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non-utility companies (see Table 1). These companies represent a 
diverse mix of U.S. utilities (IOUs and municipals), third party PV 
monitoring providers, vertically integrated solar PV manufacturers 
and solar energy services providers, research agencies, and manufac-
turers/system sellers. Interview subjects primarily comprised either 
utility staff responsible for PV O&M activities, including decision-
making and budgeting, as well as personnel at third party and 
for-profit commercial companies involved in setting and executing 
business strategy. All respondents indicated that they were knowledge-
able about their organization’s PV O&M initiatives.

Background
As utilities contemplate ownership of both central and distrib-
uted solar-based generation, they will be confronted by relatively 
newfound system performance, reliability, and asset management 
priorities. Power purchase agreements (PPAs), the dominant utility 
approach to obtain solar energy so far, place performance risk en-
tirely on third party providers and, in turn, insulate utilities from 
production-related shortfalls and associated cost-benefit consider-
ations. Becoming an asset owner, however, will demand that utili-
ties institute best of breed operations and maintenance (O&M) 
practices to minimize plant downtime, prompt greater output, and 
cost effectively realize faster investment returns. In short, PV asset 
ownership shifts the financial onus onto utilities.

Contrary to popular belief, PV power plants are not maintenance 
free; they require a regimen of continual monitoring, periodic 
inspection, scheduled preventive maintenance, and service calls.  
These actions address unplanned outages, repair and restart, and 
various O&M activities needed to enhance long term uptime, per-
formance, and economic viability. Though PV O&M practices are 
still emerging and evolving, a number of utilities and third party 
service providers are working on these practices and developing a 
better sense of what level is required for system- and site-specific 
costs and benefits. 

PV O&M Survey Research Methodology and Re-
spondent Profile
EPRI conducted in-depth telephone and in-person interviews 
with a cross section of subject matter experts to discern the current 
level of knowledge surrounding the operation and maintenance of 
distributed PV plants, reliability experience, and expected future 
approaches to managing expanding PV system assets. The inter-
views, which buttress an exhaustive literature review, were con-
ducted by an EPRI senior project manager and guided by a survey 
questionnaire developed to elicit respondent comments and gener-
ate discussion. As much as possible, efforts were made to elaborate 
every question during the course of the interviews with the aim 
of removing any ambiguity. Once the interviews were completed, 
results were compiled, cleansed, and analyzed to ensure data integ-
rity and consistency. Where clarifications were required, follow-up 
communications were completed accordingly.

All together, in-depth interviews were conducted with senior execu-
tives, O&M managers, and researchers at six U.S. utilities and six 
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Grid-connected solar photovoltaic (PV) systems are expected 
to proliferate over the coming decade and higher penetration 
levels will put a premium on achieving optimal performance 
and reliability. A few utilities and private companies have 
taken on the challenge and have advanced the state of the art 
of operating, maintaining and monitoring PV systems. This 
O&M experience is producing new industry knowledge, 
procedures and guidelines. Current O&M practices and les-
sons learned distilled from experiences to date are presented 
in this white paper. Adoption of these practices by electric 
utilities and other PV system owners is expected to support 
and maintain planned increases in PV power.
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The Growing Relevance of PV O&M
Greater penetration of PV in the electricity network will naturally 
lead to greater emphasis on keeping PV systems up and running. 
Though grid-connected solar PV today represents less than 0.2% of 
the overall U.S. electricity portfolio, economic, policy, and regula-
tory factors are driving rapid growth of the resource.1 Concurrently, 
efforts are expanding to improve PV performance and reliability in 
the near- to medium-terms via monitoring, operations procedures, 
and maintenance techniques. Independent power producers (IPPs) 

and turnkey PV services companies, responsible for meeting PPA 
guarantees, are employing novel O&M practices to maximize PV 
plant output. Utility asset ownership—a rising component of capac-
ity additions in the U.S., Japan, Spain and Germany—is, mean-
while, prompting many electric utilities to actively consider O&M 
approaches in the name of realizing better investment returns.

The global PV segment has experienced consistent growth, acceler-
ating in recent years, and appears positioned to continue this pace 
of development in the foreseeable future. Annual capacity additions, 
for example, grew by an average of 52% from 2003–2008.2 And 
despite a worldwide financial slowdown, sector growth continued in 
2009 as global module sales exceeded 6,200 MW.3 Looking ahead, 
underlying growth drivers, including incentive landscape dynamics, 
PV technology improvements, and cost reduction breakthroughs, 
are anticipated to offer stable, if not increased, shipments. 

Figure 1 illustrates historic adoption rates of four power sources in 
the utility portfolio and three PV capacity growth scenarios over 
the next five years. In mapping total natural gas, nuclear, and wind 
energy nameplate capacities in the United States, in addition to 
wind and PV capacities on a worldwide basis, the figure shows how 

1 Solar Photovoltaics: Status, Costs, and Trends. EPRI, Palo Alto, CA: 2009, 1015804.
2 Ibid.
3 Solar Outlook: Bimonthly Photovoltaic Industry Update. Navigant Consulting, Palo Alto, CA: February 2010. SO 2010-Solar Outlook: Bimonthly Photovoltaic Industry 

Update. Navigant Consulting, Palo Alto, CA: February 2010. SO 2010-1.

Table 1 – EPRI Survey Respondents

Utilities Non-Utilities

Arizona Public Service (APS) Draker Laboratories

Austin Energy Fat Spaniel Technologies

Detroit Edison (DTE) Florida Solar Energy Center

Salt River Project (SRP) Solar Power Partners

San Diego Gas & Electric (SDG&E) SunEdison

Southern California Edison (SCE) SunPower

Figure 1 – Cumulative Adoption Rates across Select Generation Technologies with Global PV Growth Forecast
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different generation technologies have been favored and grew very 
rapidly—typically from 100 MW to 10 GW over the course of 
10-20 years—at different periods of time. PV has more recently de-
veloped along a trajectory similar to the more established generation 
technologies and appears primed to experience order-of-magnitude 
cumulative adoption. This in mind, utilities will soon be required to 
maintain their growing PV asset base with the same level of care that 
they are currently attending to their coal, nuclear and gas plants.

Furthermore, with excellent solar resource and currently favorable 
polices, the United States is expected to represent a major near-term 
PV growth market. Although the U.S. currently commands a less 
than 10% share of the roughly 20 GW of overall installed PV capac-
ity, federal funding and credit incentives, tightening Renewable 
Portfolio Standards (RPS)—particularly those adopted by 16 states 
with solar “carve-out” provisions, emerging feed-in tariffs, incipient 
and potential carbon cap-and-trade markets, and the impending 
retirement of fossil assets are all likely to stimulate significant PV 
deployment. Based on these and other factors, Emerging Energy 
Research predicts U.S. utilities will incorporate 21.5 GW of PV 
to their generation portfolios in 2020, up from 77 MW operating 
as of November 2009.4 This increase in variable renewable genera-
tion is liable to push grid penetration rates to 15% and beyond in 
some distribution network areas, placing a premium on O&M and 
management capabilities. 

A strategic shift by U.S. utilities toward solar PV asset ownership is 
simultaneously aligning utility business incentives with plant per-
formance, reliability, and availability. Utilities have historically relied 
upon third parties to deliver the vast majority of their existing PV 
generation through traditional PPAs and turnkey contracts. As a re-
sult, they have been able to add to their respective resource portfoli-
os with very little risk exposure or concern about plant performance. 
That’s because PPA providers, in these arrangements, are responsible 
for meeting all contract production guarantees and assume all of the 
performance and obsolescence risks. Given the nature and stature 
of these arrangements, PPA providers have been increasingly keen 
to institute O&M measures that help economically maximize plant 
production and, in turn, their investment returns. 

