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With this issue, Solar- 
Pro concludes a 

decade of publishing. 
Developing the original, 
in-depth technical con-
tent SolarPro has built its 
reputation on is an expen-
sive and labor-intensive 
process. A challenging 
business environment, 
characterized by falling 
advertising and subscrip-
tion revenue, has made 
the publication of SolarPro 
increasingly difficult in 
recent years. Rather than 
compromise the qual-
ity SolarPro is known for, 
we opted to ramp things 
down with our November/
December 2018 issue. If you purchased a print 
subscription and would like a refund for the value 
of the remaining issues, please contact us via email 
at refund@solarprofessional.com. While we will 
no longer be publishing new editorial content, 
SolarPro’s 10-year technical catalog will remain 
available on solarprofessional.com.

For our final issue, we decided to build a lengthy 
retrospective of feature articles that highlight the depth 
and breadth of SolarPro’s technical editorial content. The 
assembled deep-dive articles cover topics ranging from sys-
tem design and installation safety to performance modeling 
and asset management. Reading the collected works in this 
final issue of SolarPro, you can watch an industry maturing 
before your eyes, metamorphosing from a novelty in niche 
behind-the-meter applications to a mainstream source of 
new power generation capacity.

During our review process, 
in which we selected one article 
to represent each of our first 
ten editorial calendar years, we 
were struck by both the quality 
and continued relevance of 
the information contained in 
many SolarPro articles. Good 
ideas have a timeless value, and 
these ten articles are filled with 
good ideas and useful infor-
mation, as are many others in 
our catalog. At the same time, 
these articles—and the broader 
repository of works in our 
archives—serve as a historical 
record of sorts. 

Providing timely cover-
age specific to solar industry 
professionals in North America, 
we chronicled manufacturers, 
technologies and products as 
they entered, ascended, and 
exited the market. We captured 
snapshots of evolving market 
conditions, recording mergers, 
acquisitions and bankrupt-

cies. We documented evolving codes and standards and the 
impact these had on fielded PV power systems. We mapped 
our colleagues’ careers as they travelled within the industry 
throughout the years.  

During our decade-long tenure, we had the good fortune 
and privilege to work with a broad cross-section of solar 
industry subject matter experts and thought leaders. Repeat 
contributors include the likes of Bill Brooks, Paul Gibbs, 
Blake Gleason, Jason Fisher, Marvin Hamon, Paul Hernday, 
Rebekah Hren, Sarah Kurtz, Ryan Mayfield, Brian Mehalic, 
Fortunat Mueller, Mat Taylor and Tarn Yates. Our contribut-
ing authors—especially those who carved time out of their 
busy schedules to contribute on an ongoing basis—are the 
real champions behind SolarPro, We provided the vessel, 
adorned and fired the clay, but our contributors filled these 
works, sharing and distilling their hard-earned knowledge so 
that it could be of service to others. 

—The SolarPro Editorial Team: David Brearley, Kathryn 
Houser and Joe Schwartz

Celebrating a Decade of Unparalleled 
Technical Content

mailto:refund@solarprofessional.com
http://www.solarprofessional.com
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M any solar contractors have experience installing 
residential PV systems that are typically less than 
10 kW and are connected to single-phase utility 
services. While the jump to larger commercial  

systems can seem intimidating, many concepts and design  
issues are common to both small residential systems and 
megawatt-scale commercial projects. This article is the first 
in a series that will demystify the design, installation and opti-
mization of large, commercial-scale PV systems.

Photovoltaic systems are highly modular in nature, 
so many of the components used in large commercial sys-
tems are identical to—or scaled-up versions of—those used 
in small residential applications. At a fundamental level 
both residential and commercial PV systems consist of the 
same basic set of components: PV modules, a support struc-
ture, combiner boxes, ac and dc disconnects, inverters and  
a connection to the utility grid. Other than scale, the  
primary difference between the two systems lies in the choice 
of inverter and how it is interconnected to the utility grid. 
Small single-phase residential systems are typically con-
nected to the utility grid with minimal protective equipment. 
Large commercial systems are three-phase and subject to 
many more utility interconnection and protective equipment 
requirements. Before installing a commercial system, it is  
essential to contact the utility to determine the impact of any 
additional requirements.

