economic impacts of convective storm damage 

Severe hail is the leading cause of financial losses for the solar industry, worldwide. Though 
hail-related insurance claims are relatively infrequent, hail damages are far more costly than 
those associated with other types of claims. As an example, GCube’s solar-loss data for 2018–
2023 shows hail accounting for 1.4% of claims volume (i.e., the total number of claims), but 
54.2% of claims value (i.e., total incurred costs) [53]. Within this dataset, the four largest claims, 
which together account for more than $224 million in losses, were /attributed to hail. By com-
parison, the combined losses due to all other types of severe weather events—including thun-
derstorms, floods, hurricanes, wind events, and lightning—accounted for less than 10% of 
GCube’s total incurred losses [53].  

Direct economic impacts, which are not exclusive to hail, include lost energy generation, in-
ventory and forensic investigation costs, advisory costs to determine root causes, engineering 
costs to address compatibility issues with replacement hardware, time and material costs for 
repowering, inbound and outbound shipping costs, recycling and disposal costs, legal costs 
arising from disputes among project stakeholders, insurance premium cost increases, and so 
forth. Although hail loss events are infrequent, the magnitude of the resulting damages can 
increase insurance rates, erode investor confidence and raise consumer concerns. 

3.4 Response strategies for convective storm damage 

Appropriate response strategies vary according to the capacity of the impacted PV system. In 
residential and commercial applications, the property owner typically initiates an insurance 
claim in the aftermath of a loss event. To process the claim, the insurance adjuster requires a 
damage estimate from a PV technical 
expert, such as the original installation 
contractor or an O&M specialist. That 
person inspects a site to identify visible 
(typically glass breakage) and invisible 
damages. As shown in Figure 11, invis-
ible damages (cell cracking in the ab-
sence of glass damage) are best diag-
nosed via EL imaging [64], [65], but the 
process, which must be executed in the 
dark, is relatively complex and costly.. 
In distributed applications, therefore, 
technicians typically use a combination 
of thermal infrared (IR) imaging, I-V 
curve tracing, and visual inspection to 
identify damaged cells, but cell cracks 
only become visible in IR images and I-

 

Figure 11: EL images of hail-damaged mod-

ules have distinctive crack patterns. 
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V curves after several years of aging. As a result, modules that may have undiagnosed cracked 
cells should be closely monitored in the years following a hail event.  

Ideally, a rooftop system is repowered using direct replacement parts, but project stakeholders 
may be challenged to find modules that match the physical form and electrical characteristics 
of the originals. If so, service providers are typically left with two paths forward. The first option 
is to redesign the system to integrate new and salvaged components into parallel circuits or 
systems; the second option is to declare a total loss and apply the insurance payment to the 
purchase of a new system.  

Response strategies are more complex for a hail-impacted utility-scale site and should be cod-
ified in the project’s O&M contract, which should include a detailed severe convective storm 
response plan (e.g., a tracker stow-strategy) designed to minimize severe hail or wind damage 
(see Section 3.5). In addition, the on-site project manager and remote operation control centre 
(ROCC) personnel should have sufficient training, permissions, and access to the plant’s su-
pervisory control data acquisition (SCADA) system to quickly implement the response plan 
based on meteorological data. Following a loss event, the site manager or ROCC personnel 
should thoroughly document any evidence or activities that may be needed to support warranty 
and/or insurance claims [66].  

Removing, recycling, and replacing 400,000 or more damaged PV modules is an expensive 
and logistically complex undertaking. Forensic activities typically start with a system-level aer-
ial survey that uses photographic and IR imagery to identify broken glass (visible damage) and 
degraded (invisible damage) modules. Adding to the complexity is that damages can be ran-
dom, indicative of the stochastic nature of a hail event, and may result in an uneven distribution 
of module failures, including glass breakage on the rear side only, complicating the inspection 
process. EL imaging is often required because it can identify the root cause of cell cracking, 
specifically cracks that have distinctive patterns indicative of a hail strike, but only a pre-deter-
mined percentage of modules may be imaged. Informed by the data collected, an independent 
engineer or technical advisor will develop a repowering plan. In large utility-scale applications 
(>100 MW), hail damage is typically concentrated in specific blocks or subarrays. Therefore, 
module-level diagnostics are generally performed on a block-by-block or row-by-row basis, 
according to a statistical assessment of the storm damages. 

3.5 Mitigation strategies for convective storm risk 

Although severe convective storm risk is inevitable in some locations, large project losses can 
be minimized  with improved technical literacy, due diligence, and risk mitigation practices [67]. 
Specific strategies include the following: 

Identify and quantify severe weather risks. During the siting and design phase, all prospec-
tive sites should be subjected to an initial storm risk assessment [68], [69]. The goal is to 
characterize hail and straight-line wind risk (low, moderate, high) on a location-specific basis. 
Qualified technical advisors should quantify probabilistic loss levels over the event recurrence 
intervals required by insurers (e.g., a 1-in-500-year event) and typical investment hold periods 
(e.g., a 1-in-10-, 20-, and 40-year hold). The goal of these loss studies is to provide compara-
tive probable maximum loss (PML) and average annual loss (AAL) values based on site-spe-
cific meteorological characteristics (e.g., historical hail events, identified by both severity and 
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frequency) and project-specific 
technical considerations (e.g., 
PV module glass thickness, 
tracker stow angle, and so forth) 
[56]. 

Make strategic technical adap-
tations. Strategic design 
choices can greatly increase the 
likelihood that a PV site will with-
stand a hailstorm while optimiz-
ing investor returns. Project 
stakeholders should pay special 
attention to module specifica-
tions during procurement (spe-
cifically the thickness of the front 
glass and presence of a glass 
backsheet). Beyond-qualifica-
tion testing has shown that mod-
ule ballistic-impact resistance is 
a function of front glass thick-

ness and heat strengthening [70]. Module tilt angle also contributes to hail resilience [71] and 
the selection of a tracker system is also key to surviving a hailstorm. The features that matter 
include advanced stow capabilities, rapid response times and bolted joints that can withstand 
high wind loading and cyclical vibration. An optimal defensive position is shown in Figure 12. 
In addition, because many storm gusts and downbursts are small and unevenly distributed, a 
site should have multiple anemometers to ensure quality windspeed data.   

In high-risk locations, stakeholders can mitigate financial risk by deploying hail-resistant mod-
ules [67], [70] and adhering to hail-stow best practices [66], [71]. In some jurisdictions, en-
hanced hail resistance, as determined by building-material classification standards, is a build-
ing code or insurability requirement [72]. In locations exposed to damaging straight-line winds, 
attention should be paid to tracker wind load specifications, and the system’s design (e.g., 
number of modules in portrait, perimeter row enhancements, dynamic wind susceptibility), 
tracker stow strategy, and ROCC capabilities [66]. 

Improve test standards and operating protocols. The ballistic-impact test requirements in 
IEC 61215-2 are pass/fail in nature and do not differentiate product designs based on severe 
hail vulnerability or resiliency [73]. Nor do these tests, which rely on ice balls, account for the 
uneven surface morphology of hail. Designing and deploying hail-hardened PV modules and 
systems cost-effectively requires enhanced product testing standards that provide statistically 
significant comparative test results and take into account the full system, from the diameter of 
the bolts to the size of the modules. Although enhanced testing (e.g., static wind tunnel tests, 
dynamic wind analysis, and computational fluid dynamic analyses) can prevent structural fail-
ures in code-compliant tracker designs under normal conditions, these tests are not required 
[74]. More important, in terms of hail resilience, is the adoption of defensive hail stow strategies 
for tracker systems, which–when executed properly--are known to measurably minimize wind- 
and/or hail-related damages [57], [30], [66], [73]. The next technological breakthrough will be 
advanced stow algorithms that quickly and automatically put trackers into defensive hail stow 
based on electronic weather alerts from a reputable weather service provider [66]. Where the 
tracker manufacturer allows, hail stow should take precedence over other stow modes, given 
the magnitude of hail loss events [57], [66]. 

 

Figure 12: Single-axis tracker defensive stow posi-

tion optimized for hail [67]. 
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3.6 Key takeaways 

Severe convective storm risk is not an insurmountable barrier to PV deployment, but large 
losses in recent years suggest that more attention be paid to mitigation strategies and best 
practices.     

• Severe convective storm risk to solar assets is increasing due to a perfect storm of 
market and technological change. On the technology front, PV systems are becoming 
more vulnerable as module manufacturers transition to larger format modules with 
weaker front glass. On the market front, utility-scale projects are increasing in locations 
exposed to damaging straight-line winds and severe hail. 

• PV modules should be selected based on location risk. Ballistic-impact resistance is a 
function of front glass thickness and heat strengthening [70]; also whether or not the 
back sheet is glass or transparent polymer (the latter reduces resistance). Module 
packaging and cell technology can also influence resilience to cell cracking [13], [75]. 
Module sizes, frame, and mounting also impact probable hail losses.  

• For best results, probabilistic models should include a conversion from in-laboratory 
freezer ice-ball impacts to in-field naturally occurring hail impacts [68], [76], so the data 
more accurately reflects hail’s non-uniformity and strike angles. 

• Single-axis trackers intelligent and proactive tracker controls that increase the tilt angle 
can significantly limit hail damage by reducing the exposed glass area and increasing 
the number of glancing (not direct) blows [57], [71]. 

• Timely and accurate early weather alerts are an important first line of defence against 
hail loss. The sooner the ROCC receives a severe weather alert, the sooner the oper-
ator or control system can send a hail stow-command. This early warning ensures that 
all trackers stow optimally in advance of an approaching storm [66]. 

• Solar irradiance is relatively low during a severe thunderstorm event, so proactive stow-
ing has little impact on annual plant production [77]. Critical to survivability, however, is 
moving to a defensive stow position as early as possible [66]. 