But recently experimentation with centralized and distributed PV 
asset ownership is forcing utility companies to more proactively 
confront plant performance-related issues such as site selection 
(e.g., rooftop vs. ground-based), technology choices, and system 

upkeep to earn increased rates of return. The shift to PV ownership 
was prompted in part by regulatory changes instituted in 2008 that 
make utilities eligible for the 30% U.S. investment tax credit (ITC) 
and better positioned to leverage balance sheet strength. The percep-
tion that asset ownership—due to reduced development risk (e.g., 
credit-related third party project cancellations or delays)—can more 
effectively and economically enable compliance with RPS and GHG 
reduction mandates has been an additional driver.  

To date, approximately a dozen regulated US utilities have proposed 
major plans to deploy and own roughly 1.1 GW of distributed PV 
over the next five years, and also fund another 527 MW of third-
party-owned PV to source their deployment programs. Combined 
planned investment of these efforts totals more than $4.8 billion 
over the next five years (see Table 2 on Page 5). If fully realized, 
these planned capacity additions would almost double total existing 
capacity installations in the United States. (In addition, 50-100 mu-
nicipal utilities and rural cooperatives also own PV assets outright; 
and, all told, U.S. utilities have announced more than 4.8 GW of 
large PV projects, both via ownership and PPA.)

One outcome of increased utility-owned and third-party supplied 
PV generation on the U.S. network will be the need to maximize 
system economics by increasing plant uptimes and decreasing ser-
vice costs via institutionalized PV asset monitoring, operation and 
maintenance approaches. Done correctly, utilities and third parties 
will be better equipped to drive continuous improvement efforts 
and integrate PV as a more robust grid resource.

PV O&M’s Basic Elements and Strategies
Several major approaches for handling the O&M of solar PV 
systems exist in the marketplace today, each with different system 
efficiency and system/component lifespan tradeoffs. At their core, 
each approach, listed below, attempts to achieve the three key aims 
of an effective O&M strategy: to reduce costs while improving avail-
ability and increasing productivity.

•	 Preventative	maintenance	(PM) entails routine inspection and 
servicing of equipment to prevent breakdowns and unnecessary pro-
duction losses. PM regimes are becoming increasingly popular be-
cause of their perceived ability to lower the probability of unplanned 
PV system downtime. However, the upfront costs associated with 
PM programs are moderate and the underlying structure of PM can 

4 US Utility Solar PV Markets and Strategies: 2009-2020, Emerging Energy Research, November 2009.
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engender superfluous labor activity. In addition, increased inspec-
tion and maintenance activity has the potential to contribute to site 
wear and tear and perversely expedite system malfunctions.

•	 Corrective	or	reactive	maintenance addresses equipment break-
downs after their occurrence and, as such, is instituted to mitigate 
unplanned downtime. The current industry standard, this “break-
fix” method allows for low upfront costs, but also brings with it a 
higher risk of component failure and accompanying higher costs on 
the backend (putting a premium on negotiating beneficial warranty 
terms). Though a certain amount of reactive maintenance will likely 
be necessary over the course of a plant’s 20-year lifetime, it can be 
lessened through more proactive PM and condition-based mainte-
nance (CBM) strategies.

•	 Condition-based	maintenance	(CBM) uses real-time data to 
prioritize and optimize maintenance and resources. Though largely 
incipient, an increasing number of third party integrators and 
turnkey providers are developing CBM regimes to offer greater 

O&M efficiency. The increased efficiency, however, comes with a 
high upfront price tag given the communication and monitoring 
software and hardware requirements. Moreover, the relative novelty 
of CBM can produce maintenance process challenges caused in part 
by monitoring equipment malfunction and/or erratic data connec-
tion. (See EPRI reports 1021379, 1021320, and 1018097 to review 
recent PV reliability and O&M research.)

On the whole, the PV segment is trending toward O&M ap-
proaches that promote greater oversight and management capability. 
Based largely on budgetary constraints and the relatively low level 
of importance assigned to PV production (which represents a small 
fraction of the generation portfolio), utilities are employing—either 
directly or via a third-party—a combination of PM and reactive 
maintenance strategies. However, CBM is anticipated to play a 
larger role as PV assets proliferate, associated information technol-
ogy and deployment costs fall, and the overarching cost-benefit 
equation improves. Somewhat unsurprisingly, nascent CBM efforts 
are being predominately developed by third-party monitoring and 

Table 2 – Select Utility Solar PV Ownership Initiatives

Utility Investment 
($M)

Initial 
Application 

Filing
Proposed Activity

Arizona Public Service $14.7 5/11/2009 1 MW utility-owned PV installed on residential/commercial customer 
rooftops; 0.5 MW stand-alone on utility-owned or leased property.

Duke $50.0 6/6/2008 8 MW utility-owned roof-mounted PV (reduced from originally requested 
16 MW).

Los Angeles Dept. of Water & Power* $1350.0 3/19/2009 400 MW of utility-owned PV to be installed on city-owned rooftops, 
reservoirs, and parking lots by 2014; Program status unclear.

National Grid $31.1 4/23/2009 5 MW of PV to be installed on five company-owned, mostly brownfield 
sites in Massachusetts.

Northeast Utilities  $42.0 2/12/2009 6 MW to be installed on utility/customer property from 2009-12; targeting 
landfill, brownfield, commercial & government buildings.

Pacific Gas & Electric  $1,450.0 2/24/2009 250 MW utility-owned PV, plus 250 MW 3rd party-owned PV to be 
developed over five years starting in 2010.

Public Service Electric & Gas  $773.0 2/10/2009 120 MW utility-owned PV to be deployed on utility poles/street lights, 
public schools, municipal and county-owned buildings, utility facilities/
land.

San Diego Gas & Electric  $250.0 7/11/2008 50 MW utility-owned tracking and thin-film PV, 27 MW 3rd party-owned 
to be installed in five years.

Southern California Edison  $875.0 3/27/2008 250 MW utility-owned ground- and rooftop-mounted PV to be installed in 
five years starting in 2008, plus 250 MW 3rd party-owned PV developed.

    Totals  $4,835.8 ~1.1 GW of utility-owned PV to be installed
~527 MW of 3rd party-owned PV to be installed for utility PV programs

Notes:
*Estimated range in LADWP program cost is $1.1 to $1.6 billion without tax benefits; Program proposed as Measure B amendment on the municipal ballot was defeated 50.5% 
to 49.5% on 3/19/2009; Program status unclear.
Source: EPRI, 2010
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what variable according to site geography and warranty require-
ments. For example, panel cleaning can be completed as needed, 
while maintenance of inverter, tracker, and BOS tends to be done 
at determined fixed intervals. Moreover, on-site maintenance—
which can entail the use of an infrared camera/gun to locate hot 
spots, hand checking major terminations to make sure they’re not 
loose, examining voltage and string current, among other tasks—
is often executed based on the ability to reduce costs by visiting 
several plants on a single utility “truck roll.” 

Separately, the basis of performing corrective maintenance proce-
dures is more highly variable and arbitrary. On-site issue mitigation 
and equipment repairs are frequently performed on an as-needed 

services providers whose livelihoods have historically been more 
closely aligned with PV system performance metrics.

Table 3 provides an overview of the major activities associated with 
the three major O&M approaches. Where possible, the table also 
displays the frequency that delineated O&M activities are typically 
administered. 