Diagram 1 is representative of a utility-interactive 
residential PV system with a single inverter. Much of the  
design process used in this residential system example, 

while smaller in scale, is identical to that used for a large, 
three-phase commercial system.  

Both residential and commercial PV arrays consist of 
one or more strings of five to twenty modules wired in series. 
The  exact number of modules, including the number in 
series and the number of strings, depends on the electrical 
characteristics of the modules, the input voltage and current 
range of the inverter, and the expected high and low ambi-
ent temperatures of the site. In a well-designed system, the 
designer will choose the array and the inverter so that the 
array’s operating voltage, current and power output will be 
within the inverter’s operating range at all times through-
out the year. Inverter manufacturers typically provide sizing 
guidelines or programs to assist in matching a particular 
array configuration to a specific inverter.  

RESIDENTIAL INTERCONNECTION
NEC 2008 Article 690.64(B)(1) requires a dedicated overcur-
rent and disconnect device for each inverter in the system. 
The size of the overcurrent device is specified by the manu-
facturer and the NEC. The minimum size of the overcurrent  
device is defined by code and calculated by dividing 
the power output rating of the inverter by the nominal  
service voltage. Article 690.8(A)(3) requires that inverter 
output circuit currents be considered continuous. As a result, 
the ampacity of the wiring and the rating of the overcurrent 
devices must be sized to carry 125% of the output current 
in accordance with Article 690.8(B)(1). For the system in 
Diagram 1, the minimum ampacity of the wiring and the 

By John Berdner

System Design Considerations

Courtesy mer id iansolar.com

kW MW
From 

Originally published: October/November 2008
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minimum size of the overcurrent device rating are com- 
puted using the inverter output current calculated as:

Inverter Output Current  
≥ (inverter output rating ÷ nominal voltage) x 125%
≥ (7000 VA ÷ 240 Vac) x 125%
≥ 36.45 A

Article 240.6(A) lists 
standard-size overcurrent 
devices with ratings of 35 A 
and 40 A, so the minimum 
overcurrent device rating 
approved for use is 40 A. 
Note that UL 1741 requires 
the manufacturer to spec- 
ify the maximum size of 
the overcurrent device to 
be used with the inverter. 

Use of overcurrent devices larger than the one specified 
by the manufacturer violates the conditions of the listing 
and therefore must be avoided. Since the wiring between 
the overcurrent device and the inverter is protected by 
the 40 A overcurrent device, the minimum ampacity of the 
wiring must be 40 A or more. Also, it is important to note 
that any additional code-required ampacity correction 

shawnschre iner.com

MW
to

Diagram 1  Three-line wiring diagram for a 
7 kW residential grid-tied PV system
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factors for ambient temperature and conduit 
fill are applied to the inverter output current of  
36.45 A, not to the breaker size of 40 A. The wire 
ampacity sets the minimum wire size neces-
sary to meet NEC requirements. Larger wire 
sizes may be required to reduce voltage drop 
and system losses.

COMMERCIAL SYSTEM—INVERTER SELECTION
The two primary design choices for a commer-
cial PV system are a single central inverter or 
multiple small inverters. While the single large 
inverter may seem the logical choice, there 
are advantages and disadvantages to each  
approach that should be weighed. Some of 
these trade-offs are outlined in Table 1.

In general, designers of large monolithic  
arrays with the same module type and mount-
ing orientation tend to favor a single large  
inverter. Arrays with different module types or 
varying mounting orientations tend to employ 
the multiple inverter solution. Another area 
where the multiple inverter approach may be 
desirable is for roof-mounted systems where 
the array is broken into multiple segments. 
The flexibility to use multiple, differing string 
lengths on different inverters within the same 
system may simplify array layout.

The historical development of PV rebates 
has affected system design philosophy. The 
majority of the rebate programs in the US have 
been structured as a single payment based on 
the nameplate rating of the system. This type 
of rebate structure places a heavy emphasis on 
initial system cost, making the lower first cost 
of the single large inverter the obvious choice. 
In contrast, European rebate structures have 
been based on long-term energy production. 
The multiple inverter solution typically has a 
higher first cost but higher overall energy pro-
duction. As a result, multiple inverter system designs are 
more common in Europe.