• Because severe hail is a hyper-local phenomenon, traditional hail maps lack the gran-
ularity needed to characterize risk. The insurance industry generally maps hail risk 
across relatively large areas, such as one-degree longitude by one-degree latitude 
(circa 10,000 km2).  An important step to improving the accuracy of site- and technol-
ogy-specific hail risk assessments is to calculate risk over a smaller grid area (see 
Figure 13) [68]. 
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• 
Figure 13: Comparative hailstone frequency and distribution for a low-risk location 
(California) versus a high-risk location (Texas) based on calibrated radar data [67]. 
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 SNOWSTORMS AND BLIZZARDS 

4.1 Overview 

Snow is practically ubiquitous across the northern hemisphere, occurring almost everywhere, 
at some altitude and at some point in time, as depicted in Figure 14. In a typical winter, snow 
covers at least 50% of the total land area and is the dominant form of precipitation; snowstorms 
are also generally predictable, i.e., snow occurs repeatedly in those regions for one or more 
winter months. Although the US National Weather Service (NWS) has no formal definition for 
snowstorms, the agency defines a blizzard as a snowstorm that 1) persists for a period of three 
hours or longer; 2) has sustained winds or frequent gusts in excess of 56 km/hr; and 3) creates 
low visibility conditions of less than 0.4 km. 

While design parameters for snowy climates are described in the IEA Subtask 3.2 Report 
“Guidelines for the optimization of PV system key performance indicators” [78], the focus of 
this chapter is on extreme snowstorms and heavy seasonal snowfall. Although the objective 
in both cases is to shed snow as quickly as possible from the PV panels to minimize shading 
and lost generation, the challenge of shedding snow intensifies during record-breaking snow-
falls, which are defined both in terms of accumulated centimetres of snow and the amount of 
land area impacted.  

According to climate-change models, northern latitudes are likely to experience heavier than 
normal snowfall over shortened winter seasons, with consequences for PV arrays that are 
twofold: 1) extreme snow events can threaten the structural integrity of modules and mounting 
systems and 2) they can block irradiance from reaching the solar cells for extended periods.    

 

 

 

Figure 14: Global distribution of snow in January 2025 (left) showcases the  large 
amount of land in the northern hemisphere typically covered in snow in winter.  [Source: 

https://scence.nasa.gov/earth/earth-observatory/global-maps/snow-cover/]  
In the US (right) single storms often sweep from the west to the east, potentially shading 
GWs of PV.  
 

 

 

 

 

https://scence.nasa.gov/earth/earth-observatory/global-maps/snow-cover/
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4.2 Operational impacts 

4.2.1     Resource availability 

As PV deployment expands at higher latitudes, resource availability in regions where solar and 
snow intersect is an emerging challenge. Throughout the winter months, snowstorms occur 
frequently, depositing large quantities of snow across the northern US, Canada, Europe and 
Asia. A snowstorm may sweep across thousands of kilometres, especially in the US, where 
many storms originate in the Rockies and move eastward. These massive storms can impact 
hundreds of gigawatts of PV, shading the panels with snow that might vary from a dusting to 
a deluge 100 cm or more deep. In addition, one storm can follow another, adding more snow 
to what is already present. When the snow reaches a certain depth, which varies based on 
temperature, humidity, windspeed and age of snow, energy generation ceases, and the PV 
plant effectively goes offline. Multiple research institutions around the world are therefore fo-
cused on 1) developing cost-effective and reliable strategies for accelerating snow shedding 
from modules; and 2) predicting and mitigating the loss of solar-generated power for storm-
affected regions. Snow-removal strategies are discussed in section 4.3 below, as are models 
for quantifying energy losses attributable to snow. Accurate forecasting models, however, that 
would enable grid operators to manage both the generation loss and sudden ramp-rate of PV 
plants following a snowstorm, are still being developed. Regardless, identifying the underlying 
parameters for snow shading, and its corollary, snow shedding, is critical to the continued 
growth and grid penetration of solar in northern regions.  

4.2.2    Power loss 

Although the colder temperatures and high albedo of snow boost the efficiency of PV systems 
in in regions that consistently see snow in winter, the power losses attributable to snow-shad-
ing of PV systems are significant and impacted by multiple design parameters, including tilt 
angle, module architecture, module orientation, surface roughness and height above ground.  
To give an example, a 30-degree fixed-tilt utility-scale installation in the US experienced 90% 
power losses in the months of January and February under persistent snow conditions. Iden-
tifying and validating strategies that accelerate snow shedding and increase the availability of 
PV plants in winter is an important area of investigation as solar increases its generation foot-
print. 

Ignoring snow cover as a factor in 30-year performance warranties can lead to overestimating 
power output. Including energy losses attributable to snow shading is therefore important for 
accurate long-term performance modelling to ensure proper financial assessment and system 
sizing. As the following sections illustrate, snow losses can be estimated using multiple existing 
methods, but none fully captures the variables involved, including module orientation, form 
factor, electrical architecture and non-uniform shedding patterns.  

Measured losses from snow can be estimated if periods of snow cover are clearly identified, 
along with performance data, and if snow effects can be separated from other loss mecha-
nisms, such as inverter downtime or low irradiance. Moreover, irradiance data only enable one 
to calculate the losses in real-time, rather than predictively. In addition, quantifying the eco-
nomic impact of a single storm depends on the amount of time the array was covered, which 
in turn is determined by multiple variables, including snow depth, ambient temperature, wind 
speed, humidity, etc., and the cost of electricity.  
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4.2.3    Physical damages 

In addition to reduced energy output, heavy snow can physically damage solar installations: 
modules can deflect under the weight, resulting in glass and cell cracking; ice dams formed 
from partially melted snow can shear the bottom frame from the module; and racks that are 
not properly engineered can collapse under heavy snow loads. Fresh snow and ice have den-
sities ranging from 30–50 kg/m3 and 800–900 kg/m3 respectively but as snow ages and as 
temperatures rise, snow compacts and crystals will lose their dendrites, resulting in decreased 
porosity and greater weight per vertical millimetre. The weight of snow is also a function of 
ambient temperature and humidity. Moreover, the load on modules can increase over time if 
new snow arrives before the older snow is shed. Moreover, as snow sheds, its distribution and 
associated load stresses are non-uniform across the module surface and often concentrated 
along the lower edge of the module, putting the module in tension and stressing the frame. Yet 
another issue is that the shedding of large amounts of snow creates snow mounds under the 
array, high enough to block the lower portion of the module. 

In cases of extreme snowstorms, depositing half a meter or more of snow on top of existing 
snow cover may bury the lower portion of an array. Snow obstruction is especially problematic 
for single-axis tracker systems, as shown in Figure 15. Unable to move through the deep snow, 
the tracker will experience both generation losses and motor stress.  

Modules are rated for static mechanical loads according to IEC 61215-2, where simulated 
snow load is applied pneumatically, or by weights in a uniform and gradual fashion to the glass 
front and back surfaces excluding the module frame or cross support. The test is performed at 
room temperature, and a constant load of 5400 pascals is maintained for one hour on each 
side. These steps are repeated for a total of three cycles while monitoring the electrical conti-
nuity of the internal circuit [79]. The test may need to be repeated for different mounting con-
figurations and safety factors. Modules can also be subjected to non-uniform loading condi-
tions per IEC 62938, which calls for step-distributed non-uniform loading of a module at a 
specified tilt angle. Like the static load test, the non-uniform load test is conducted at room 
temperature. Field conditions, however, are strikingly different, as snow is repetitive, often ac-
cumulative, and always accompanied by cold temperatures as well as temperature swings. 

 

 

Figure 15: Heavy snow load on a tracker system at the Michigan Regional Test Center 

(RTC), combined with high snow depth and some drifting, have rendered this system 

temporarily inoperable. Photo credit: Paul W. Dice. 

In a recent study by Tanahashi et al. [80], heavy snow loads were examined using three PV 

test arrays in Shinjo, Japan. The test arrays were equipped with load cells built into the 
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mounting fixture at module tilt angles of 10°, 20°, and 30°. Snow pressure was largest for the 
10° tilt array, with frontal loads along the leading edge of the row reaching up to 6–8 kN/m. 
Snow loading was progressively less for the 20°, and 30° tilt angles. As shown in Figure 16b 
and 16c, loads increased when the snow cover on the modules was contiguously connected 
to the snow on the ground.     

  
Figure 16: Experimental PV setup showing one of three subarrays with load cells. De-

pictions in a), b), c), and d) show the process of snow accumulation, the formation of a 

contiguous snow pile, settling and loading of the module, and melting by backside heat-

ing [80].    

Under the right meteorological conditions, wind can be a powerful force in removing snow from 
modules, but wind also plays a role in snow accumulation, especially in Arctic regions, where 
the snow has a low-moisture content. Wind can form snow drifts, especially in the wake of 
obstacles such as ridges, buildings, or PV arrays, which can concentrate snow in specific ar-
eas, such as between rows. A case study from Svalbard, Norway, showed that snow drifting 
partially covered a ground mounted test array consisting of four mock-up module rows, each 
10 meters wide [81]. A subsequent simulation study showed that raising the modules de-
creased drifting, but increased racking costs. One can also opt for a lower tilt angle, effectively 
raising the modules, or change the azimuth to put the modules parallel to prevailing winds but 
both options result in lower energy yields [82]. 

Snowdrifts can also be problematic for rooftop PV systems [83]. Figure 17a shows a photo-
grammetry model of the depth of a snowdrift on an industrial rooftop-mounted PV system in 
northern Sweden [84]. An adjacent wall blocked wind-blown snow, causing a snowdrift to form 
on some modules, deep and heavy enough to destroy the modules, as seen in Figure 17b. 
Note that these modules were clamped at the corners, contrary to manufacturers’ recommen-
dations, highlighting the fact that proper installation may have prevented the modules from 
collapsing.  
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a). b).  

Figure 17: a) 3D-model reveals weight distribution of snow on an industrial rooftop PV 

system; b) visible image of incorrectly mounted PV modules damaged by the snowdrift. 