O&M activities and the frequencies by which they are undertaken 
are highly dependent upon context-specific site features, environ-
ment and equipment durability characteristics, and cost-benefit 
considerations like system size and performance and site proximity 
to O&M workforce. PM tasks are well defined but can be some-

Table 3 – Major Elements of Photovoltaic Operations and Maintenance

Task Frequency (Typical)

Preventative Maintenance (PM)

Panel Cleaning 1-2x Times/Year

Vegetation Management 1-3 Times/Year

Wildlife Prevention Variable

Water Drainage Variable

Retro-Commissioning† 1 Time/Year

Upkeep of Data Acquisition and Monitoring Systems (e.g., Electronics, Sensors) Undetermined

Upkeep of Power Generation System (e.g., Inverter Servicing, BOS Inspection, Tracker Maintenance 1-2x Times/Year

Corrective/Reactive Maintenance 

On-Site Monitoring/Mitigation Variable

Critical Reactive Repair* As Needed (High Priority)

Non-Critical Reactive Repair** As Needed

Warranty Enforcement As Needed

Condition-Based Maintenance (CBM)

Active Monitoring—Remote and On-Site Options Continuous

Warranty Enforcement (Planned and Unplanned) As Needed

Equipment Replacement (Planned and Unplanned) As Needed

Notes:
† Retro-commissioning identifies and solves problems that have developed during the course of the PV system’s life.
* Critical reactive repairs address production losses issues; 
** Non-critical reactive repairs address production degradation issues
Source: EPRI, 2010
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The chosen utility method for handling the O&M of owned PV 
assets—either via in-house personnel or outsourced third party 
provider—is guided by a number of context-specific business and 
management rationales. For example, Austin Energy’s general 
manager opted to have the O&M function internalized reasoning 
that the utility’s Electric Maintenance group, responsible for grid 
upkeep, could be trained to handle PV asset management in a more 
integrated and economical way over the long term.5 But, as illus-
trated in Table 4, in-house and outsource O&M approaches have 
pros and cons surrounding risk exposure, labor, upfront and backend 
costs, quality control, and knowledge capital that should be carefully 
weighed and considered. 

To date, most utilities appear to be embracing the outsource option, 
which typically runs 5-10 years, based largely on risk and upfront 
financial concerns. For one, with tightening budgets utilities are opt-
ing to hold payroll down to avoid the prospect of causing longer term 
fiscal distress. And from a management standpoint, it’s easier to cut 

back on elective-type services, like those provided by O&M providers 
during financially tough times. Meanwhile, based on initial upfront 
costs, a recent study completed by Southern California Edison (SCE) 
categorizes O&M contracting as being slightly cheaper than bringing 
the O&M function in-house.6 (However, the study also recognizes 
that though upfront O&M contracting costs can be reduced through 
the purchase of more basic levels of service, in the long run, this 
approach could potentially leave utilities exposed to higher costs on 
the backend because of unforeseen reactive maintenance needs that 
could have been avoided by contracting more expensive services that 
provide greater oversight. In addition, union labor considerations, 
the cost-benefit of potential performance tradeoffs, and regulatory 
mandates color Southern California Edison’s assessment.) 

A pioneering few are taking a longer view and pursuing the in-house 
O&M alternative to leverage existing workforce, hardware, software, 
and infrastructural assets. Though in-house PV O&M budgets 
vary—a reflection of the relative importance accorded to PV—the 
desire to develop internal expertise and institutionalize the PV O&M 
process in preparation for the likelihood of greater solar PV adoption 
is a common thread underpinning the in-house strategy. A key utility 
enticement surrounding in-house O&M is employee training and 
safety, especially given the perception that third-party service provid-
ers often contract out to O&M crews, which can lead to compro-
mised workforce quality and availability issues.

A third hybrid approach, the transitional O&M option, is also 
beginning to gain traction. In this scheme, a third party solar energy 
services company or turnkey provider initially provides O&M while 
simultaneously training utility staff. After a negotiated timeframe, 
O&M responsibilities are transferred to the utility for the duration 
of the PV asset’s life. Southern California Edison is employing the 
transitional O&M tactic for its distributed 250-MW Solar Photovol-
taic Program and negotiated that O&M responsibility be transferred 
from US Most, its contractor, to the utility 1.5 years after the com-
missioning of its initial distributed PV system in 2008. The utility 
plans to hire three O&M personnel in 2010 and to ultimately ramp 
to 23 full-time employees by 2015 when its 250-MW of PV instal-
lations is scheduled to be fully developed.7 Others, such as Detroit 
Edison are exploring this hybrid option.8

In-House versus Outsource PV O&M

Table 4 – The Pros and Cons of In-House versus Outsourcing PV O&M

Utility In-House O&M Turnkey/Third-Party O&M

Pros

Better Visibility on Personnel/
Equipment Issues 

Lower Upfront Costs, Greater Flexibility 

Improved Quality Control Lower Upfront Risk 

Ability to Leverage Existing Utility 
Assets 

Less Drain on Utility Labor Force 

Workforce Training Transitional O&M Option (3rd Party 
Trains and Hands O&M Responsibility to 
Utility in Negotiated Timeframe)

Institutionalization of PV O&M 
Process 

 

Cons 

Higher Upfront Costs (Adding 
Payroll can Bring Long Term 
Financial Concerns)

Less Control/Understanding of O&M 
Process 

Increased Risk Potential for Higher Back-End Costs 
(Based upon Equipment Selection and 
Level of Service)

Work Force Knowledge/Resource 
Ramp Up 

Dependence on Outsourced Contractors

5 Leslie Libby, personal communication, February 25, 2010, Solar Program Manager, Austin Energy.
6 Shaun Mehaffey, personal communication, June 8, 2010, GBU/Power Production Department, Southern California Edison.
7 Shaun Mehaffey, SCE Solar Photovoltaic Project Operation & Maintenance Assessment, internal Southern California Edison presentation, 2010.
8 Jennifer Cichowlas, personal communication, February 25, 2010, Principal Engineer, DTE’s Solar Pilot Program, Detroit Edison.
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basis dictated by the severity that plant production is compromised 
and the potential for multi-tasking. CBM, the most evolved of the 
three O&M options, embodies a continuous remote monitoring ap-
proach that informs planned and unplanned on-site activities.

O&M Budgeting and the Cost-Benefit Tradeoff
PV O&M budgeting is an inherent compromise between the costs 
and subsequent value of maintaining asset availability and perfor-
mance. Some O&M costs, such as those associated with monitor-
ing, can be reasonably defined and calculated based on equipment 
type, quantity, and desired level of monitoring capability. However, 
other expenses, such as those associated with maintenance activities, 
are less predictable and can be influenced by: system size and loca-
tion (e.g., water availability, weather conditions, travel distances), 
plant architecture and ease of site access (e.g., ground mount vs. 
roof mount, tracker vs. fixed plate), as well as the extent that meters 

and inverters are deployed at a site, among other factors. As a result, 
estimated and actual O&M expenses can markedly diverge.

Tables 5 and 6 provide estimates of O&M expenses. Table 5 offers 
high-level projected cost ranges, derived from anecdotal data from 
EPRI’s interview sample, on $/kW a basis for distributed systems 
sized 1 MW and below. The table’s figures include costs for han-
dling preventative and reactive maintenance via utility in-house and 
outsourced approaches. Table 6, excerpted from EPRI’s Technical 
Update 1021320, provides a more nuanced breakdown of O&M 
cost estimates across four major categories—scheduled maintenance; 
unscheduled maintenance; inverter/equipment replacement; and 
insurance, property taxes and owner’s costs—for five conceptual 10-
MW PV plants.9 Scheduled Maintenance/Cleaning involves annual 
or biannual preventative maintenance work and module cleaning, 
while Unscheduled Maintenance comprises the costs to perform 
reactive repairs, such as handling inverter problems and mechanical 
issues. Inverter Replacement Reserve represents capital to refurbish 
all plant inverters near year 15. And Owner’s Costs is composed of 
costs including monitoring, insurance, property taxes, site com-
munications and access, and other miscellaneous administrative 
fees and expenses that the owner will incur. These are not costs that 
would be included in a typical O&M contract, but are expenses that 
apply to all PV projects.

The differences in O&M cost estimates between Table 5 and Table 6 
can largely be chalked up to varying levels of desired O&M service; 
plant architecture (e.g., ground mount vs. roof mount, tracker vs. 

9 Engineering and Economic Evaluation of Central-Station Solar Photovoltaic Power Plants. EPRI, Palo Alto, CA: 2010. 1021320.