Comparing the residential system shown in Diagram 1  
to the commercial system shown in Diagram 2 reveals  
many of the same system components. While the com-
plexity of the commercial system may seem intimidating 
at first, the major differences are found in the dc wiring 
and in the interconnection to the utility grid. The dc wir-
ing in a system with a single central inverter requires the 
use of several large combiner boxes. In the example shown, 
the designer used four combiner boxes, and each com-
biner contains 28 individually fused inputs for the module 

strings. The output of the combiners are fed through sepa-
rate dc disconnects and then to the inverter inputs. In the 
residential example, the individual string fuses are incor-
porated into a single fused disconnect for the inverter.

Large inverters typically contain multiple, individually 
fused inputs inside the inverter to combine the outputs from 
the individual combiners. The inverter used in Diagram 
2 has multiple fused inputs, so unfused disconnects are 
shown. If the inverter inputs were unfused, then these dis-
connects would have to be fused and located at the inverter 
to provide overcurrent protection and a means of discon-
nect for the wiring between the inverter and the combiners. 

Single Large Inverter Multiple Small Inverters

Initial cost Lower Higher

Installation cost Lower Higher

DC wiring 
complexity

High: requires combiners, 
recombiners, and dc 
disconnects

Low: combiners and 
disconnects typically 
included with inverter

AC wiring 
complexity

Low: single ac output 
High: requires ac collection 
system with panelboard

Installation weight
High: requires heavy 
equipment

Low: can be installed by 
two-person crews

Warranty period
5 years: extensions 
available at added cost

10 years standard

Warranty service
Onsite by trained 
technician

Replacement by installer

System availability
Single failure results  
in loss of entire or 
substantial system output

Single failure results in only 
small loss of output

MPPT accuracy
Single MPPT point for up 
to hundreds of strings

Individual MPPT points for 
up to several strings

Multiple array 
orientations

Not recommended
Individual inverters for each 
array orientation

Array layout 
flexibility

Limited: all strings must 
be equal length

Each inverter can have 
different array configuration

Multiple module 
types

Not recommended
Different module types can 
be used within single system

Subarray fault 
detection and 
performance 
monitoring

Difficult Easy

Energy yield Good Typically 1% to 1.5% higher

Comparative 
performance 
analysis

Requires additional data 
acquisition hardware and 
software

Easy to compare output of 
multiple inverters

Interconnection 
flexibility

Must be ordered for 
specific grid configuration

Often field configurable for 
multiple grid configurations

Table 1  Comparison of single- and multiple-inverter system characteristics

Inverter Selection Criteria
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The “always on” nature of PV arrays makes it essential to pro-
vide a means of disconnect between the combiners and the 
inverter. While it is possible to open all the individual string 
fuses, I do not recommend this approach. Large systems 
may contain hundreds of strings, making this a dangerous 
and laborious process prone to error.

THREE-PHASE INTERCONNECTION
On the ac side of the commercial system, the principal  
difference is a three-phase connection instead of a single-
phase connection. In both the residential and commercial 
cases, inverters are commonly connected line-to-line with 
or without a neutral connection. In residential applications, 
there is only one common type of service. In commercial 
applications, the specific configuration of the three-phase ser-
vice can vary. (See “Electrical Service Types,” p. 10.) Because 
you must order a single large inverter for the correct type 
of service, it is critical to understand what type of power is 
available at the site. It is best to measure all of the line-to-line 

voltages and line-to-neutral voltages. This ensures that the 
inverter used is configured properly for the utility service. 

Most single-phase utility interactive inverters can be 
configured for use at 240 Vac, 208 Vac and, in some cases, 
277 Vac. When connected to three-phase grids at 240 or 
208 Vac, single-phase inverters are connected in a phase-
to-phase delta configuration. When connected to 277 Vac 
grids, the inverters are connected in a line-to-neutral wye 
configuration. Since most single-phase inverters can be con-
figured to operate at different voltages, it is possible to build  
up a three-phase commercial system using multiple single-
phase inverters. 