Photo Credit: Research Institute of Sweden. 

In addition, the rapid adoption of 182 mm (M10) and 210 mm (G12) cells, which constitute 
approximately 31% and 62% of the market in 2025, respectively [85], has introduced reliability 
concerns. The newer large-format modules now have dimensions up to 2.3 m x 1.3 m (30 kg), 
but are not typically reinforced for heavy snow loads [86]. Burnham et al. [87] are conducting 
a comparative analysis of multiple module technologies (different cell sizes, form factors, front 
and back sheets, etc.) and mounting architectures (fixed-tilt vs tracker) to evaluate their ro-
bustness in winter (see Figure 18). Of specific interest are the multiple climatic stressors not 
captured by certification testing: namely the accumulative, repetitive, additive wind and snow 
loads, and related low temperatures, which increase cell susceptibility to cracking. The results 
of this work, which will be published in 2026, is intended to i inform the design of winter-robust 
systems. 

Snow loading also suggests the possibility of cell cracking, which can have a variety of causes 
related to physical stressors. Studies suggest that cells become more brittle as the ambient air 
temperature drops, meaning that crack formation is more likely in cold and snowy environ-
ments. Interestingly, preliminary data suggests that  power loss caused by cell cracks (exclud-
ing hailstorm cell damage) is around 3% higher in snowy versus moderate climates and up to 
6% higher in snowy versus humid/dry climates [88]. There are also indications that glass/back-
sheet modules are more susceptible to load-induced crack formation when exposed to cold 
temperatures and that some modules rated for 3.6 kPa or higher can sustain damage at loads 
as low as 1.0 kPa [84], [89], [90]. At the time of writing, field testing for different module designs 
and snow loads is underway to better model and predict cell cracking and enable more robust 
module choices for cold and snowy regions. Studies are also underway to compare cell inter-
connects, such as multi-wire ribbon technologies, which are associated with less cell cracking 
[91]. 
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Figure 18: Test array at the Michigan RTC for Emerging Solar Technologies in Calumet, 

Michigan, USA. A comparative reliability analysis is underway of six distinct module 

technologies, varying in dimensions, cell size, front glass and back sheet, with each 

module monitored for snow loading, wind loading, deflection, temperature and DC 

power. At the end of each winter, all modules are evaluated for cell cracking using elec-

troluminescent imaging. Photo Credit: L. Burnham. 

In addition to PV test sites, data on module durability may be supplemented with field data 

from PV arrays experiencing heavy snow loading. Japan’s National Institute of Technology and 

Evaluation (NITE) noted damage due to heavy snow and ice for 43 PV systems in the Tohoku 

and Hokkaido regions in 2018-2021. The PV arrays in this study were a mix of medium 

(50 kW–2 MW) and large (> 2 MW) systems. The combined capacity of affected systems was 

approximately 30 MW, with the most common damage being deformation of the module frames 

[92]. In a second NITE study [93], a small category (10–50 kW) was added to the medium and 

large-scale array reporting results for snow. The second study occurred from April 2021 to 

March 2023 and covered 65 arrays mostly located in the Hokkaido, Tohoku, Chubu, and 

Chugoku regions. Noting a variety of mild to severe damage events correlated to periods of 

heavy snowfall, NITE recommended the use of surveillance cameras to detect snow quickly, 

and regular site visits to remove accumulated snow.   

4.3 Mitigation strategies 

Mitigation strategies, which are largely focused on utility-scale installations and must tackle the 

dual challenges of reliability and availability, fall into three categories: active shedding, passive 

shedding, and design optimization. Active methods involve mechanical or thermal interven-

tions; passive methods include the application of coatings that alter the topology of the cover 

glass to create hydrophobic or hydrophilic surfaces; design methods include the use of bifa-

cial/frameless modules, higher tilt angles for fixed-tilt systems, and adequate ground clearance 

for both fixed-tilt and tracker arrays.     

4.3.1     Active shedding methods 

Active methods include internal heating of the module, external heating on the front or back, 
mechanical removal with a rake or blower, and increasing the tilt angle of a single-axis tracking 
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systems. In recent years, interest has grown in generating heat to melt snow by injecting a 
controlled forward-current bias into modules [94]. Aarseth et al. in Oslo, Norway, for example, 
used commercial DC power electronics to apply a current of 10 A (forward bias of 45 V) to 
each module of a 1 MW rooftop array, concluding that bias heating is effective for snow shed-
ding, but energy and economic payback times depend on weather conditions and electricity 
rates [95]. The amount of energy needed depends on the ambient temperature, wind speed 
and snow volume and also the system design, with less energy needed for high tilt angles, 
where snow slides more readily than for lower tilt angles. The long-term economic and relia-
bility benefits of current injection, however, remain unknown and untested on an industrial 
scale. The impact of forward bias heating on module degradation or bypass-diode reliability, 
for example, has not been investigated. Nor is it clear how the strategy might impact module 
warranties. Another challenge is that melted water must be transported away from the system 
to avoid refreezing on the array or rooftop, especially for commercial rooftops with parapets.  

A second method involves a resistive element, such as a transparent conducting oxide or pat-
terned conductor that is applied to either module surface. In a study by Tanahashi et al. [80], 
a copper mesh was applied to the backsheet; results show that melting created an air gap and 
discontinuity between the snow on the module and snow on the ground. As shown in                            
Figure 16d, the gap reduced the total load on the modules. Accumulated snow on the ground 
exerted a downward force on the PV array when snow on the module and ground was contig-
uous [80]. Li et al. combined both active and passive methods by applying resistive heating, 
combined with transparent hydrophobic aluminum nanostructures, to the front side to enhance 
snow sliding [96]. The practicality, including cost and reliability considerations, of this ap-
proach, has not been demonstrated, however.   

A third active-shedding method is manual cleaning but the latter can cause module damage if 
snow rakes [97] and other equipment strike the modules. The method is also labour-intensive 
and most effective as an initiator of shedding on high-irradiance days. A fourth approach is to 
develop advanced stow strategies for single-axis tracker systems. Under the right meteorolog-
ical conditions (such as low temperature and low irradiance (see Figure 15)), snow can adhere 
to PV modules, even at a 52° tilt. Advanced tracker control algorithms can dictate stow strategy 
based on anticipated snow, ambient air temperature and prevailing wind direction. The key is 
timing: too little snow and generation is lost; too much snow and severe strain is put on the 
motors. Research underway at Michigan Technological University suggests a high tilt-angle, 
combined with stowing modules away from the wind direction, is a promising strategy [98].   

4.3.2     Surface coatings 

Deployment of snowphobic and icephobic coatings by the airline and shipping industries is a 
widespread and common practice, but coatings specifically formulated for solar panels face 
two challenges: 1) transmissivity must be maintained over time, with minimal UV-induced deg-
radation of the coating; and 2) the coating must be resistant to delamination and surface abra-
sion over the life of the PV panel. The best-known study of snowphobic coatings so far focused 
on transparent polymeric-based coatings, which  reduce the detachment force of ice, enabling 
passive snow shedding even at sub-zero temperatures [99]. Field trials of this new coating in 
Alaska have demonstrated higher output for coated modules compared to uncoated reference 
modules [100], [101], but durability data is lacking. Demonstrations of next-generation technol-
ogies are planned in northern Michigan to validate their performance and potential for PV ap-
plications.      
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4.3.3    Passive shedding methods, module selection and design considerations 

Compared to framed monofacial modules, bifacial and frameless module architectures have 
inherent snow-shedding advantages. Frameless module designs, although impractical for 
large-format crystalline silicon modules, will shed snow as much as 50% faster than framed 
counterparts [102].  While bifacial modules shed snow at a lesser rate than frameless modules, 
they are still are distinctly advantageous in snowy climates because they produce more energy 
under high albedo conditions, as is typical in winter; they also generate power when the front 
surface is snow-shaded [103], [104]. For example, Hayibo et al. documented a bifacial gain of 
19% for a bifacial 420 kW system compared with a nearby 1.2 MW monofacial system in Es-
canaba, Michigan [105]. Burnham et al. compared monofacial modules to framed and frame-
less bifacial modules co-located on dual-axis trackers [106]. The bifacial modules shed snow 
better than the monofacial ones due to backside irradiance, which increased the module tem-
perature. Compared to framed modules, frameless bifacial modules had an even greater po-
tential to shed snow.  

In addition to the choice of module, the design of fixed-tilt racking also affects how an array 
performs in snowy conditions. Snow sliding generally occurs best at tilt angles of at least 45° 
[107]. For sites experiencing heavy snowfall, steeper angles may be recommended.  Steeper-
than-latitude tilt angles may reduce annual energy production, but can result in better snow 
shedding, protect modules from damaging snow loads, and improve the collection of front and 
backside albedo (Figure 19).  

One negative consequence of accelerated snow shedding, however, is the possibility that the 
shedding of large amounts of snow before significant melting or natural removal via wind or 
sublimation may result in mounds that accrue at the system’s lower edge, blocking further 
snow shedding and causing physical damage to the modules (see Figure 15).   

 

Figure 19: Example of a hybrid orientation system installed by Sandia National Labora-

tories at the Michigan RTC. Analysis is underway of the relative performance of the 

south-facing fixed-tilt vs vertical east- and west-facing bifacial modules, which collect 

almost no snow. Photo credit: Paul Dice. 

Snow shedding and subsequent formation of mounds also depends on racking configuration. 
Elevating the racking above the ground to account for average snow depths in winter at that 
location should, in most cases, provide adequate space for snow to shed and pile [107]. The 
number of rows can also be limited to decrease the volume of snow that can form mounds.  
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4.4 Quantifying Snow Losses  

Empirical Method 

For this method, which is based on historical data, snow losses are quantified by comparing 
the energy generated in winter with the amount of energy that would be generated under 
snow-free conditions. A heated plane-of-array (POA) pyranometer can provide irradiance 
data needed to compare measured versus modeled snow losses. The challenge is finding 
a way to identify exactly when the array is covered by snow and by how much. Other chal-
lenges include monitoring the depth and density of snow on the panels themselves, which 
in turn reflects ambient meteorological conditions, the transmissivity of the snow, the uni-
formity or non-uniformity of snow distribution on each panel and the panels’ electrical 
architecture. Overall, the objective is to quantify snow losses by determining exactly when 
and how much of, the array is covered in snow and comparing the measured energy 
produced during these periods to the simulated snow-free output. 