Table 5 – Solar PV O&M Costs

System Size $/kW % of O&M 
Relative to “All In” Cost

1 MW and Less $6/kW - $27/kW <1% to 5%

Notes: 
Figures represent a range of anecdotal data and comprise costs for handling 
O&M of distributed PV assets via utility in-house and outsourced approaches. Data 
largely indicates direct O&M costs and doesn’t include variables such as roof leases 
and utility management oversight of labor. 
Sources: EPRI O&M interview sample, 2010

O&M Costs ($/kW-yr) Fixed-Tilt c-Si Fixed-Tilt 
CdTe

Fixed-Tilt 
a-Si

Tilted Single-Axis 
Tracking c-Si

Single-Axis 
Tracking c-Si

Scheduled Maintenance/Cleaning $20 $25 $25 $30 $30 

Unscheduled Maintenance $2 $2 $2 $5 $5 

Inverter Replacement Reserve $10 $10 $10 $10 $10 

   Subtotal O&M $32 $37 $37 $45 $45 

Insurance, Property Taxes, Owner’s Costs $15 $15 $15 $15 $15 

   Total O&M $47 $52 $52 $60 $60 

Notes:
Fixed-Tilt c-Si defined as polycrystalline modules mounted at a fixed 30 degree tilt facing south. Fixed-Tilt CdTe defined as cadmium telluride modules mounted at a fixed 30 degree 
tilt facing south. Fixed-Tilt a-Si defined as amorphous silicon modules mounted at a fixed 30 degree tilt facing south. Tilted Axis Tracking c-Si defined as monocrystalline modules on a 
north-south axis tracker tilted south at 20 degrees with backtracking. Single Axis Tracking c-Si defined as monocrystalline modules on a north-south axis tracker with backtracking. 
Source: EPRI, 2010

Table 6 – Utility-Scale Solar PV Power Plant O&M Cost Estimates
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fixed plate); and scale benefits associated with performing O&M 
on larger, centralized PV systems. (Table 5 only accounts for the 
Scheduled Maintenance/Cleaning and Unscheduled Maintenance 
categories in Table 6.) But, as a rule of thumb, combined fixed and 
variable O&M expenses tend to equate to between 1% and 5% of 
all-in project costs for PV plants located in the United States. (Of 
note, some third party service providers breakout their operations 
and maintenance costs and will typically increase their maintenance 
costs by 2-4% annually to account for expected wear and tear from 
plant aging and scale monitoring costs depending on site size.10)

The vast majority—in some cases up to 90%—of budgeted O&M 
expense is preventative maintenance, while a small fraction (roughly 
10%) tends to be reactive. Meanwhile, labor costs, which are largely 
fixed, make up the majority of O&M expenses. But O&M service 
scope, warranty terms, and scale economies derived, in part, by 
equipment standardization, are a few of the major factors that can 
inform the range in projected O&M costs. 

For example, the decision to support on-site plant management in 
lieu of remote oversight can affect labor costs by a factor of two or 
three. And while most PV plants are unmanned, on-site person-

nel are being assigned to perform O&M at the growing number of 
multi-megawatt installations such as Sempra’s 10-MW El Dorado 
PV plant in Boulder City, Nevada. In these instances, the cost-ben-
efit tradeoff in higher O&M expense for increased performance can 
make economic sense; it can be further improved when PV plants 
are co-located with conventional fossil plants and on-site staff can 
provide O&M for multiple generating entities.11

Meanwhile, in Europe, which supports a more advanced solar 
economy, O&M costs tend to be 50-100% higher than those in the 
United States, given a generally greater embrace of O&M activities 
and their scope.12 For instance, the European PV industry is moving 
to higher cost continuous commissioning and, in some cases, de-
structive testing to assess panel/component longevity and warranty 
compliance. Likewise, more frequent, hands-on O&M is typically 
performed by degreed engineers able to command higher wages.

Separately, ironclad warranty agreements that clearly assign manu-
facturer, site integrator, and EPC responsibilities can help contain 
the costs of unplanned equipment replacement. In addition, well 
structured agreements, backed by valid data collected by site owners, 
can streamline the labor time and costs dedicated to warranty en-

10 Bryan Banke, personal communication, March 5, 2010, Director of Asset Management, Solar Power Partners.
11 Joe Frani, personal communication, February 23, 2010, Project Manager for Power Quality Engineering, San Diego Gas & Electric, San Diego, CA.
12 Tom Tansy, personal communication, February 19, 2010, Senior Director of Business Development, Fat Spaniel.

Figure 2 – Solar PV Plant Maintenance Cost Breakdown
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13 Steve Hanawalt, personal communication, March 2, 2010, VP of O&M and Customer Service, SunPower Corp.
14 Dr. Tassos Golnas, “Uptime Analysis for a Fleet of Distributed Generation PV Systems,” presentation at the Advanced Energy 2009 Conference, November 19, 2009.

forcement/filing. And though equipment standardization can more 
directly drive CAPEX and OPEX metrics down, savings can also be 
obtained on the O&M front by reducing the number of inverter, 
combiner box, wiring, and other component suppliers required to 
maintain a system.13

Figure 2 offers a high-level percentage breakdown of total lifecycle 
PV plant maintenance costs for SunPower’s managed PV fleet. 
According to SunPower, inverters, the most active component in a 
system, are far and away the main culprit for unplanned PV plant 
downtime. Miscellaneous site work represents the second largest ex-
pense; followed by BOS upkeep, which tends to be the same across 
different arrays; and communications repair and upkeep, which 
could increase in the form of sensor calibration and other activities 
if more granular monitoring capability is adopted. Wiring issues are 
fairly minor and are minimized by preventative maintenance prac-
tices. And modules, which have a less than 1% industry-wide failure 
rate (post-commissioning), require very little replacement (most is 
caused by vandalism).

Specific site and PV portfolio maintenance costs are, however, 
significantly impacted by the cost-benefit calculus of addressing, 

Note:
The figure illustrates the cumulative lost production versus the cumulative number of outage events that occurred across SunEdison’s fleet of distributed PV systems during 
January 2008 thru September 2009; approximately 20% of outages were responsible for more than 80% of the total lost production.

Figure 3 – The 80/20 Rule: 80% of Unrealized Production Due to 20% of Total Outage Events

delaying, or ignoring outage and/or production-reducing events. 
Often, the make-up of events, in terms of their severity, frequency, 
and average O&M cost to repair, can determine an asset’s relative 
value. Indeed, not all events are created equally and should thus 
be treated accordingly. In fact, data collected by SunEdison on the 
performance of its fleet of 368 managed PV systems, totaling 117 
MW, indicates that just 10% of recorded “high impact” events 
caused roughly 60% of total lost production during January 2008 
thru September 2009, while 20% of events caused 80% of total lost 
production during that same period (see Figure 3).14

Figure 4 shows the relative frequency of PV system component fail-
ures along with their corresponding outage impacts for SunEdison’s 
PV fleet during January 2008 to September 2009. Meanwhile, Figure 
5 drills down further by exhibiting some of the high-level root causes 
linked to the PV system component failures/outages illustrated in 
Figure 4. Collectively, the results isolate the PV system elements that 
should garner highest O&M priority and also provide insight into 
broadly categorized areas of potential improvement.

For example, as shown in Figure 4, the inverter is most susceptible 
to outages and it is also responsible for a very large percentage of 
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Note:
The graph illustrates the root causes responsible for component failures and their relative unrealized production within SunEdison’s fleet of distributed PV systems from January 
2008 to September 2009.