One utility concern when using single-phase inverters  
on a three-phase grid is voltage imbalance. To minimize 
voltage imbalance, you should install single-phase invert-
ers with the same number of inverters on each phase when-
ever possible. If the system requires a number of inverters 
that is not a multiple of three, the “extra” inverters should 
be connected to the phases with the 

Diagram 2  Three-line wiring diagram for a 250 kW commercial PV system with a single 3-phase inverter
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RESIDENTIAL
The vast majority 
of residential ser-
vices in the US  
are supplied with 
240 Vac single-
phase power 
configured with a 
center grounded 
neutral and two 
120 V legs. The 
phase angle 
between the two  
120 V legs is 
180°, so the 
phase voltage 
can simply be 
added. This is 
true because the sine of the phase angle between the line and 
neutral is equal to 1. For example, 2 x 120 x sine (90) = 240 
Vac. This is commonly referred to as a “split phase,” an “Edison 
connection” or sometimes a “two-phase” connection. Most 
inverters used in residential applications interconnect from line 
to line at 240 Vac. An inverter connection to the center neutral, 
if required, is typically used for voltage sensing purposes only.

COMMERCIAL
Small commercial 
services normally 
are configured as a 
208/120 V, 4-wire 
wye connection.  
This service consists 
of three 120 Vac 
phases with a center 
grounded neutral 
connection. The 
phase-to-neutral  
voltage is also  
120 Vac, but the 
phase angle between 
each of the three 
legs is 120°. As a 
result the voltage between the phases cannot simply be added 
together. The voltage between two phases is therefore 2 x 120 
x Sine (60) = 208 Vac.

Large commercial and  
industrial services are 
normally configured as a 
480/277 V, 4-wire wye  
connection. This type of 
service consists of three  
277 Vac phases with a 
center grounded neutral 
connection. The phase-to-
neutral voltage is 277 Vac 
with a phase angle of 120°. 
The phase-to-phase voltage 
is therefore 2 x 277 x Sine 
(60) = 480 Vac.

In addition to the wye  
service configurations, there 
are several three-phase delta 
configurations. 480 V, 240 V, 
or 208 V delta connections 
are normally used exclusively 
to power motor loads. These 
may be either grounded or 
ungrounded (shown). The 
ground connection can  
be corner grounded  
at one of the phases or  
center grounded.

The center- or side-grounded 240 V delta service can be the 
most confusing to encounter in the field. The confusion comes 
from the fact that the voltage between the neutral and one of the 
phases is 208 Vac, while the voltage between the neutral and 
the other two phases is 120 Vac. This 208 Vac leg is sometimes 
referred to as a stinger 
leg or high leg. The center 
side grounded delta is 
used by utilities so that 
a single transformer can 
supply both residential 
split-phase loads and 
240 V delta three-phase 
motor loads. This type of 
service is commonly found 
in agricultural areas or in 
older urban areas with a 
mixture of commercial and 
residential loads. {
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lowest measured line-to-line (208 wye or 240 delta) or line-
to-neutral (480/277 wye) voltages.

CALCULATING THREE-PHASE INVERTER OUTPUT CURRENTS
Calculating the ac output currents for a three-phase  
inverter is slightly different than calculating the ac current 

for a single-phase inverter. The currents in a three-phase 
system do not add arithmetically as they would in a single-
phase system, because there are three ac currents that are 
each separated by the phase angle of 120°. All of these ac 
currentsare considered continuous by Article 690.8(A)(3). 
Article 690.8(B)(1) requires the minimum ampacity for the 
wires and overcurrent devices to use the calculated phase 
current value multiplied by 1.25. The calculated phase  
currents and minimum ampacity values for three possible 
250 kW scenarios are shown below.

EXAMPLE 1  250 kW system with a single three-phase  
inverter interconnected at 480/277 Vac:

Phase Current = P inverter ÷ V phase-to-phase ÷ square root of 3
     = 250,000 VA ÷ 480 V ÷ 1.732
     = 300.7 A continuous 

Minimum Ampacity  = 300.7 A x 1.25 
     = 376 A

For multiple inverter systems with a number of invert-
ers that is not a multiple of three, simply round up to the 
next highest multiple of three and then calculate the phase  
current as above.

EXAMPLE 2   250 kW system with thirty-six 7 kW invert-
ers interconnected phase-to-neutral at 480/277 Vac. Note  
that the equation is slightly different due to the phase-to-
neutral  connection.