For research sites, time-series POA digital images, combined with image-processing 
algorithms (see Figure 20), can quantify the percentage of snow cover at the module- and 
string-level [108], [105]. Although this method is historic rather than predictive, it enables 
one to compare the performance of different system designs. Forecasting energy 
production for grid management is a more complex endeavor, requiring snow-loss 
algorithms. 

Modeled Method 

Most snow-loss models predict snow shedding based on ambient temperature/irradiance, 
and tilt angle. Several modelling methods use empirically derived factors based on data 
collected from test arrays, although these results do not represent all module technologies, 
mounting configurations, locations, or climates. Pawluk et al. [109], identified 11 snow-loss 
models. Some were validated at multiple sites [110], [111], [112], while others remain 
relatively untested. Of these, the Marion et al. [111], [113], [114], Townsend and Powers 
[110], SunPower [115], and Andrews et al. [116] models are the best documented. The 
comparison and validation of different snow-loss models using data from utility-scale arrays 
would significantly help integrate snow-loss modelling into best-practice procedures [117].  

   

Figure 20: Snow accumulation on PV modules with a single-axis tracker. The yellow 
quadrilaterals indicate the segmentation of the modules for analysis of non-uniform 
shedding patterns. Photo Credit: Laurie Burnham. 
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4.5 Key Takeaways and Recommendations  

Under extreme snow conditions, where a single storm may deposit up to a meter of snow, the 

objectives are to 1) shed snow as quickly as possible from the panels in order to restore gen-

eration; 2) reduce load damages by designing systems, including the hardware as well as 

modules, that can withstand the heavy weight of snow; and 3) raise the height of the mounting 

system to minimize the impact of snow mounds on the modules.  

Recommendations for accelerating snow shedding include the following: 

• Implement advanced stow strategies for single-axis tracker systems that minimize snow 

adhesion based on tilt angle and wind direction. 

• Ensure that the lower edge of each row is high enough to allow snow to freely shed and 

accumulate, considering the maximum expected snowfall in the region.  

• Install bifacial modules, which absorb rear side irradiance, and can therefore shed snow 

faster than monofacial modules. 

• If practical, given other design, installation, and procurement constraints, consider frame-

less modules instead of framed modules. 

• Consider installing an auxiliary array of vertical bifacial modules for backup generation to 

meet critical load. 

• Select modules that are more robust (thicker front glass, smaller surface area) 

• Install racking/tracking systems that are well-engineered with posts, rails, purlins and bolts 

that can withstand repetitive and dynamic wind loading. 

• Conduct visual inspections post-winter to look for any damages and thermally image a 

subset for evidence of hot spots. 
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 DUST AND SANDSTORMS 

5.1 Definition and frequency 

Dust and sandstorms (DSSs) are characterized by large amounts of particles suspended in 
the atmosphere, reducing the intensity of irradiance reaching the Earth’s surface. These events 
typically originate when strong winds, generated by thunderstorms or strong air pressure-gra-
dients, blow across arid and semiarid regions [118], [119]. They can have substantial local, 
national, and international consequences in terms of PV energy production. 

Figure 21 shows the spatial distribution of clear-sky radiation, dust optical depth (which ex-
presses the dust-induced attenuation of light as it is transmitted through the atmosphere; see 
Subchapter 5.3.1 for details), and cloud cover [120]. As observed, the impact of suspended 
dust, expressed by the dust optical depth, is a significant problem for PV systems because the 
geographic regions with high solar potential (i.e., high clear-sky radiation and low total cloud 
cover) are also those that are more likely to experience DSSs. Dust storms mainly affect arid 
and semi-arid regions, but the dust they generate can also travel long distances, reaching 
Europe and other continents from their origins, say, in the Middle East [121], [122]. Given the 
widening global distribution of PV systems and the extensive area affected, dust storms have 
the potential to cause significant macro-scale effects: the sudden drop in PV power plant gen-
eration attributable to a DSS has the potential to temporarily destabilize national electricity 
grids [120]. 

 
Figure 21: Maps of average clear-sky direct solar radiation (left), dust optical depth (mid-

dle), and total cloud cover (right) [120]. Data is represented as annual averages.  

5.2 Associated risks 

Dust and sandstorms can impact PV systems in two ways. First, there is the concurrent effect 
of reduced intensity of surface irradiance, attributable to the absorption, reflection and scatter-
ing of sunlight by the suspended particles. Specifically, the drop in Global Horizontal Irradiance 
(GHI) and Direct Normal Irradiance (DNI) can be as high as 40-50% and 80-90%, respectively 
[123]. And a second, potentially longer lasting effect of DSSs, is the increased accumulation 
of particles on the PV module surface (i.e., soiling). Soiling reduces the module’s energy yield, 
and its effect can last after the sky has cleared, with reported persistent losses as high as 7% 
and 20%, for example, after DSS events in Portugal and in Saudi Arabia [121], [124]. 

The following sections present two case studies from locations with different climates, namely 
Qatar and the Iberian Peninsula. These locations are of interest because they show the impact 
of dust storms on sites with different soiling patterns: Qatar is exposed to higher and more 
consistent soiling throughout the year, while countries such as Spain and Portugal experience 
seasonal soiling, with most of the losses occurring in summer. 
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5.2.1 Qatar/Arabian Peninsula 

The Middle East and North Africa (MENA) region, including the State of Qatar, has high levels 
of irradiance throughout the year and on that basis is economically attractive for large-scale 
PV. However, frequent DSSs are major challenges for PV in this area.  

After an extreme DSS event, in April 2015, the energy yield of a system in Doha, Qatar, 
dropped by more than 50% (see Figure 22). Even if that event is considered the most severe 
episode in decades, DSSs of lower but still substantial severity are not uncommon. Javed et 
al. [125] estimated that DSSs occurred on 10% of the days between 2014 and 2019 in Doha, 
with consistently higher percentages in the summer months (June to September). The seven 
most severe DSSs resulted in PV performance losses per event that exceeded 5%, whereas 
55 less-intense DSS events still led to losses higher than 2%.  

The authors also reported that, on DSS days, the average daily airborne particulate matter 
with a diameter 10um and smaller (PM10) ranged from 115 to 339 µg/m3, against an average 
of 89 µg/m3 on clear days [125]. They measured an attenuation in solar radiation due to the 
suspended particles during DSSs of 8%. Additionally, they found that soiling losses increased 
at higher rates during DSS days (1.23%/day), compared to clear days (0.42%/day), leading to 
average soiling rates of 0.52%/day in Qatar. Although, soiling losses dropped immediately after 
the DSS event due to the removal effect of wind, Javed et al. [125] nonetheless concluded that 
DSSs increase soiling losses in Qatar by a factor greater than 20%.  

 
 

Figure 22: Dust storm in Doha, Qatar (02/04/2015) at the Qatar Environment and Energy 

Research Institute’s Outdoor Test Facility. Dust-covered panels are depicted in the 

photo (left); The drop in energy yield (red) relative to available irradiance (blue) is shown 

(right), with a power drop of more than 50% in one day relative to available irradiance. 

Output is restored as the result of cleaning. 

5.2.2 Iberian Peninsula/Europe 

Because of prevailing wind patterns and its proximity to the Sahara, the Iberian Peninsula is 
often exposed to dust intrusions, with more severe consequences than other regions of Eu-
rope. An extreme dust storm event occurred in the second half of March 2022, affecting most 
of the peninsula for 17 days [120]. The high concentration of suspended dust and sand parti-
cles and the concurrent adverse weather conditions lowered Spain’s PV energy output by 50% 
over a period of two weeks. On the worst day, the national PV capacity missed its expected 
production by more than 80%. However, because of the extraordinary amount of rainfall, which 
provides “natural” soiling removal, in that period no substantial increase in soiling loss per-
sisted. 
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In contrast, two dust intrusions registered in Portugal in February and March 2017 were fol-
lowed by significant decreases in energy production due to soiling (see Figure 23). Specifically, 
record-breaking power losses as high as 8% were measured during the first event in the out-
skirts of the city of Évora, Portugal [121]. The second event was less significant, with losses 
only as high as 3%. This limited impact was mainly attributed to the lower dust concentration 
and to the shorter duration of the second dust storm. 
 

 

Figure 23: True-color images (left) taken by the Visible Infrared Imaging Radiometer 

Suite (VIIRS) instrument aboard the NOAA/NASA Suomi NPP satellite (21 February 

2017); and image (right) from the European Union, Copernicus Sentinel-3 satellite of 15 

March 2022, showing the Saharan dust cloud engulfing the skies over France, Spain 

and Portugal [126]. 

5.3 Recommendations 

5.3.1 Monitoring 

Both real-time monitoring and short-term forecasting are essential to limiting the negative ef-
fects of DSSs on PV. The occurrence of extreme dust storm events can be tracked and pre-
dicted based on aerosol optical depth (AOD) and dust optical depth (DOD), dimensionless 
parameters measuring the extinction of solar radiation in the atmosphere. Higher values of 
either AOD or DOD indicate reduced visibility and less solar radiation reaching the Earth's 
surface. Whereas AOD measures the columnar aerosol load (i.e., the combined contribution 
of dust, smoke and other particulates to the attenuation of solar radiation), DOD only accounts 
for suspended mineral dust particles in the atmosphere. DOD is therefore preferred for DSS 
monitoring because it excludes the non-dust aerosols that are not directly linked to dust storms. 
However, AOD is more commonly adopted in practice due to the wider availability. AOD and 
DOD values can be either ground-measured or derived from satellite or reanalysis data (see 
Table 4, or [127] for a more comprehensive and detailed list). 
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Table 4: Examples of aerosol data sources. 