Figure 5 – Root Causes of PV System Component Failure

Notes: 
The graph illustrates relative outage impacts and corresponding event frequency for SunEdison’s PV fleet during January 2008 to September 2009. “AC Subsystem” comprises AC 
disconnects, conduits (e.g., Disco-POCC, Inverter-Disco), fuses, switchgear, non-utility transformers, and wiring (e.g., AC Disco-POCC, Inverter-AC Disco); “DC Subsystem” includes 
bypass diodes, CB fuses, combiner boxes, conduits and wiring (e.g., combiner-inverter, combiner-subcombiner, module-combiner), and DC disconnects; “Communications” covers 
enclosure boxes, communications to the meter, modems, power supply, routers or switches, SEEDS (SunEdison monitoring system), and wiring.

Figure 4 – PV System Failure Areas and Relative Frequencies
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the lost production potential. However, relatively infrequent failures 
caused by AC Subsystems (e.g., the AC disconnect, fuses, wiring, 
etc.) have a disproportionately large impact in terms of energy loss. 
And conversely, module failures have minimal energy impacts and 
a relatively low frequency of occurrence. Meanwhile, as depicted in 
Figure 5, malfunctioning parts and materials were the most severe and 
frequent cause of overall unrealized production potential. Software-
related issues, on the other hand, had a lesser impact on energy outage 
as well as a lower financial impact given the more streamlined means 
for rectification and repair. Recognizing these failure and root cause 
trends through monitoring and data collection can inform O&M 
decision-making and related budgeting and also help focus continu-
ous improvement efforts.

Panel Washing and Site Upkeep: Highly  
Context Specific
The value derived from panel cleaning and other preventative main-
tenance components, such as weed and wildlife management and se-
curity checks, is highly variable and site-dependant. These activities 
tend to be governed predominately by individual site conditions, 
operating priorities, and budget constraints. For example, the cost 
effectiveness of panel washing can be tied to the amount of dust, 
dirt, pollen and/or pollution in the site environment; the frequency 

of rain or snow; and the presence of flat plate versus tilted panel 
orientations. Likewise, the benefit of weed and debris clearing is 
influenced by climate and environmental dynamics, while the worth 
of security measures is impacted by the probability of vandalism and 
damage caused by wildlife.

At bottom, however, PM decision-making is driven by the relative 
impact of each activity on system performance and the importance 
attached to the resulting increased production. Panel washing, a ma-
jor component of preventative maintenance, provides a window into 
cost versus performance tradeoffs. According to industry stakehold-
ers, PV panel performance can annually degrade by 1-5% without 
washing. (Meanwhile, panel efficiency itself generally degrades 
roughly 0.75% per year.) And based upon external factors, panel 
washing can improve efficiencies by as much as 10-15%. In a dry, 
dusty desert environment the incurred cost of performing perhaps 
several panel cleanings—each of which can require a half day’s work 
for 2-3 people on a 250 kW flat-roof array15—could be worthwhile. 
Yet environments where rain is a regular occurrence do not necessar-
ily require panel washing at all because the rain has been observed to 
improve panel efficiencies by 3-5% on tilted arrays. Consequently, 
subscribing to a flexible cleaning schedule that improves plant 
energy production while accounting for site-specific conditions to 
reduce expenses has become an industry best practice. 

15 Joe Zerbo, personal communication, February 22, 2010, O&M Manager, Salt River Project. 

Notes:
One week’s worth of dust collection on a panel located at FPL’s Space Coast Next Generation Solar Energy Center operating in Cape Canaveral, FL (left). Pollen and dirt/dust 
collection over roughly three weeks during early spring at a solar PV array located at the Alabama Power headquarters in downtown Birmingham, AL (right)

Figure 6 – Example of Panel Soiling
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Panel washing itself can be done using different cleaning solu-
tions and via a variety of methods. Some cleaning solutions are 
comprised of de-ionized water using special filters while others 
are composed of a weak vinegar solution (2 Tbsp/Gal. water). 
Specific cleaning methods depend on array makeup and orienta-
tion, but industry best practice involves panel rinsing, pressure-
adjusted according to the accessibility of a panel array; where 
possible, mechanical removal of remaining soil using extendable, 
wide, soft bristle brushes; and followed by a second rinse. Avoid-
ing the need to squeegee the panels, made possible through a 
cleaning solution’s chemical properties, can help save both time 
and money.

Monitoring: Multiple Options for Information  
Collection
PV system monitoring capabilities have significantly advanced 
over the last decade and can now offer insights at an increasingly 
granular level. These application advances offer potentially huge 
benefits, especially given that the vast majority of PV plants are 
unmanned and remotely supervised. But like other aspects of 
O&M, choosing the appropriate monitoring level is system- and 
equipment-specific. The value of increased system output and re-
duced downtime needs to exceed the associated costs of advanced 
monitoring and data analysis competence. To this end, system 
size and distance from O&M facilities, uptime priority, operat-
ing rationale and educational value, and data analysis capability, 
are among the variables that can help define suitable monitoring 
needs. 

The traditional monitoring method, still in wide use today, entails 
simply comparing actual energy generation to predicted. Though 
not ideal for optimizing plant production, the approach’s sim-
plicity, affordability, and reliability often rationalize its use. For 
example, Arizona Public Service, among other utilities, employs 
this traditional monitoring method, deeming it sufficient for 
tracking the relative generating health of its existing PV assets. As 
illustrated in Figure 7, the utility relies on data loggers to produce 
normalized production data collected over 10-minute intervals for 
nine of its owned PV plants. The data is then organized on a graph 
with system performances overlaid upon each other and reviewed 
on a daily basis. Divergences in output are subsequently examined, 
root causes for performance degradation investigated manually on-

In this vein, the majority of O&M providers statistically evaluate 
system efficiency and degradation rates to determine optimal panel 
washing frequency. The simple calculation entails adjusting actual en-
ergy production measured at the meter using the ratio of actual solar 
insolation to expected solar insolation for a PV plant, and comparing 
the result to projected production adjusted for degradation over time. 
Once it is determined that the loss of production from falling panel 
efficiencies exceeds the cost of a panel washing, a cleaning crew can be 
dispatched. However, the decision to actually dispatch often occurs 
based on additional inputs, including allotted O&M budget param-
eters and other cost-benefit variables. Based on return-on-investment 
calculations, most of the sources EPRI surveyed for this paper have 
opted to reduce or eliminate their panel washing activities.

According to independent solar power producer, Solar Power 
Partners (SPP), panel washing costs for large commercial ground 
and flat rooftop mounts are approximately $2.50/kW, while more 
complex systems can run up to $10/kW.16 (Smaller arrays of 
100 kW and less command more expensive panel washing costs 
on a kW installed basis.) These projected costs—variable by the 
cleaning methods required by different technologies, safety con-
siderations, and spatial arrangements—are included in pre-plant 
construction expense models to establish projected operating bud-
gets and investment returns. During plant life, cleanings are then 
guided by available budgetary funds in concert with additional 
considerations, including:

• Coincidence with peak production season 

• Coincidence with seasonal events that create exceptional soiling 
(e.g., pollen during springtime, windblown dust during dry season, 
excessive bird droppings during spring and summer)

• Presence of snow and/or rain, which can delay the need for clean-
ing

• High ambient temperature, which can cause thermal fractures in 
panels during cleaning

• Site distance from O&M crew, which can require multitasking op-
portunities to justify cleaning expense 

• Site accessibility, which can be restricted during certain time peri-
ods (e.g., schools in session, agricultural facilities in peak harvest) 

• Worker safety

16 Solar Electric Facility O&M: Now Comes the Hard Part—Part Two,” Renewable Energy World North America, Volume 1, Issue 2, November/December 2009.
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Figure 8 – PV Monitoring Options across the PV System

Note:
APS uses the graph to discern aggregate PV system performance and to recognize potential system performance degradation of individual PV plants. The utility monitors kW 
AC output from various sites and essentially compares them to measure how they’re performing. This chart compares nine solar plants of different sizes. The majority of them 
are fairly similar as a percentage of rated output, though there may be a few PV module and string issues that are low priority fixes. For instance, the brown line is a system 
that has suffered serious rodent damage to the PV wiring, while the white line represents a system where the tracker got stuck facing west and ceased tracking.