 
Phase Current = P inverter ÷ V phase-to-neutral ÷ 3
     = (36 x 7,000 VA) ÷ 277 V ÷ 3
     = 252,000 VA ÷ 277 V ÷ 3
     = 303.2 A continuous

Minimum Ampacity  = 303.2 A x 1.25
     = 379 A

EXAMPLE 3   250 kW system with thirty-six 7 kW inverters 
interconnected phase-to-phase at 208/120 Vac:

Phase Current = P inverter ÷ V phase-to-phase ÷ square root of 3
     = (36 x 7,000 VA) ÷ 208 V ÷ 1.732
     = 252,000 VA ÷ 208 V ÷ 1.732
     = 699.5 A continuous

Minimum Ampacity  = 699.5 x 1.25
     = 875 A
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Multiple-inverter design  Single-phase SMA 7 kW inverters 
are stacked at this site for a 140 kW three-phase output.

Central-inverter design  This 3-phase Advanced Energy 
Solaron 333 kW inverter has the capacity of approximately 50 
string inverters. 
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COMBINING THE AC OUTPUT OF MULTIPLE INVERTERS
Combining the ac output of multiple inverters is directly 
analogous to supplying multiple load circuits from a load 
center or panelboard. In this case, however, multiple 
sources are collecting so the additional requirements of 
Article 690.64(B)(1) through (7) apply. Article 690.64(B)(1) 
requires each inverter to be wired to a dedicated branch  
circuit in the panelboard. Article 690.64(B)(5) requires  
these breakers to be suitable for backfeeding.  The associ- 
ated FPN indicates that breakers not marked with 
line and load are considered suitable for this use. The  
example 250 kW multiple inverter system interconnected 
at 480/277 Vac would require a panelboard with a mini-
mum of 36 breaker spaces. With a 277 Vac phase neu-
tral connection, the maximum continuous inverter out-
put current would be 7,000 W ÷ 277 Vac or 25.27 A. We 
then multiply this value by 1.25 to obtain the minimum  
ampacity of 31.58 for the wiring and breakers. The next 
higher standard breaker size is 35 A.

Articles 690.64(B)(2) and (7) allow the cabling and bus-
bars supplying the panelboard to be rated for not less than 
120% of the sum of all overcurrent devices supplying the 
panelboard or cabling. With 12 breakers per phase, the sum 
of all the PV source breakers is 35 x 12, or 420 A. The main 
breaker in the panel, or in the wiring feeding this panel, is 
sized by taking the sum of the continuous inverter currents. 
In Example 2 (p. 11), this current calculated at 303 A con-
tinuous, so the minimum ampacity for this main breaker is 
379 A. The next higher standard breaker size is 400 A. So the 
sum of all overcurrent devices supplying the panel busbars 

and wiring is 420 + 400, or 820 A. Using the 120% allow-
ance reduces the minimum busbar rating to 820 ÷ 120%, or  
683 A. Therefore an 800 A panel board with a minimum of  
36 breaker spaces can be used.

SCALING UP
Larger commercial systems consist of many of the same  
elements as smaller residential PV systems. The design pro-
cess used in both systems is nearly the same: evaluate the 
array-to-inverter compatibility, and size wiring and over-
current devices on the dc and ac side of the inverter. Large, 
single-inverter systems require the additional design step 
of sizing one or more dc combiner boxes, additional dc dis-
connects and associated wiring between the combiners and 
the inverters. Large systems with multiple inverters involve 
the additional design step of sizing the ac panelboard and 
associated wiring between the panelboard and the point 
of interconnection. There are a number of trade-offs that 
installers must weigh when deciding between a single large 
inverter or multiple smaller inverters. While the multiple-
inverter solution has a higher first cost, it may be more  
appropriate in cases with multiple array orientations or 
complex array layouts. Since the multiple-inverter approach 
is simply a repetition of a smaller residential system, it  
may provide the best solution for installers who have  
installed residential PV systems only, but are interested in 
tackling their first commercial project.
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Diagram 3  Single-pole PV source-circuit breakers are balanced across three phases of the aggregation panel—4 of 36 
inverters are shown in this single-line drawing—and the sum of the breakers feeding the panel is less than 120% of the panel 
busbar rating.
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Sponsored
content

In a world of changing energy needs, 
complex utility rates and evolving 

regulations, the need for adaptable 
renewable energy solutions is leading 
the renewable energy conversation. 
OutBack Power’s response is a new 
class of renewable energy system, the 
SkyBox™ True Hybrid Energy System. 
In the context of SkyBox, true hybrid 
refers to not only its integrated design, 
but also its ability to function as a 
traditional grid-tied inverter, as a 
battery-based, grid-connected energy 
management system or even as a totally 
off-grid system.