Source Description Reference 

AERONET (Aerosol Robotic 

Network) program 

Ground-measured aerosol properties in sev-

eral locations worldwide 

[128] 

ModIs Dust Aerosol 

(MIDAS) 

Gridded DOD values from the interpolation of 

satellite and reanalysis data. 

[129] 

ECMWF Atmospheric Com-

position Reanalysis 4 

(EAC4). 

Global reanalysis of atmospheric composi-

tion. 

[130] 

 

Gkikas et al. [131] classified DSS on day d as “extreme” if: 

where 𝐴𝑂𝐷 and 𝜎𝐴𝑂𝐷 are, respectively, the average dust optical depth in a location and its 
standard deviation. Similarly, DSSs have been classified as “intense” if: 

 

Dust, however, only partially contributes to the optical effects of the aerosol load. For this rea-
son, Papachristopoulou et al. [126] suggested replacing AOD in previous equations (1, 2) with 
DOD. Additionally, in February 2024, Copernicus launched an Aerosol Alerts service that in-
forms users on the occurrence of DSS events depending on the geographical areas and aer-
osol species of interest [132]. 

Particulate matter indices, such as PM10 and PM2.5, can also detect the occurrence and the 
magnitude of dust storm events, and are available both in ground-based or satellite-derived 
datasets. Specifically, PM10 thresholds of 100, 150 and 200 µg/m3 have been employed to 
detect the occurrence of DSS in various studies [133], [134], [135], [136]. Alternatively, DSSs 
have been identified in conditions of average PM10 above 200 µg/m3 for more than 4 hours in 
a day and a maximum hourly value above 250 µg/m3 [137]. However, it should be noted that 
PM10 and PM2.5 offer only a partial overview of the aerosol load, as they are mostly related to 
the lower part of the atmospheric column only [138]. 

As mentioned above, DSSs can increase soiling accumulation rates, leading to prolonged per-
formance losses even after the sky has cleared. As already described in a previous IEA PVPS 
Task 13 report [139], soiling can be estimated through models or measured using sensors. 
Soiling stations are the most common soiling measurement solutions: they compare the elec-
trical outputs (either the short-circuit current or the maximum power output) of two PV devices, 
one cleaned and one left to soil [140]. However, it should be highlighted that the dust storm-
induced accumulation of soiling can be significantly non-homogenous. This means that meas-
urements based on the short-circuit current and the maximum power output can return different 
estimates [141]. For example, when investigating the February 2017 event in Portugal (see 
above), Conceição et al. [121] found an 8% decrease in power output (see Figure 24) but the 
loss in short-circuit current was limited to 3% because of bypass-diode activation. For this 
reason, maximum power output measurements are preferred. 

𝐴𝑂𝐷(𝑑) > 𝐴𝑂𝐷 + 4 ∙ 𝜎𝐴𝑂𝐷   (1) 

𝐴𝑂𝐷 + 4 ∙ 𝜎𝐴𝑂𝐷 > 𝐴𝑂𝐷(𝑑) > 𝐴𝑂𝐷 + 2 ∙ 𝜎𝐴𝑂𝐷 (2) 
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Figure 24: Soiling ratio index (ratio of the actual electrical output to the expected elec-
trical output under conditions of no soiling) for a rural region near Évora city, Portugal, 
from January to April 2017 [121]. Measurements compare short-circuit current (Isc, 
black) to maximum power (Pmax, red). 

5.3.2 Mitigation 

Mitigating the effects of dust storms means reducing soiling-induced losses. In soiling-prone 
locations, such as Qatar, the cumulative impact of regular soiling typically causes more losses 
than the occurrence of acute dust storms. In contrast, in locations such as southern Europe, 
soiling losses are substantially higher when dust storms occur. Under both scenarios, mitiga-
tion protocols can be developed and deployed on a regular basis. 

For regular soiling, mitigation can be either preventive or corrective [139]. Prevention aims at 
reducing soiling, by lowering its deposition rate or by facilitating its natural removal. Wherever 
possible, in the presence of a DSS, modules should be positioned upside down, or at least at 
the highest possible tilt angles away from the wind to reduce front-surface soiling. Note that, 
despite promising results [142], trackers are still limited by the maximum angle (typically ±45o 
to ±60o) to which they are designed to move. Also, high wind conditions, which are typical of 
many DSS events, can put the PV system at structural risk, rendering the high-stow option 
unfeasible. Another alternative is to use "dust walls", which aim to modify wind patterns so 
most soiling particles are deposited away from the PV system [143], but the technology needs 
to reach a more mature state before being widely deployed. Anti-soiling coating technologies 
are yet another strategy to minimize dust adherence to the front surface of PV panels, reducing 
soiling accumulation rates and, therefore, the need for cleaning [144].  

Corrective actions include removing soil from the surface of modules once it has already ac-
cumulated. This strategy can be executed via manual, semi-automatic, and fully automatic 
cleaning methods [144]. However, soiling caused by dust storms has been found to be more 
difficult to remove than “regular” soiling because of the density of soil on the module. As the 
soiling density increases, the cleaning efficiency drops, potentially making regular cleaning 
technologies (such as automated robots) ineffective. This means that, after DSS events, mul-
tiple cleaning runs might be needed to remove the accumulated particles. Also note that active 
cleaning methods may degrade the modules’ anti-reflective coatings, resulting in a small drop 
in efficiency, although the immediate gains will be substantial. 
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 HEAT WAVES 

6.1 Definition 

There is no universal definition of heat waves. Some climate studies base the definition on a 
temperature threshold or a percentile of temperature and minimum duration, such as a period 
of three or more consecutive hot days and nights. In the calculation for the years 1969−1998, 
a hot day (night) is when the daily temperature exceeds the long-term daily 95th percentile for 
the summer season (June-September in the Northern Hemisphere; December-March in the 
Southern Hemisphere). Another definition states that a heat wave must span at least six con-
secutive days with maximum temperatures exceeding the local 90th percentile for the historical 
period 1961−1990. Yet another definition--put forth by the STARDEX (STAtistical and Regional 
dynamical Downscaling of EXtremes for European regions) project—defines a heat wave as a 
sequence of at least six consecutive days with daily maximum temperatures of at least 5°C 
above the climatology. The climatology is calculated for a 5-day window centered on each 
calendar day in the reference simulation [145].  

6.1.1 Projected changes 

Several IPCC reports predict more intense, longer-lasting heat waves, including pronounced 
heat waves over western Europe, the Mediterranean, and the southeast and western United 
States, the result of circulation changes attributable to the increase in greenhouse gases. But 
these scenarios or models show non-uniform changes (see Figure 25), meaning patterns do 
not scale well for extremes, making heat waves hard to predict [146].  

c 

Figure 25: Left: globally averaged changes in heat waves (defined as the longest period 

during the year with at least five consecutive days when maximum temperatures are at 

least 5°C higher than then climatology of the same calendar day) according to different 

scenarios. Right: changes (deviation) in spatial patterns of simulated heat waves be-

tween two 20-year averages (2080-2099 minus 1980-1999) [147]. 

Projections for changes in the earth’s temperature-at-surface (TAS)—according to the IPCC 
climate scenario Rapid Concentration Pathway (RCP) 8.5—varied from 3 to 5°C for the end of 
the century and have an associated mean induced change in the potential PV production 
(PVpot) in southern and eastern Europe of -3% (see Figure 26) [148].  
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Figure 26: Left: Climate change projections represented by TAS (temperature at sur-

face);  Right: Projected increase in TAS is likely to impact PVpot by the end of the cen-

tury (2070-2099 versus 1970-1999) [148].  

6.2 Impact on PV production 

PV generation is negatively impacted by temperature, with a linear decrease in cell perfor-
mance when temperatures exceed 25°C. Research on crystalline silicon-based cells found that 
for every 1°C rise in temperature above 25°C, the cell’s efficiency reduces by 0.2% to 0.5% in 
relative terms. Devices in a PV system such as the control system, cables and the inverters 
are also affected by high temperatures, resulting in lower energy output and lower capacity of 
underground conductors [149]. Cables are also vulnerable to thermal stress, and will expand 
and contract, exerting mechanical stress on the PV system’s electrical inter-connections, which 
can be compromised, unless the system is designed appropriately. 

Heat also contributes to inverter under-performance, with most inverters applying a tempera-

ture derating (i.e. limiting output power) when an ambient temperature threshold is passed, 

which is 40°C or 50°C. This temperature derating as %/°C varies by inverter make and model, 

with the voltage of the array, inverter MPPT operational window and grid connection voltage 

affecting the value in practice. A study of around 1,300 PV systems with a total of 23,000 

inverters across Germany reveals an increase in overheating warnings for inverters, correlated 

with rising ambient temperatures, Although the actual failure rate was comparatively low, more 

data is needed from extreme environments to understand the impact on inverter efficiency 

[150]. 

6.2.1 Effects from natural disasters 

Wildfires are a common consequence of heat waves, and there have been several cases 
where dry vegetation beneath ground-mounted solar panels has caught fire and spread across 
solar farms. Two such incidents occurred during the July 2022 heat wave in Europe (see                  
Figure 27), where grass fires, likely triggered by an electrical arc fault from a connector or 
inverter, ignited and spread quickly through the dry vegetation at a 30 MW solar farm in the 
Netherlands and a 20 MW solar farm in the United Kingdom [151]. More information on wild-
fires can be found in the next chapter. 
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Figure 27: Grass fire under ground-mounted solar panels in the United Kingdom [151]. 

Source:  Dailymail UK (https://www.independent.co.uk/climate-change/news/dorset-solar-

farm-fire-verwood-b2121279.html). 