Figure 7 – Screen Capture of Aggregate PV System Performance (Single Axis at Prescott, AZ and Normalized % of Rated)
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site (e.g., rodent damage, tracker malfunction, etc.), and a priority 
of repair assigned.17

A number of newer monitoring techniques offer a greater degree of 
resolution on system performance than the production meter alone 
can provide—some of them more novel than others. What follows 
is a brief overview of the various commercially available monitoring 
options, shown in Figure 8, along with their related advantages and 
disadvantages.

Inverter Monitoring
Represented in Figure 8 as the dark green ellipse, inverter-level AC 
and DC monitoring offers insights into an inverter’s status, adjust-
able parameters, and historic operating data. Given the strategic 
location of the inverter to system performance, and the convenience 
as a monitoring location, inverter-level monitoring offers founda-
tional data for determining and maintaining basic system health.

Advantage(s)

The relative costs of inverter-level monitoring are low and the value 
relatively high given the presence of a central inverter at most com-
mercial PV plants. Consequently, recognizing certain fundamental 
performance metrics—such as the amount of DC power being 
fed into the inverter, the level of AC power being produced on 
the back end, and the efficiency that the power inversion is being 
performed—that can identify where potential problems reside in the 
inverter, in turn, can enhance plant production. Moreover, a rising 
number of inverter manufacturers are now embedding their devices 
with monitoring functionality, which is reducing the BOS labor 
costs during installation while improving the economic rationale for 
inverter-level monitoring. 

Disadvantage(s)

The level of resolution associated with invert-level monitoring is 
limited. Information gathering, which must be done either manually 
on-site or via remote Ethernet link established through the inverter’s 
communications port, can be time consuming and labor intensive.

Array Monitoring
Array monitoring goes a level deeper than inverter level monitoring 
and involves information collection from DC circuits located in vari-
ous sections of a PV array. This monitoring method enables visibility 

into current flow information from different sections of the array that 
can be fed into a data acquisition system (DAS) and on to the plant 
manager. With additional expense, data can be collected and aggre-
gated at sub-combiners before being sent to the inverter. As illustrated 
in Figure 8, measuring current flow from each of the four DC circuits 
that are gathered at the two sub-combiners, allows visibility into the 
performance of the eight sections of this array example. 

Advantage(s)

Array-level monitoring provides an additional level of data with a 
relatively small upfront investment. It can isolate array level prob-
lems to a more specific, though still large, array section.

Disadvantage(s)

The benefit to cost tradeoff associated with array-level monitoring 
compared to string- or inverter-level monitoring is relatively limited 
given that subtle performance degradation in an array may still 
go unnoticed and fester until it reaches a large enough level to be 
detected. For example, a single shaded or faulty panel will not be 
recognized if current is measured coming into a sub-combiner from 
a 12-string, 200-panel combiner box. Several panels will need to 
fail before a problem will be detected. Moreover, the faulty panel(s) 
will need to be identified by hand from a rather large assemblage of 
modules, reducing the value of performing the repair.

String Monitoring
String level monitoring narrows the focus even further to individual 
strings of panels. 

Advantage(s)

String level monitoring is capable of determining the health of every 
string in the array. Consequently, root causes for performance deg-
radation, such as failure or shading of one panel in a string, become 
readily apparent and fairly easy to locate. Meanwhile, several third 
party monitoring providers like Draker Labs and SolarMagic/Energy 
Recommerce offer inexpensive “smart” combiner boxes that measure 
and report string level currents and, as a result, reduce string level 
monitoring installation costs. 

Disadvantage(s)

Additional monitoring complexity, which requires special data 
acquisition equipment and a monitoring interface to both interpret 

17 John Wiedner, personal communication, February 19, 2010, Solar Technology Team Leader, Arizona Public Service.
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of a significant percentage of production in a 250-kW system may 
be valuable, but the same string loss for a multi-megawatt project 
would not justify the costs of string level monitoring installation. A 
more reasoned approach in this scenario would likely be to sacrifice 
monitoring data granularity for the cost effectiveness of simple array 
or inverter monitoring that still adequately tracks performance at 
lower cost. 

It’s also important to recognize the growing pains associated with 
string level and other advanced forms of monitoring. Chiefly, be-
yond cost, widespread adoption of the diagnostic tools necessary to 
interpret the increased number of data points generated by advanced 
monitoring has not yet occurred. Current field array data collection 
typically takes place every 5-15 minutes. Meanwhile, state-of-the-art 
monitoring performs data sampling every minute and some, such as 
Fat Spaniel’s Tom Tansy, predict average sampling rates will reach 15 
times per minute within the next 18-20 months.19 (In fact, Sempra 
Energy’s 10-MW El Dorado PV plant, already samples data every 4 
seconds.) 

The torrent of information—inverter performance, current and 
power characteristics, environmental factors, among others—will 
require significant investment in analytical tools to make sense of 
it all. For perspective, SunEdison, which doesn’t currently perform 
panel-level monitoring on its fleet of over 350 PV systems, already 
maintains a database with more than eight billion records. A transi-
tion to more granular monitoring capability would increase the 
number of data points in the company’s database exponentially.20

To a lesser extent, decision making surrounding the correct level 
of monitoring capability can also hinge on a PV system’s intended 
purpose. For instance, PV systems sited at schools and others with 
accompanying public-facing information kiosks may have an educa-
tional component that advanced monitoring can augment. In these 
contexts, customer benefit and public relations value can cost justify 
more in-depth monitoring.21

Regardless of one’s desired monitoring resolution, industry stake-
holders advocate investing in quality monitoring system equipment, 
which represents 1-2% of overall plant install costs. Purchasing the 
cheapest monitoring tools can end up costing significantly more 
on the backend given increased O&M repair expenses. Meanwhile, 

and organize data, increases installation cost associated with string 
level monitoring. Separately, the presence of multiple communica-
tion hardware increases the likelihood (and cost) of failure and 
repair needs.

Micro Inverter Level Monitoring. Micro inverters are installed at 
the PV module level and provide AC to combiner power panels or 
directly to the grid. They are more common in smaller systems than 
large commercial or utility scale, and are usually affixed to the back 
of every module in an array. 

Advantage(s)

Micro inverters bring efficiency benefits. For one, because they 
directly convert, micro inverters effectively eliminate DC wire losses 
as well as the need for parallel communications lines. Meanwhile, 
panel mismatch losses become moot and, consequently, the output 
from neighboring panels is not affected by the failure of one panel. 

Disadvantage(s)

Micro inverters, due to their novelty are not yet cost competitive. The 
technology is still more expensive than conventional DC invert-
ers. Also, the lack of significant operating history often restricts its 
financial backing by banks and lending institutions. Finally, though 
micro inverters make utility-scale plant downtime more predictable, 
their volume (versus one centralized inverter) also increases labor costs 
because of the need for more frequent inventory rotating schedules.18

Each of the aforementioned monitoring techniques, with their vary-
ing degrees of granularity, has both pros and cons. But, as a general 
rule, system size and uptime priority largely drives investment 
decision-making. More advanced monitoring techniques may be 
deemed overkill for PV plants with negligible generating capacities 
or for others with higher production capacities that represent insig-
nificant portions of utility electricity portfolios. 