The fully programmable 5 kW 
SkyBox measures and monitors power 
to and from any connection point—
utility, solar, battery, generator and 
load—to dynamically optimize energy 

production and consumption based on 
an individual owners’ energy profile. 
For owners not yet ready to install a 
battery-based system, SkyBox can be 
installed and commissioned without 
batteries today and will easily accept 
batteries later, with no retrofitting of 
the PV system or ac-coupling required.

In addition to offering hybrid flex-
ibility to end-users, SkyBox is designed 
to take the complexity out of installing 
and commissioning a battery-based 
system. Compatible with a wide range 
of 48 V battery chemistries, install-
ers benefit from the single-box design 
that eliminates the need for external 
charge controllers and communica-
tions equipment, reducing installation 
time and cost. A high-voltage 400 Vdc 
bus supports long array strings, which 

eliminates the need for rooftop fuses 
and disconnects, further reducing cost 
and complexity. Skybox is fully compli-
ant with the grid-support requirements 
outlined in UL 1741 SA and adopted 
under California Rule 21 and HECO 
Rule 14H, thereby eliminating regula-
tory uncertainty in two of the largest 
solar markets in the US.

As a member of the Alpha Group  
of companies, OutBack Power lever-
ages the collective expertise and 
resources that come from Alpha’s 
more than 40-year history of design-
ing, manufacturing and supporting 
power solutions for fault-intolerant 
and mission-critical applications. 

—OutBack Power / Arlington, WA / 
outbackpower.com

A Changing Energy Landscape

Easy to install and easy to own, SkyBox from 
OutBack Power brings a new level of simplicity, 
intelligence, flexibility and control for those who 
truly want to take charge of their energy future.

Let us help you 
take charge.

Available now - Contact 
sales@outbackpower.com to learn more

http://www.outbackpower.com
http://www.outbackpower.com
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U
nderstanding and paying attention to PV 
commissioning is important to the industry. 
If the PV industry is to continue to expand 
and become a significant part of the US 
energy portfolio, short- and long-term sys-
tem performance is critical to maintaining 
public confidence and goodwill. Already, 

many interested parties are making concerted efforts to 
maintain the quality control of installed systems. Power 
purchase agreement (PPA) providers, for example, must 
protect their investments; manufacturers want to see the 
PV market grow; and legislators and rebate administrators 
need to encourage responsible industry growth. Integrators, 
who play such a large role in the story, must do their part 
to ensure the safety, quality and performance of installed  
PV systems.  

Commissioning is a way to formalize quality control of 
installed PV systems. The process ensures that systems are 
safe and high performing. It encourages integrators to be 
responsible for their installations and facilitates project 
closeout and prompt payment. Successful commissioning 
leads to satisfied installers, employers and system owners. 
Satisfied customers become repeat customers and lead to 
new clients. Seen in this light, commissioning is essential to 
the growth of the PV industry and to the overarching goal of 
installing more renewable energy systems. 

Think this is an overstatement? Consider what com-
missioning prevents. It protects against fires, shocks and 

injury. It keeps customers happy and minimizes callbacks. It 
ensures that a lot of silicon, aluminum, glass, steel, copper, 
dollars and effort are not wasted on nonperforming or under-
performing systems. Commissioning guards against a lack of 
public confidence in PV and renewable energy technologies. 

This article covers the commissioning of both residen-
tial- and commercial-scale grid-tied PV systems in detail. 
Although it does not specifically address off-grid, battery-
backup or vehicle PV systems, many of the same principles 
apply. Similarly, while large utility-scale PV systems are not 
specifically exemplified, the commercial-scale procedures 
are easily scalable.

THE BUILDING COMMISSIONING PROCESS
The commissioning process is typically applied to entire 
buildings. To set a framework for PV commissioning, it 
is useful to examine the total building commissioning  
process.  The Building Commissioning Association (BCA) 
defines commissioning in its sample specification as: 
“a quality-oriented process for achieving, verifying and 
documenting that the performance of facilities, systems 
and assemblies meet defined objectives and criteria. The  
commissioning process begins at project inception (dur-
ing the predesign phase) and continues through the life of  
the facility. The commissioning process includes specific 
tasks to be conducted during each phase in order to verify 
that design, construction and training meet the owner’s 
project requirements.”