6.3 Two types of heat waves 

Heat waves can be either dry, having relative humidity below 33%; or moist, with relative hu-
midity above 66%. Both types can occur in the same region, e.g., in East Asia, where dry heat 
waves prevail over the northwestern region, adjacent to the main desert regions, and moist 
heat waves typically occur in southern the southern region, closer to coastal areas [152]. 

An example of a dry heat wave comes from Fraunhofer ISE’s monitoring station in Israel’s 
Negev Desert (at 30.8° latitude). The site, Sde Boqer, experiences both high irradiance and 
temperature conditions, but has low humidity. The average annual irradiation is around 
2,276 kWh/year/m², with an ambient temperature of 20.4°C, effective module temperatures of 
35.4°C, wind speeds of 2.0 m/s, and relative humidity of 13% at 47°C. Record-breaking heat 
waves have occurred here approximately every two to four years, including 2010, 2012, 2016, 
2018, 2020, and 2021. 

A heat wave recorded from May 14-22, 2020, reached temperatures around 40-43°C, depend-
ing on the location. Although no absolute temperature records were broken, the heat wave 
was notable for its extended duration [153]. Figure 28 illustrates the daily average electrical 
parameters of a reference silicon PV module deployed in Negev since 2011. The dotted green 
lines indicate the change in average values before and during the heat wave, with Pmpp drop-
ping by 12.5 W (9.8%), Isc by 0.3 A (5.7%), and Voc by 1.1 V (3.2%). When calculating the 
temperature coefficients (TC) for each of these parameters based on outdoor measurements 
for that year, the TCPmpp is -0.39%, TCIsc is -0.0043%, and TCVoc is -0.33%. 
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Figure 28: Changes in Pmpp, Isc and Voc for a PV module in Negev, Israel in May 2020. 

Ambient temperatures (red line) during a heat wave from May 14-22 (green area) are 

shown. Total average values before and during the heat wave (dashed green lines) show 

reduced module performance. Data is from Fraunhofer’s Outdoor Performance Lab – 

Testsite Negev Desert. 

6.4 Degradation effects of heat 

Kaaya et al. present a model that considers climatic loads on PV modules in different world 

regions [154]. The results confirm that high temperature is a primary accelerator of degradation; 

a mapping of specific degradation mechanisms can be found in [155]. The researchers note 

that degradation rates can reach up to 0.8%/year in the hottest areas of Europe (southern 

Spain and Portugal), and globally up to 1.4%/year in regions near the equator. Degradation 

also manifests itself in component failures commonly found in desert climates, including en-

capsulant discoloration, back-sheet chalking and/or delamination. Interestingly, even though 

UV levels and temperatures are high in deserts, low humidity decreases the effect of photo-

degradation. The annual degradation rate for an arid climate is estimated to be 0.74%/year, 

corresponding to 21.4 years of operation before reaching 80% of initial performance. 

A study led by Theristis comparing degradation rates for modules deployed across different US 

climate zones found that the modules installed in the hot, humid subtropical climate of Florida 

degraded at almost twice the rate (median Rd value of −1.12%/year) of the same modules 
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installed in New Mexico (hot and dry) and Colorado (cool), which had Rd values of −0.56%/year 

and −0.61%/year, respectively  [156].  

6.5 Mitigation strategies and key takeaways 

• System planning: Inverters should be installed in places that will minimize overheating, 
i.e., well-ventilated and shaded locations. At a minimum, they should not be installed near 
a heat sink, such as a concrete structure or building; should be separated from each other, 
and equipped with a shade cover, if existing shading is inadequate  

• Module selection: PV modules that have low temperature coefficients, such as cadmium 
telluride, heterojunction, and TOPCon, are good options for high-heat locations. 

• Degradation rates: More analysis of technology- and location-specific degradation rates 
is needed to increase the accuracy of performance models and LCOE calculations. 

• O&M practices: Because heat waves are often associated with drought, which creates 
dusty conditions, modules should be cleaned following prolonged heat waves. In addition, 
they should be inspected and thermal-imaged to enable the early detection of spot shad-
ing, hot spots, or cell fractures. 

• Cooling technologies: Some companies offer active cooling systems that spray recycled 
rainwater over the top of the panels during hot days, thereby lowering a module’s operat-
ing temperature. Other solutions being researched include hydrogels attached to the PV 
module and the co-location of solar farms with wind turbines for cooling airflow [151] but 
none of these options have been broadly adopted.  
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 FLOODS 

7.1 Overview 

Climate change has caused an increase in the frequency as well as severity of flooding across 
much of the world. The severity of flooding has broken historical records in many areas, in-
cluding areas with arid climates that typically see little precipitation. Moreover, with rising sea 
levels, land mass near coastal areas is at increasing risk of dangerous flooding from /other 
weather calamities, including intensifying hurricanes, occur. Although all infrastructure ex-
posed to flooding is susceptible to damage [157], [158], [159], this chapter specifically ad-
dresses the threats to PV plants and illustrates the latter with case studies. Also included in 
this chapter are best practices to mitigate flood-related risks to PV, based on a case study in 
India [160]. 

7.2 Current practices and their limitations 

Currently, reducing the risk of flooding at a PV plant falls into one of two categories: 1) Siting 
the plant in a low-risk area and 2) developing a robust stormwater plan that includes conduit 
to direct water away from the PV modules, inverters and other important structures, and into 
storm basins.   

Both approaches, however, have limitations because they are based on historical flood pat-
terns that may no longer be representative of projected shifts in global climate patterns, includ-
ing an increase in extreme precipitation. The severity of floods in ‘flood-prone’ areas is likely 
to worsen, as evidenced by catastrophic flooding in areas historically not known to experience 
much flooding [161].  

Insurance, while a protective strategy for many weather-related damages, is often not a 
straightforward solution for flooding for two reasons. One, flood-related insurance for PV is 
rare; and two, insurance--when it is available, is often too restrictive to be viable. Some policies, 
for example, require that plants be ‘shut down’ in anticipation of flooding and turned on only 
after experts have deemed it safe to do so. However, not all PV plants have a ‘rapid shutdown’ 
feature that disconnects the AC power and also individual modules from each other. For most 
utility-scale power plants, there are simply too many modules to enable the disconnection of 
individual modules in the anticipation of floods. Designing flood-resilient PV plants requires a 
forward-looking approach that considers realistic projections, including extreme flooding 
events, as predicted by most climate models.  

7.3 Flood damage to PV plants 

Damage caused by flooding to PV plants can be attributed to two primary stressors: 1) struc-
tural resistance to fast-flowing flood waters and 2) submergence of equipment, including elec-
trical components, that results in waterlogging. Details of damage seen for each of these 
stressors (surveys were performed by the National Centre for Photovoltaic Research and              
Education at the Indian Institute of Technology, Bombay) is given below:  

7.3.1 Resistance to fast-flowing flood waters 

When structures with PV modules mounted on them are inundated by fast-flowing flood waters, 
the resistance of the modules to the flow of water depends on their orientation. The outcome 
can be catastrophic when the modules are at a high tilt angle, creating high resistance to the 
fast-flowing water. A fixed-tilt, south-facing plant in southern India exemplifies the risk (see 
Figure 29). In this case, the force of flowing water was so great that it would be futile to increase 
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the strength of modules/structures/ foundations to withstand this damage. The only option is 
to make design changes to reduce structural resistance to the fast-flowing water.  

 

 

Figure 29: Damage to PV structures due to fast-flowing flood waters in southern India. 

Examples include destroyed modules and structures; uprooted foundations; and              

broken glass hit by waterborne debris.   

To reduce resistance, modules should be mounted close-to-horizontal or on a tracker that has 
that stow capability. For example, a section of the plant at the same location as above had PV 
modules mounted above a canal (also known as canal-top PV) on concrete structures, but at 
an inclination of just 6 degrees. This section experienced the same fast flowing waters, and 
the modules were also submerged. Visible structural damage, however, was minimal, as seen 
in Figure 30, because the low-tilt angle meant less resistance to the water flow.  

 

Figure 30: Canal-top PV system with concrete structures proved resilient to flooding 

because the low-tilt design posed less resistance to the fast-flowing water.  

7.3.2 Submergence 

All ground-mounted PV plants are vulnerable to flooding, because commercial PV modules 
are not designed to withstand being submerged underwater. BOS components, such as string 
combiner boxes (SCBs) and inverters, are even more susceptible to failure underwater. Con-
sider that submergence can last for several days, and the water can rise several feet above 
the PV modules during this period, as seen in Figure 31. In addition, flood waters have high 
silt loads and contain contaminants that can infiltrate and soil the equipment. 
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Figure 31: Parts of a PV plant are submerged in 1-3 feet deep water for about two days 

during a flooding event. 

 

Even when submerged, PV modules can receive sufficient light to generate high voltages at 

the string / SCB / inverter level. The safety hazards are significant: current leakages can im-

mediately lead to short circuiting and fires when the water recedes, as shown in Figure 32. 

String-inverters / SCBs are particularly prone to catastrophic damage when short-circuiting 

occurs in the presence of high voltages.  

 

 

 Figure 32: Fire at the inverter and burned SCB at a flood-affected PV plant. 

Module damage attributable to submergence falls into three categories:    

• Junction box failures. Field studies show that modules with junction boxes that were 
only rated at ingress protection (IP) 65 for dust protection had burn-marks and partially 
melted housings, indicating a short circuit/hotspot inside the junction box. In contrast, 
IP67-rated junction boxes with pottant, which can withstand temporary water immersion, 
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had no indications of water ingress despite submergence in 1-3 feet of water for more 
than 48 hours. These preliminary findings suggest that the higher-rated junction boxes be 
specified as part of module procurement for any plant in a flood-exposed area.  

• Accelerated PID / corrosion. Modules labeled as ‘PID-resistant’ did not show acceler-
ated PID when submerged, compared to the non-submerged string. EL imaging also re-
vealed no increase in cell cracking, although this result may depend on cell size and mod-
ule architecture. However, the long-term performance ratio of these modules remains un-
known. 