This in mind, string level monitoring may not, for example, be 
appropriate for utility-scale PV systems given diminishing returns. 
If the typical uptime of a PV plant fleet is 98%, the cost of recover-
ing the incremental 2% of generation lost to unplanned outages 
via string monitoring simply would not justify the benefit. More-
over, the identification of a failed string and the subsequent loss 

18 “Solar Electric Facility O&M: Now Comes the Hard Part—Part One,” Renewable Energy World North America, Volume 1, Issue 1, September/October 2009.
19 Tom Tansy, personal communication, February 19, 2010, Senior Director of Business Development, Fat Spaniel.
20 Tassos Golnas, personal communication, March 3, 2010, Solar Technology Analyst, SunEdison.
21 Leslie Libby, personal communication, February 25, 2010, Solar Program Manager, Austin Energy.
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programs in the United States, mandates that integrators provide 
a 10-year workmanship warranty that covers all power producing 
components including the mounting hardware and the revenue 
meter. Workmanship warranty can run the gamut and include, for 
example, repair of inverters faults that cannot be simply reset and 
restoration of lost communication with a meter.

Inverter warranty coverage, which is improving, is particularly 
important given their high breakdown rates. Beyond the 10-year 
industry standard, certain manufacturers like PV Powered offer 
20-year coverage. And inverter warranty extensions, though po-
tentially cost prohibitive given project dynamics, are also avail-
able to 15 years and beyond. Specific warranty terms, such as the 
potential need to be trained to inspect a particular inverter for 
the warranty to hold up, should be carefully reviewed. Separately, 
most communication components tend to fall under a one-year 
manufacturer’s warranty, during which time nearly all commu-
nication issues tend to arise but be non-critical in nature. Panels, 
which have a low post project commissioning failure rate have, to 
date, not caused significant warranty claims. However, of note, 
vandalized or stolen panels can fall outside of warranty items.24

Requirements for timeliness, defined according to a “critical” and 
“non-critical repair” hierarchy, represent an additional layer of 
warranty coverage. Critical repairs encompass those that affect 
production or the recording of production, and require immedi-
ate action. All other repairs are considered non-critical and do 
not require immediate action. Given the nature of critical repairs, 
warranty stipulations can require their resolution within 48 hours 
of detection or a negotiable timeframe. Failure to meet agreed 
upon resolution deadlines can result in payment by the integrator 
to plant owners in the amount equal to the calculated revenue lost 
beyond the repair timeframe. Meanwhile, the timeframe for re-
solving non-critical repairs is more relaxed given their lesser prior-
ity. Warranty terms specify perhaps a 10-day window of resolution 
once notification is given to the warranty provider. Failure to meet 
deadlines can result in a flat, per day penalty payment.25

Regardless of their make-up, warranties are only as good as the 
companies that honor them. For example, if an integrator goes out 
of business after completing construction of a PV system, the war-

consideration should be given to the as yet unknown O&M costs 
associated with different PV monitoring systems that the industry is 
just now starting to think about. Beyond preventative maintenance 
for the PV power system, there’s also O&M requirements for the 
data acquisition system, electronics, and sensors that also reside in 
the harsh environment.22

For now, industry consensus appears to consider inverter-level 
monitoring to be adequate. Though string level monitoring can be 
effective in some feed-in tariff markets, costs remain too high for 
most to justify the benefits of sub-inverter monitoring resolution. 
For example, a break-even analysis recently completed by SunPower 
indicated that the number of strings that had to fail to cost justify 
an investment in string-level monitoring would be large enough 
for the company’s inverter level monitoring capability to detect.23 
Monitoring at greater resolution than inverter-level will likely ensue 
as sensor technology costs continue to drop. For now, though, 
combiner/inverter level monitoring appears likely to be the majority 
approach. 

Warranty Coverage: An Essential O&M  
Ingredient 
Warranty terms that clearly define system performance thresholds 
and assign responsibility for system repairs, eligibility, and response 
time requirements are a vital part of a successful O&M program. 
There is no such thing as perfect warranty language; there are simply 
too many potential problems that may arise. However, making 
stipulations that cover the biggest problem items is an effective 
approach that can maintain a healthy relationship between plant 
owners, system managers, EPC contractors, site integrators, and 
component suppliers—and keep the overall labor costs of warranty 
enforcement down. Meanwhile, performing rigorous initial site 
commissioning, to ensure that the sum total of equipment and plant 
components are functioning correctly can help to guarantee perfor-
mance adequacy and lessen lifecycle O&M costs.

Most integrators provide some form of warranty coverage for the 
systems they construct—though terms can vary widely—while 
some localities mandate specific warranty coverage. For example, 
the California Solar Initiative (CSI), one of the largest solar PV 

22 AJ Rossman, personal communication, February 24, 2010, CEO and Found, Draker Labs. 
23 Steve Hanawalt, personal communication, March 5, 2010, VP of O&M and Customer Service, SunPower Corp.
24 “Solar Electric Facility O&M: Now Comes the Hard Part—Part Three,” Renewable Energy World North America, Volume 1, Issue 3, February 25, 2010.
25 Bryan Banke, personal communication, March 5, 2010, Director of Asset Management, Solar Power Partners.
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ranty, including panel performance and inverter up-time guarantees, 
becomes worthless. Similarly, manufacturers that go belly up often 
render their equipment warranties moot. Some industry stakehold-
ers foresee an industry retraction caused, in part, by the naïveté of 
startup manufacturers who are unaware of the true cost of their 
product warranties. Many are perceived to be over-committing to 
pass-through warranties without understanding their risk obliga-
tions and, in turn, putting themselves in jeopardy.26 As a result, 
thoroughly vetting the financial health of project partners and 
component manufacturers is of paramount importance. Among the 
issues that should be discerned is whether an integrator understands 
and has budgeted for warranty coverage over the length of the war-
ranty period.

Workforce Safety Protocols
In general, the current skill level in the workforce is mismatched 
with the requirements of successful PV asset O&M. PV trouble-
shooting is somewhat specialized and the average industrial techni-
cian, while familiar with AC loads, often hasn’t worked with DC 
power sources and series parallel strings. As a result, significant 

training of both utility and third-party personnel is necessary to 
improve the labor pool while insuring its safety.

At a minimum, third party services providers follow federal Occu-
pational Safety and Health Administration (OSHA) rules any time 
personnel are in the field. In addition, industrial safety courses 
and formal training and qualification are offered that include how 
to handle fault and voltage protection, and working rules around 
skylights and angled roofs. For example, to avoid potential li-
ability issues some O&M contractors prefer that, in the absence of 
permanent or temporary safety wire, their staff forgo getting on an 
angled roof for panel cleaning purposes. Instead they recommend 
pumping a high volume of water at low pressure from a truck arm. 
Most third parties also adhere to stringent fire codes for mark-
ing PV systems that can include having “warning: high voltage 
conduit lines” signs every six feet on conduit runs and/or marking 
all AC disconnects with signage.27

Safety is, of course, a particular point of emphasis for utilities as 
well. Some, such as Southern California Edison, that lease distrib-
uted rooftop space to site their owned PV assets are developing their 
own maintenance and operating standards. In particular, Southern 

In 2010 EPRI is initiating a tailored collaboration project with 
members participating in power delivery and generation solar 
programs to assess future PV O&M challenges. Working with 
participants we will consider PV system monitoring, new op-
erational needs, and planning for maintenance. The expected 
outcomes are to survey current O&M practices, to identify 
future scenarios, and to discern the future needs of utility asset 
management programs.

The 2011 EPRI R&D program for integration of distributed 
renewables (Program 174) will include a new area specifically 
addressing PV Applications, Operations and Maintenance. 
Planned research includes:

1.  A how-to guide covering installation, maintenance and 
management of distributed PV assets. This project will detail 
installation, maintenance and asset management issues and ap-
ply O&M knowledge to develop utility best practices.

2.  An assessment of inverter reliability and associated impacts 
on grid voltage and energy support. This project will evalu-
ate inverter failure modes and limits, develop accelerated life 
testing, and examine different configuration effects on output 
performance and reliability.

Meanwhile, in 2011, EPRI’s Solar Generation Program 
(Project Set 84C) will commence a new project to assess the 
long-term O&M requirements for PV systems. Research will 
focus on condition-based monitoring approaches and self-
diagnostics for inverters, controllers, and energy management 
equipment that can allow for accurate predictions of system 
lifetime. This project may also identify R&D tools and exper-
tise to better understand the properties of PV system interfaces 
that can lead to instability or failure.

