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How to Ask Questions 

Click the Q&A button 
to ask questions. 
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PV and Resilience

PV IS RELIABLE
In an analysis of 100,000 PV systems, 80% 
to 90% performed within 10% of expected 
production or better1

1Jordan, DC, Marion, B, Deline, C, Barnes, T, Bolinger, M. PV field reliability status—Analysis of 100 000 solar systems. Prog Photovolt Res Appl. 2020; 28: 739–754



PV Weather Vulnerabilities & Corrective Actions

● DOE National labs conducted post-storm 
field inspections after Hurricanes Maria & 
Irma in the Caribbean

○ Some systems survived while others 
were destroyed in the same storm

○ All inspected systems were code-compliant

● Berkeley Lab produced guidance outlining 
weather vulnerabilities and corrective actions



GPG-047

PV Resilience: 
Addressing 
Weather 
Vulnerabilities

https://www.gsa.gov/governmentwide-initiatives/climate-action-and-sustainability/emerging-building-technologies/published-findings/onsite-power-renewables/pv-resilience


Researchers

Gerald Robinson
Program Manager
Berkeley Lab

Kevin Watson
Research Associate
Berkeley Lab

Contributors: 
James Elsworth.
National Renewable Energy Laboratory 



Market Context

EVOLVING UNDERSTANDING
Code cycles lag field experience and solar 
structures present unanticipated 
design/assembly challenges 

Factors
● Large surface area, lightweight structures 

● Static engineering—actual loading is dynamic

● Top down bolted joint assemblies 

● Load paths from rack members to module 
mounting bolted joints

● Unique challenges for bolted joints

● Lack of failure data—siloed  



Hurricane & Routine Weather Events—Insights 

Image Source: Gerald Robinson

FASTENERS ISSUES 
OBSERVED ACROSS 
ALL SITES
Critical bolted joints found in 
solar system present unique 
engineering challenges



Prevalence of Bolted Joints



Most Common Failures in Bolted Joints

Module MountingRacking Assemblies Mechanical Attachments to Building Structures



Become Weather Aware

Hurricanes  Eastern Seaboard, FL, TX, NC, SC, Caribbean

Tornadoes  TX, OK, KS, NE, CO, SD and Southeast

Earthquakes  AK, CA, NV, HI, WA, WY, ID, MT, others

Hail  CO, WY, TX

Flooding  FL, LA

Wildfires  Western States

Every region in the 
U.S. experiences 
severe weather events.

When is it a force 
majeure event?



100-Year Storms—Increasing Frequency and Severity

Likely to occur in lifetime of 30-year PV system. 
Failures are seen with both routine weather events as well as severe.

Image Sources: Gerald Robinson, Andy Walker



Wind is the Most Complex and Damaging Weather Event

Consider these wind factors when planning 
corrective actions
● Comparing wind speeds between different types of 

storms is not a useful metric. 

● Need to account for other metrics like high pressure 
differentials (e.g. hurricane vs. tornado).

● Even F0-rated tornadoes (e.g. less than 73 mph) can 
easily destroy system.

● Wind damage depends on such factors like array location, 
tilt angle, topography, and roof/building design.



Work with a Consulting Engineer

Types of engineers needed

● Bolted joint engineer
● Structural engineer
● Civil engineer
● Electrical engineer

Helpful tip: 

Engineers actively engaged in 
committee work and or proven 
record of considering the unique 
challenges. 



Assess Vulnerabilities



Types of Vulnerabilities and Risks

VULNERABILITIES

Structural

Electrical

Site

Module

RISKS

Safety

Performance

Financial



Safety When Working Around Solar PV Systems 

Potential shock hazards
Use qualified and trained electrical technicians. 
Electrical shock hazard symbols in Guide remind 
personnel to proceed with caution.

Safety training required
Personnel training should match audit activities and 
may occur on roofs, and ladders.

Potential Shock Hazards
Use qualified and trained electrical technicians. Electrical shock hazard symbols used in Guide guide, 
particularly in the Field Audit Instructions sections, to remind the user that the inspection of solar PV 
systems presents electrical shock hazards, and all personnel should proceed with caution.

Safety Training Required
Audits should be conducted by facility personnel and/or electrical technicians that have requisite training 
that matches the activities involved with the audit activities described herein. Audits may involve the use of 
basic tools to measure values on roofs, ladders, and around ground mounted PV systems.



Preparing for and Conducting a Field Audit

Collect and review documentation
● Verify that equipment installation was “as-specified” 

and approved

● Differences in design and as-built drawings can 
indicate a vulnerability

Develop and follow a plan
● High-level assessment

● Take pictures/document everything

● Allow for adequate time 

● Use of tools will depend on level of experience and 
personnel qualifications

Helpful tip: Replace missing 
as-built drawings (hire a 
consulting engineer to produce 
them if needed)

● Useful for the O&M contractor 
servicing the PV system

● Useful for the consulting 
engineer if any major repairs 
are needed



Determine the Prevalence of a Vulnerability

Even small systems have thousands of 
components, exact count not practical 

● Check a diverse set of areas. 
● Perimeter rows may show a bias.