• Staining the glass. A considerable amount of silt was visible on the canal-top modules 
after the water receded, resulting in permanent staining of the glass despite cleaning with 
soap water (see Figure 33). The outcome is the occurrence of permanent hotspots in the 
modules which will likely lead to reliability issues in the long run.  

 

Figure 33: Silt deposition post-flooding led to permanent staining on the modules which 

caused hotspots.  

7.4 Recommendations and key takeaways 

Forecasts based on historical patterns of flooding need to be replaced with new flood forecast-
ing systems based on advanced climate models. In addition, designs for new PV plants must 
reflect the growing threat of severe floods and specify tilt angles and stow strategies that lower 
physical resistance to fast-flowing water.  

Recommended design strategies include:  

• Low-tilt inclination mounting to reduce resistance, although the latter must be consid-
ered with respect to the plant’s latitude and the impact on annual electricity genera-
tion for PV plants away from the equator.  

• Deployment of single-axis trackers with control algorithms to stow the modules hori-
zontally in anticipation of flooding. This approach, however, must include a robust de-
sign for the tracker posts to ensure they can withstand erosion. Concrete structures 
with steel bars are more robust, but not economical for large-scale applications.   

• Procurement of PV modules fitted with IP67 or better-rated junction boxes.  

• Procurement of IP67 or better packaging for inverters and SCBs. Note, however, that 
the added protection can reduce their maintainability.  

• Increased ground clearance for string inverters and SCBs. Note: any impact on the 
shading of PV panels must be considered.  

In addition, safety must always be a priority. A flooded system must be fully de-energized 
before it can be approached. Also, flooding can bring unexpected and potentially dangerous 
wildlife, including venomous snakes, into the PV plant area and personnel need to exercise 
extra caution while surveying the damage.  
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 WILDFIRES 

8.1 Overview 

Wildfires are almost ubiquitous, occurring on all continents, except for Antarctica (see                      
Figure 34). They are also increasing in frequency and intensity [162], projected to increase 
globally by 14% by 2030 and 50% by the end of the century [163]. In the US, climate-fire 
models predict a doubling of forest-fire area between 2021 and 2050, relative to the 2018-2020 
season [164]. Similar increases are predicted for other continents: southern Europe could see 
a tenfold increase in catastrophic fires over the next decade (see Figure 35) [165]. Major fires 
have also been documented in Australia, Turkey, Greece, Italy, France and Spain. In 2023, 
Canada had its worst fire season to date, with 18.5 million hectares burned. Australia saw its 
average burn area increase by 350% during the period 2002-2018. The trends are clear; what 
remains unclear is to what extent the projected increase in wildfire activity will negatively im-
pact the performance and reliability of PV systems, both locally and regionally.  

 

Figure 34:  Prevalence of wildfires across the planet on a single day (15 Jan 2025) is 
depicted here, although note that most fires in South America, Africa and Asia, are                 
deliberately set for the purposes of land clearing. 

 

Figure 35: Increase in the probability of extreme fire events in Europe from the present 

(left) to the next 20 years (right). The geographic increase in fire activity overlaps with 

high-irradiance regions that are also experiencing an increase in PV capacity. 
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Fires can be triggered by human activity, both deliberate, as in the clearing of rain forests, and 
inadvertent, as in the careless handling of cigarettes or campfires. They can also be triggered 
by arc faults in an electrical network, especially if the surrounding vegetation is dry and poorly 
managed. But—across the board—a primary driver of wildfires is the upward trend in ambient 
air temperatures, notably at higher latitudes when increased temperatures are accompanied 
by reduced rainfall, high winds and dry vegetation. 

It is important to note, however, that most wildfires occur where there is fuel, i.e., in heavily 
vegetated mountainous regions and forests that are not attractive to PV developers and are 
also far from the electricity load. But demographic data show that the gap between so-called 
wildlands and suburbia is narrowing, especially in the western US, increasing the risk to critical 
infrastructure, including PV. At the same time, the risk of PV plant-generated fires is increasing, 
a combination of electrical arc faults caused by malfunctioning inverters and PV connectors, 
and insufficient vegetation management (see Figure 36). 

8.2 Wildfire risk to PV systems 

Few data are available regarding the extent to which PV systems are destroyed or damaged 
by wildfires; data are similarly lacking for any sub-catastrophic impacts, as in the accelerated 
degradation of modules and other components, post smoke-exposure. Nonetheless, it is rea-
sonable to identify three categories of impact: 

• Total or partial destruction. Wildfire engulfs a PV power plant and destroys all or part of 
the plant, requiring full or partial repowering. 

• Performance losses. Irradiance-blocking, particulate-laden smoke plumes curtail gener-
ation and also deposit particulate matter on the modules that remain once the smoke dis-
sipates.  

• Sub-catastrophic damage.  Wildfire particulates can be caustic and electrically conduc-
tive, but their effect on the long-term reliability of PV systems is poorly documented. Given 
their microscopic diameter, PM2.5 particulates are likely to penetrate the electrical balance-
of-systems, e.g., connectors that are not properly torqued or maintained and left open dur-
ing construction, but evidence is lacking. Similarly, little is known about how heat from an 
onsite fire might impact modules within a defined radius, but possibilities range from 
cracked cells and backsheets to encapsulant damage.  

 
Figure 36: Onsite grass fires, likely triggered by an arc fault, generate dense smoke that 

can soil and penetrate a PV system, potentially creating long-term reliability risks. 
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8.3 Economic impacts 

According to a GCube study, the number of insurance claims related to wildfire damage in PV 
systems is significant, although wildfire loss damages are a small fraction of those submitted 
for hail damage (see Figure 37). Regarding the relative cost (i.e., the proportion of total claims 
for each extreme weather category, the economic damages incurred by wildfires is comparable 
to those for hurricanes and floods, but considerably lower than for hail damage. 

 

 

Figure 37. Number of fire claims for PV systems is high, but total costs incurred are 

much lower than for hail and similar to hurricanes and floods(adapted from GCube 

whitepaper [53] 

8.4 Performance losses 

Numerous studies have documented the impact of irradiance-blocking wildfire smoke on PV 
performance, with drops in energy production ranging as high as 40% and persisting in some 
cases for weeks. In 2014, a fire event in Canberra cut peak generation at a PV site by 27%. 
California, which has the highest wildfire activity of any US state—but also the highest installed 
solar capacity—has seen some of the worst solar losses attributed to wildfire smoke. When 
measured generation was compared with modelled generation under smoke-free conditions, 
smoke losses ranged from 9.4–37.8% at one site and from 9–49% at a second site [166].  The 
worst affected locations saw a mean loss of energy generation of 15% for the peak hour of 12 
pm–1 pm [167]. Moreover, the effects are often not local. Burning forests in Sumatra, for ex-
ample, reduced the energy output of a PV system in Singapore by 15–25% [168] In 2023, 
smoke from Canada wildfires enveloped most of the eastern US in haze, with atmospheric 
particulates that persisted for months.  

8.4.1 New South Wales Wildfires of 2019-2020  

Ford et al. analysed historic energy data from 170 distributed rooftop PV systems across New 
South Wales, correlating measured output with concentrations of airborne particulate matter 
(PM2.5), the latter being an indicator of smoke density [169]. Data on particulate concentrations 
was collected from a network of PM2.5 ground-measurement sensors at a distance of 5 km or 
less from each PV system and corrected for air mass (see Figure 38). The authors estimate 
the resulting total energy loss to be around 175 ± 35 GWh, equating to a worst-case financial 
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loss of 19 ± 4 million US dollars, with the greatest relative impact in the mornings and evenings, 
coinciding with periods of peak demand and value.  

 

 

Figure 38: Impact of wildfires is depicted in the time-series graph (left) showing meas-
ured and PM2.5-corrected PV output and PM2.5 concentrations in Australia in 2019/2020. 
Spikes in PM2.5 concentration correlate with drops in energy yields; a corresponding 
plot (right) indicates a strong reduction in PV generation as a function of PM2.5 concen-
tration. The observed mean power reduction rate for PV energy generation as a function 
of the PM2.5 concentration was 13 ± 2% per 100 μg/m3 of PM2.5, like values determined in 
studies conducted in Singapore and India. 

8.4.2 California Wildfires of 2020  

Several studies have analysed the impact of wildfire smoke on utility-scale PV generation in 

California during 2020, one of the worst years for wildfires on record. According to an assess-

ment by the US Energy Information Administration, electricity generation from solar declined 

in California by nearly 30% on average, relative to the same month the previous year (see 

Figure 39). 

Because smoke losses of this magnitude can impact grid stability, researchers have developed 

a model that combines satellite imagery and forecasts of wildfire smoke density into a tool that 

predicts reductions in PV electricity generation. The tool’s value lies in its ability to predict 

seasonal capacity reductions attributable to smoke for any given location, thus supporting risk 

assessment studies for prospective PV sites.   
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Figure 39: Daily solar generation for the peak wildfire season in California in 2020 shows 

a steep drop off (top) correlated with peaks in smoke density (bottom). 

 

8.5 Mitigation strategies 

Fires, which are generated onsite (typically triggered by an electrical arc fault) are sometimes 
categorized as wildfires. But they differ from externally generated wildfires in four ways: they 
are 1) less predictable; 2) relatively easy to contain; 3) are of short duration; and 4) physically 
destructive but have a minimal impact on irradiance blocking.  

To minimize the likelihood of an onsite fire requires regular inspections of the PV plant’s elec-
trical balance of system components, including PV connectors, inverters and wiring. Mowing, 
or otherwise controlling, vegetation is also of high importance, especially if the vegetation has 
a low moisture content.  Some sites deploy smoke detectors, combined with cameras, that can 
send an alert to grid operators, enabling rapid response. 

Minimizing the risk from an uncontrolled external wildfire is more challenging and relies primar-
ily on good siting choices based on historical fire patterns and predicted changes in precipita-
tion. But it is also important to track fire activity that is likely to impact the plant. In the event of 
a descending smoke plume, operators may choose to take the plant offline; if advancing flames 
threaten the plant, fire suppression activities, including/ use of flam-retardants around the 
plant’s perimeter are possible.  