EPRI Research on Photovoltaic Operations and Maintenance

26 Tom Tansy, personal communication, February 19, 2010, Senior Director of Business Development, Fat Spaniel.
27 Bryan Banke, personal communication, March 5, 2010, Director of Asset Management, Solar Power Partners.
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California Edison is coordinating closely with the building owners 
and tenants where the utility’s initial rooftop PV systems are sited 
and performing O&M tasks to assure building integrity. Rooftop 
leasing revenue generally equates to roughly 3% of the total income 
that a building owner may earn on a building, and the tenant under 
the roof is obviously more important than the tenant on the roof. 
Consequently, qualified Southern California Edison staff is intended 
to perform annual retro commissioning that comprises inspection of 
panels, the structural attachments on the roof, stanchions, the pres-
ence of exposed wiring, among other tasks.28 Meanwhile, utilities 
such as Austin Energy that offer residential PV programs in which 
the customers are responsible for system O&M, maintain and 
distribute a list of qualified contractors that are NABCEP certified 
(North American Board of Certified Electricity Practitioners) and 
have a certain amount of liability insurance.29

Utilities and municipalities often host annual or semi-annual work-
shops, ranging from one to several days, designed to train aspiring 
PV field technicians and update experienced service labor about PV 
design, inspection, code requirements and, indirectly, safety. John 
Wiles of New Mexico State University and Bill Brooks of Brooks 
Engineering based in California are two prominent professionals 
who offer classes on new product developments and associated han-
dling, such as the implementation of DC disconnects onto smart 
combiner boxes that switch panels off in case of fire or fault. Austin 
Energy, SMUD, and Salt River Project are but a few of the utilities 
who have contracted their services.

For more information on PV O&M safety issues and handling, we 
recommend reviewing the NABCEP’s Study Guide for Photovoltaic 
System Installers.

Lessons Learned & Best Practices 
Following are selected lessons learned and best practices attained 
through experience by EPRI’s PV O&M interview panel. By no means 
exhaustive, they present a number of initial insights into the dos and 
don’ts of starting and operating a successful PV O&M program.

Preventative Maintenance
Focus on design, engineering and the initial build of the PV plant. 
Perhaps the most important aspect of keeping O&M to a mini-
mum, the initial plant design, construction, and commissioning 

procedure can set the tone for maintaining a plant’s overall health 
and performance. 

Institute 3rd party quality inspection of a project’s original EPC. 
Third party inspection can ensure that all trade and craftwork is of 
optimal quality and, in turn, reduce the probability of unplanned 
O&M issues. 

Institute continuous commissioning and continuous stress testing. 
Annual commissioning over the lifetime of a system should be the 
baseline, while testing panels can guarantee that they live up to war-
ranty.

Conduct PM work either early in the morning or later in the eve-
ning to avoid heat stress and minimize electrical hazards. This also 
minimizes production losses.

Perform site visits at least 1-2 times/year. Relying exclusively on 
remote monitoring can miss potential problems such as broken 
panels and increase the risks of fire or shorts. Specific tasks, such as 
shooting combiner boxes and inverters with an infrared (IR) gun 
and torqueing DC connections in the combiner boxes can mitigate 
some basic issues.

Two overriding factors driving O&M decision-making are system 
size and site distance from personnel. Scheduling multiple O&M 
tasks can improve the cost benefit and frequency of performing 
O&M given the fixed costs attached to a “truck roll.” 

Invest in an infrared gun. A great bang for the buck, an IR of-
fers thermographic imaging on all electrical systems to determine 
hot spots where electricity leaks out and where there is likely to be 
maintenance in the future.

Be aware of the unexpected consequences of weed control. Though it’s 
important to manage weeds to avoid fire hazards and array shading, 
Weed whackers and lawnmower blades can fling rocks and shatter 
panels.

Do not schedule panel cleanings too far in advance. Rain can effec-
tively improve module efficiencies by 3-5% and obviate the need for 
labor and cost of manual cleanings.

Dual axis trackers add additional production capability but also 
O&M cost. 

28 Rudy Perez, personal communication, February 23, 2010, Project Manager, Generation Planning, Strategy & Development, Southern California Edison. 
29 Leslie Libby, personal communication, February 25, 2010, Solar Program Manager, Austin Energy.
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Consider introducing remote monitoring to harness better opera-
tional efficiencies and potentially lower costs. Remote opening and 
closing of contactors can increase line crew safety, but overall benefit 
of investment can be tied to system size and/or the number of 
distributed assets.

Buy spares of all equipment. Having a stockpile of panels and/or 
inverters ensures equipment will be available to replace models that 
are no longer on the market.

Standardize on equipment and monitoring platform. Standardiza-
tion can reduce the risk of part support and improve understanding 
around part failure; actual savings derived through standardization 
are, however, not yet well defined.

Warranty
Make sure warranties terms are clear; avoid vague clauses. Defining 
roles and responsibilities allows for easier warranty enforcement and 
budgeting. Warranty expectations should be known or else EPC 
contractors aren’t going to budget it; they’re going to instead bid low 
and forget the O&M piece. 

Perform due diligence before agreeing to a construction contract. 
Know the history and financial strength of the system integrator and 
system component manufacturers. 

Make sure the integrator understands and has budgeted for war-
ranty coverage over the warranty period.

Consider creating boilerplate contracts to clearly articulate the insur-
ance requirements to O&M third parties (e.g., EPC, manufacturers, 
etc.). Standardizing contracts can keep legal expenses in check.

Provide service providers with a best practices sheet on maintenance 
tasks. Set expectation up front.

Always schedule inverter and BOS maintenance. The alternative is 
risk of voided equipment warranties.

Track inverter warranty developments. Inverters are the most 
failure-prone PV component and a 20-year lifespan can be optimis-
tic; though terms are improving, extension to beyond 5-10 years can 
be cost prohibitive. Many expect panel and inverter warranties to 
get better and longer over the next five years.

Consider transitioning outsourced O&M to in-house. Transitioning 
O&M capability after one year of training can help bring utilities 
up to speed on optimal strategies and management. It, however, re-
mains to be definitively determined whether in-house or outsourced 
O&M is more cost effective.

Hire qualified third party O&M providers (if applicable). Trust and 
familiarity with personnel can lead to greater efficiency and avoid 
budgetary overruns. 

Recognize workforce enthusiasm. Many younger generation utility 
electricians view the renewables field as a future growth area and are 
enthusiastic about developing a PV O&M skill set.

Consider integrating PV O&M responsibility into the traditional 
utility electricity maintenance function. Leveraging existing person-
nel and expertise can help to institutionalize PV O&M and its value.

Provide adequate workforce training and develop an organization 
safety policy if bringing the PV O&M function in-house. A basic 
overview of PV, DC safety protocol, and other safety-related issues 
(e.g., rooftop access, minimum manning requirements for rooftop 
access, safety procedures when working near skylights, etc.) should 
be included in the training.

Install permanent protective barriers at rooftop skylights to prevent 
potential to insure workforce safety. 

Monitoring
Assure good access to historical data. Historical data can lead to en-
hanced diagnostics and troubleshooting capability as well as O&M 
budgeting, planning, and scheduling.

Perform simple site analytics once per month (i.e., performance 
ratios, etc.). Modeling expected versus actual insolation and other 
metrics sets the parameters for production potential.

Identify core factors that determine the economic tradeoffs of 
monitoring resolution. For example, because string monitoring adds 
to install costs, it may or may not increase production levels to an 
adequate level that justifies the economic outlay.

Purchase quality monitoring equipment. Using the cheapest moni-
toring equipment can lead to frequent communications failure and 
end up being more expensive in the long run given repair costs. 
Monitoring system costs are very low—typically 1-2% of total 
install costs.
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