Relative Prevalence

Not Prevalent Less than 5%

Prevalent 5%–10%

Moderately Prevalent 10%–20%

Extremely Prevalent Greater than 20%



Bolted Joints are a Key Vulnerability

Identifying loose bolts by performing a 
torque audit is a key foundational action

Directions for a non-destructive method of 
torque audits are included in the guide

Image Sources: Bolt Science, Home Depot



Corrective Actions



Structural Vulnerabilities/Corrective Actions 

VULNERABILITY CORRECTIVE ACTION

Fastener vibrational loosening Use locking hardware

Racking clamp failure Through-bolting

Module mounting - inadequate strength Through bolting or upgraded top-down clamping 
fastener

Inadequate mechanical attachments to 
building structure

Add mechanical attachments



Electrical Vulnerabilities/Corrective Actions 

VULNERABILITY CORRECTIVE ACTION

Improper wire management Support wires with purpose built clips

Inadequate electrical enclosures Replace with appropriate NEMA-rated 
enclosures

Equipment located below 100-year flood level Relocate and/or elevate equipment

Damaged and/or improperly supported  
conduit 

Replace conduit and/or fittings that 
are damaged or adequate for site’s 
environmental conditions



Site Vulnerabilities/Corrective Actions 

VULNERABILITY CORRECTIVE ACTION

Unobstructed wind forces - “fetch” Use a wind calming fence

Loose debris & equipment near array(s) Secure or remove equipment/debris

Clogged drains Clear drains of debris

Poor stormwater management Implement better SWM features (e.g. drains, 
pollinator plantings, bioswales)



Module Vulnerabilities/Corrective Actions 

VULNERABILITY CORRECTIVE ACTION

Inadequate resistance to wind/snow 
loading and hail impacts

Test system (and modules, if necessary) for 
performance loss and replace if loss is significant 
(>20%)

Preferred modules should have uplift rating (<3,600 
Pa) and resistance to hail (2 in. or greater) that 
match site conditions

Cracked or failed backsheets Replace with modules that have certified BOMs that 
will last full system life



Guidance for Costing and Hiring Contractors 

Use guide to ballpark 
recovery/rebuild costs 

Hire contractors 
with experience in 
recovery/rebuild 
projects; unique 
challenges involved 
and skills needed



Financing and Procurement Options

OPTION DESCRIPTION FACTORS TO CONSIDER

Appropriations 
Use an annual funding cycle to pay repair and 
alteration (small) or capital construction (large) 
project costs.

∙ Easiest to implement
∙ Competes with other priorities
∙ Agency will play role of general contractor 

Integrate with the O&M 
contract

Issue a solicitation for O&M that includes the 
repairs and reinforcements.

∙ Easy scope for O&M contractor
∙ O&M staff is skilled to undertake repair

Combine with current 
energy project 

Integrate repair and reinforcement upgrades 
into an energy efficiency or renewable energy 
project.

∙ Design and skilled labor can be managed by the 
contractor

ESPC-ENABLE for 
O&M 

For an array underperforming, use an 
ESPC-ENABLE contract to have the PV system 
taken over by a contractor. The agency pays on 
a $/kilowatt-hour (kWh) basis for refurbishing 
the PV system and regaining lost performance..

∙ More complicated procurement pathway
∙ Contractor can manage all design and skilled labor 

needed to undertake project
∙ Contractor incentivized to maintain system 

performance, as payment is based on $/kWh delivered 
to agency



Checklists

Pre- and Post-Storm 
Checklist helps reduce 
storm damage and speed 
up recovery 

Weather Vulnerabilities 
Checklist summarizes 
vulnerabilities and 
corrective actions



Key Takeaways

Use the Guide to focus upon and facilitate:
● Addressing bolted joint-assemblies as most significant vulnerabilities

● Identifying and correcting existing vulnerabilities to mitigate the severity of storm damage

● Knowing and understanding weather patterns and how weather manifests in your area

● Conducting preparatory and recovery measures before and after a weather event to reduce or 
avoid damage and minimize time to fully restore a system

● Understanding the importance of engaging qualified professionals that understand gaps in 
current codes and standards



FEMP Technical Assistance Portal

● Federal agencies can request help!

● Fill out a quick and easy application 
through the FEMP portal

FEMP Distributed Energy Portal >

https://www7.eere.energy.gov/femp/assistance/de-assistance


Q & A



Thank you



Survey

Share experience with PV system 
storm damage, get technical 
assistance with existing arrays
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Additional Resources
❏ Solar Photovoltaic Systems in Hurricanes and other Severe Weather

https://www.energy.gov/sites/prod/files/2018/08/f55/pv_severe_weather.pdf 

❏ Solar Photovoltaics in Severe Weather: Cost Considerations for Storm 
Hardening PV Systems for Resilience
https://www.nrel.gov/docs/fy20osti/75804.pdf 

❏ Optimizing Solar Photovoltaic Performance for Longevity
https://www.energy.gov/eere/femp/optimizing-solar-photovoltaic-performance-longevity 

❏ Best Practices for Operation and Maintenance for Photovoltaic and Energy 
Storage Systems, 3rd edition
https://www.nrel.gov/docs/fy19osti/73822.pdf 

❏ FEMP O&M Contract Template Technical Specifications for PV
https://www.energy.gov/sites/default/files/2020/04/f73/tech-specs.pdf

https://www.energy.gov/sites/prod/files/2018/08/f55/pv_severe_weather.pdf
https://www.nrel.gov/docs/fy20osti/75804.pdf
https://www.energy.gov/eere/femp/optimizing-solar-photovoltaic-performance-longevity
https://www.nrel.gov/docs/fy19osti/73822.pdf
https://www.energy.gov/sites/default/files/2020/04/f73/tech-specs.pdf