PV System   Commissioning
PV is simple: Turn it on; have sun; make power.   

Commissioning may seem like an unnecessarily  

time-consuming and complex exercise, but it is a  

critical part of a well-installed system. 
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2009: PV System Commissioning

Further, the BCA outlines the basic tasks of commissioning:

• Verify that applicable equipment and systems are  
 installed according to the contract documents,  
 manufacturer’s recommendations and industry-  
 accepted minimum standards.

• Verify that installing contractors perform adequate  
 operation checkout.

• Verify and document proper performance of  
 equipment and systems.

• Verify that the operations and maintenance (O&M)  
 documentation left on-site is complete.

• Verify that the owner’s operating personnel are  
 adequately trained.

COMMISSIONING PV SYSTEMS
Typically, system owners have specific 
goals in mind for their PV system. These 
might include reducing electric bills 
by a certain percentage, maximizing 
the power output from available roof 
space or maximizing return on their PV 
investment. These goals are known as 
the owner’s project requirements. The PV 
system designers then devise a strategy 
to meet these requirements. This strat-
egy, including documents describing 
the intended system components and 
calculated expected performance out-
put, is called the basis of design, which 
should help guide the PV commission-
ing process.  

At the most basic level, commission-
ing ensures that the owner’s require-
ments have been met. Most of the PV 
system commissioning will occur after 
installation is complete and before proj-
ect closeout. It should include the fol-
lowing elements:

• Verify that the installation is  
 complete.

• Verify that the installation is  
 safe.

• Verify that the installation is  
 aesthetically acceptable.

• Verify that all components of  
 the installation are robust and  
 permanent.

• Document as-built conditions.
• Verify system performance.
• Verify proper system operation.

• Establish performance benchmarks.
• Complete any required acceptance documentation.
• Train the system owner on basic system operation.

SAFETY IN COMMISSIONING
You should take the same safety precautions that you 
use during PV installation when commissioning the sys-
tem. Fall protection, ladder safety, electrical safety, per-
sonal protective equipment and common sense are all 
required. When commissioning personnel are not part 
of the installation crew, they are not familiar with the  
hazards on a particular job site. They may not be familiar 
with best-practice construction safety procedures. In that 
case, a qualified installer should be present and responsible 

Quality assurance  Commissioning is a process that starts during predesign and 
proceeds through PV system acceptance. Far more than an inverter start-up  
sequence, commissioning documents the as-built condition of the system—such 
as this installation by Sun Light & Power in Berkeley, CA—and ensures that the 
installation is safe, durable and performing properly. 
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for maintaining safe conditions during commissioning. All 
equipment inspections should be made with both utility and 
solar electrical sources switched off and locked out. 

After inspections, the equipment is energized at com-
missioning, often for the first time. Proper testing and 
planned sequencing will ensure that neither equipment nor 
people are subject to destructive voltage or current. Be alert. 
If something seems wrong or if unexpected phenomena 
result when energizing equipment—such as pops, bangs, 
smoke or sudden darkness—do not rush to try to “fix” the 
problem. Slow down; determine the cause; make sure no 
hazard is present; and then determine the best course of 
action. If a ground fault is indicated or suspected, assume 
that all conductive surfaces in the system present a shock 
hazard until testing determines otherwise. (See “PV System 
Ground Faults,” August/September 2009, SolarPro magazine 
for detailed information on locating and troubleshooting 
ground faults.)

COMMISSIONING PROCESS
Especially for larger projects, during the design phase com-
missioning should be incorporated into the specifications and 
bid documents. Include required documentation, checklists, 

testing procedures, expected performance and basis of 
design. It is also important to specify requirements for the 
commissioning timeline and give guidance on what person or 
entity will be responsible for the commissioning.

Timeline. Commissioning should be considered through-
out the course of a PV installation project. It should be 
planned for during the design phase, built into the system 
cost, actively carried out at the end of construction and 
repeated as desired after project completion. However, 
most of the commissioning work will occur just after the PV 
installation is complete and the system is ready to be turned 
on for the first time. 