FUEGO is an advanced software developed by the University of California, Berkeley, to identify 
early forming fires based on data from multiple sources, including satellites, aerial drones with 
visual and thermal cameras, piloted aircraft and fire towers. In addition, several companies are 
developing wildfire forecasting tools based on artificial intelligence and machine learning, in-
cluding Fire CNN developed at Aalto University in Finland, OroraTech in Munich, and Over-
story in the Netherlands and Edgybees. 
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8.6 Key recommendations and takeaways  

Siting PV plants in regions that are at low risk of wildfire exposure may be a challenge, given 

the spread of wildfire activity around the world, the growth in PV deployment and the dispersion 

of smoke. Minimizing a plant’s proximity to pine forests with dense undergrowth is important, 

although the topology in those areas is not favourable to PV. Likely, however, the biggest threat 

to PV plants is not from physical destruction by fire but from dense, particulate-laden smoke 

plumes that reduce irradiance and deposit ash and soot on the modules and electrical BOS. 

Little can be done about the irradiance blocking but several best practices have been identified 

for overall risk reduction and specifically for reducing the risk of smoke exposure.  

Pre-event Mitigation Strategies: 

• Conduct a risk assessment prior to site development that includes analysis of historic 
and projected fire patterns. 

• Implement a response strategy that addresses both construction and post-construction 
risks. For example, in a moderate-to-high risk area, all connectors should be capped 
until the moment of interconnection and cables should be under protective coverings 
to minimize 1) ingress of smoke particles into the connectors; and 2) ingress of con-
struction dust that can lead to arc faults and onsite fires.  

• Implement a vegetation management strategy that includes regular mowing and height-
ened vigilance under drought conditions to minimize the likelihood of onsite fires. 

• Install smoke detectors at multiple locations onsite so the system can be shut down 
and a response team mobilized as quickly as possible. Such alarms are key to curtailing 
on-site fires, but they are effective only if properly monitored and if first responders can 
respond quickly. 

• Track wildfire forecasts, which are increasingly accurate, both seasonally and geo-
graphically. Similarly, when forecasts predict that a major smoke plume is heading to-
ward a PV plant, disconnect the plant to minimize the ingress of nanoparticles into the 
inverters. If the particulate concentrations are high, the shutdown should have minimal 
impact on energy losses given the reduced irradiance. 

• Tilt trackers away from prevailing wind, to minimize front-side soiling. 
 

Post-event Mitigation Strategies: 

• Conduct visual inspections, focusing on strings that likely had high exposure to smoke, 
and inspect at modules for evidence of delamination, glass cracking or discoloration, 
backsheet soiling, and distortion/cracking/degradation of the junction box and con-
nector housings. 

• Check inverter filters for soiling, especially by carbonaceous particles. 

• Implement cleaning protocols, if module glass appears excessively soiled or remains 
visibly soiled after a rain event 

• Monitor system performance for the next 1-3 years and calculate performance ratio to 
identify any under-performance. 
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9 CONCLUSIONS 

This report identifies the potential risks to PV installations from projected increases in the fre-
quency and magnitude of extreme weather events and provides general guidelines for mitigat-
ing those risks. Our aim is to provide a repository of information and best practices for an 
industry where codes and standards have yet to catch up with the reality of lifetime storm 
exposure, from moisture ingress to structural strain on PV fasteners and tracker joints.  

Fortunately, many PV plants survive extreme weather events, including high-intensity hurri-
canes, but others—even those adjacent to unscathed plants—are destroyed. The difference 
in most cases, whether the threat is from hail or floods or hurricanes, is the care taken during 
the design and procurement stages to ensure the construction of a well-engineered system, 
from depth of pilings to purlin tensile strength to bolt composition and diameter. While this 
report does not address the specific challenges of material fatigue and joint loosening, it does 
provide a broad overview of the impacts of specific storm events on PV systems and offers 
mitigation strategies as well as best practices. 

Extreme weather events fall into two categories: 1) those that have relatively short-term             
impacts, e.g., tropical cyclones, convective storms (including hail), and flooding (see Table 5); 
and 2) those that have longer-term impacts, e.g., snow, dust storms, heatwaves, and wildfires.  

 

The latter may have chronic outcomes that extend over several years, as in, repetitive stress 
on solar cells, or may be shorter-lived, as in snow or dust shading that can persist for weeks 
but eventually dissipates when it rains. 

From the perspective of resilience (the ability to recover from negative impacts) and mitigation 
(the actions taken to reduce potential impacts), appropriate planning and design is critical and 
outweighs all other responses.  For example, a thorough review of historical weather records, 
along with modelled future projections of extreme weather events for each site, should be 
mandatory. This step involves identifying risks based on various metrics, such as event recur-
rence intervals, magnitude of extreme events and the investment holding period, to ensure 
each is effectively considered during the design stage. 

Once the threat landscape is appropriately mapped, architects, project developers and install-
ers must make appropriate design and procurement decisions. Materials and structural 

Table 5: General aspects of extreme weather events. 

Weather Event Duration  Predictability Window 

Tropical Cyclones † 1 – 2 days ‡ 2 – 3 days in advance 

Hailstorms † 1 – 2 days ‡ < 24 hours in advance 

Snowfalls  3 – 6 months ‡ (heavy case) several days in ad-
vance 

Dust Sandstorms  several days – 1 month ‡ ≤ 5 days in advance 

Heat Waves  1 – 6 months   

Floods † several days ‡ 1 day in advance 

Wildfires  1 day – several months   

Dagger marks (†) in the Duration column indicate temporary events, and the double dagger marks (‡) 

in the Predictability Window column denote events that can be forecasted within the specified time frame. 
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components should comply with codes and standards and be able to demonstrate survivability 
under a specific cluster of climatic stressors.  Additionally, architects must carefully consider 
the terrain and geological features of the proposed installation site. For instance, when con-
structing a PV system on sloping terrain, the ground foundation should incorporate measures 
to prevent landslides from tropical cyclones or flooding. Key recommendations for mitigating 
the impacts of various weather events are summarized in Table 6 below. 

 

Table 6: Design recommendations to mitigate the impacts of respective weather 
events.  

Weather 
Event 

Recommendations 

(Brief summary; detailed guidance provided in respective chapters) 

Tropical  
Cyclones 

- Design robust mounting structures to withstand strong wind loads. 

- Use PV modules resistant to strong wind loads and heavy rain. 

Hailstorms - Incorporate an adequate stowing system into the tracker. 

- Use PV modules with thicker front glass for enhanced durability. 

Snow - Design systems with high tilt-angles (if fixed tilt) advanced stow strategies for 
snow (if trackers) and high ground clearance, 

- Select PV modules resistant to heavy snow loads (thicker front glass and heav-
ier frames relative to surface area). 

 - Consider PV modules with snow-removal properties (e.g., frameless designs).  

Dust  
Sandstorms 

- Incorporate preventive designs to reduce soil accumulation (e.g., tracker               
systems that can tilt at high angles). 

- Compare performance of anti-soiling coatings against predicted soiling losses. 

- Develop performance- and cost-effective cleaning protocols. 

Heat Waves - Install inverters in cool, shaded locations or add covers for shade. 

- Select PV modules with a low temperature coefficient. 

Floods 

 

 

 

 

Wildfires 
 

- Install tracker systems that can move quickly to a horizontal stow position to 
reduce physical resistance to flowing water. 

- Use robust mounting structures with high ground clearance for inverters and 
string combiner boxes. 

- Install highly waterproof containers (IP67) for inverters and combiner boxes. 

- Have a rapid response strategy in place, including shutdown protocols 

- Conduct post-fire inspections and monitor subsequently for signs of module 
and connector degradation. 

 

In addition, site owners/operators should retain various documents, including those related to 
capacity testing and energy production, module and component specifications, and 
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commissioning. Any EL and/or IR images, as well as documentation of visual inspections and 
I-V measurements, should be preserved to establish a baseline against which the storm-im-
pacted system can be compared.  

Electrical performance data also serves as a fundamental basis for assessing the impacts of 
extreme weather events and any accelerated increase in degradation. Combining electrical 
performance data with weather conditions, such as temperature, irradiation, and wind speed, 
provides time-series data that can help identify weather-inflicted damage. But the site owner 
and maintenance personnel must recognize the importance of acquiring and maintaining such 
data. 

Proactive maintenance protocols are also critical and should reflect the predictability of the 
threat. For instance, a torque audit of fasteners and the removal of onsite debris, which could 
become airborne, should be performed prior to a high wind event. 

If damage from extreme weather does occur, remediation should begin as soon as possible. 
Activities include 1) ensuring the safety of the site by disconnecting it from the grid and opening 
all breakers; 2) conducting electrical and mechanical inspections of the affected PV system; 
and 3) leaving damage in situ, pending notification of the insurance company and any follow-
on inspections.  All damaged PV modules and electrical components should be replaced prior 
to re-energization. Modules that are heavily soiled should be cleaned; electrical components 
should be IR-imaged; and electrical cables inspected and remounted, as needed.  After dust 
and sandstorm events, the surfaces of PV modules and the electrical parts both inside and 
outside of SCBs and inverter enclosures must be cleaned. 

Long-term O&M protocols are also of paramount importance. Defects that are not fully ad-
dressed during the post-storm restoration phase are likely to be exacerbated by environmental 
factors such as temperature, wind, and moisture. Therefore, continuous monitoring of power 
generation for restored PV systems is crucial to establish their ongoing health and efficiency. 
If a significant reduction in power output occurs, the owner will then have the data needed to 
decide on the next steps, including system refurbishment. 

In summary, the authors of this report believe that by adhering to the above recommendations, 
PV systems in most parts of the world can be made resilient to most severe weather threats 
and remain a robust and reliable source of electricity generation.  
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