This initial start-up is often called commissioning the  
system. Ideally, this commissioning event occurs after all 
permits are signed off; both permanent power and Internet 
are established at the site; the utility has given permission 
to operate the system; and the monitoring system, if appli-
cable, is operational. If one or more of these milestones is 
delayed, you may want to start up and test the system regard-
less. Final acceptance of the system may still be contingent 
on passing subsequent milestones, but you can verify system 
performance in the meantime. One exception to this time-
line is for systems that have a “burn in” period, such as thin-film 

Recommissioning and  
Retro-commissioning of  
Existing Systems
Recommissioning. Repeating the commissioning of a 
system that was previously commissioned is called recommis-
sioning. Usually, recommissioning should be the last step in 
any substantial maintenance project, such as after replacing 
major components, especially inverters; after adding modules; 
after diagnosing and repairing a non–self-clearing alarm, such 
as a ground fault; and as part of a system checkup or regular 
annual maintenance visit.

In addition, if the original commissioning was performed 
during less than optimal seasonal conditions, such as shad-
ing or extended poor weather, a recommissioning event 
may be called for during better conditions or in the sum-
mer. Recommissioning results should be closely compared 
to those from the original commissioning. If the results are 
inconsistent (after accounting for shading or other changes), 
the system integrator should track down the source of the 
inconsistencies. Recommissioning performance results 
should also be compared to updated expected performance 
numbers and discrepancies addressed.

Retro-commissioning. For PV systems that were not 
properly commissioned in the first place, all hope is not lost. 
Retro-commissioning can be performed at any point in the 
system’s lifetime. Although commissioning is a good idea for 
any system and is better done late than never, the addi-
tional expense of retro-commissioning may be best justified 
whenever there is a significant concern that the system is 
underperforming. Several indications of possible underper-
formance include: 

•  Monitoring system reports faults, alarms or low  
 performance.

•  Utility bills are higher than expected, after taking into  
 account any new loads.

•  One inverter shows significantly less accumulated  
 kWh than others, even though they all have the same  
 size arrays and no difference in shading.

•  Total accumulated kWh, read from the inverter, is  
 significantly less than predicted for the relevant  
 time period. {
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amorphous silicon systems. These sys-
tems will experience a significant, but 
expected, drop in production over the 
first few weeks and months of operation.  
Therefore, performance measurements 
made at initial system start-up will be arti-
ficially high. Recommissioning is required 
after this burn-in period.

Be sure to schedule the commission-
ing as soon as possible after PV system 
construction is complete, but within a 
suitable window of weather. It does not 
make sense, for example, to commission 
when there is irradiance of less than  
400 W/m2 in the array plane. Not only 
must the weather be good, but the time 
of day must also be appropriate. 

Especially on small projects, the ten-
dency is to try to commission the sys-
tem at the end of the last day of instal-
lation. This strategy is efficient but not 
effective. Often, the sun is too low in 
the sky to provide sufficient irradiance 
for proper performance verification. 
Shading is also more likely at the end 
of the day, and any shade on the array 
makes performance verification diffi-
cult. Finally, commissioning demands 
focus, clear thinking and sufficient time. 
If the end of the day is near, the crew may 
be cold, hot, hungry, thirsty or just ready 
to go home. None of these conditions are 
likely to produce accurate commission-
ing results. It is better to clean up, go home and come back 
another day when the sun is out and minds are fresh.

Who does it? For commissioning to be most effective, the 
commissioning party should not be inclined towards a cur-
sory process with a guaranteed positive outcome. The con-
tractor who installed the system will usually have this bias. 
Ideally, the commissioning party should represent the system 
owner, not the installer, and should be able to act completely 
in the owner’s interest without conflict. For large systems, the 
owner should contract with an outside commissioning spe-
cialist to oversee the process.  

If the scope of the project is not sufficient to bring in an 
outside specialist and a direct representative of the owner 
is not available, commissioning should be performed by an 
objective party under the original system integration con-
tract. For small commercial projects, for example, an engi-
neer or system designer might be the best choice for the job. 
Even though the engineer works for the integrator, he or she 
is at least one level removed from the physical project.  

At a bare minimum, a person with sufficient knowledge 
about PV in general and the system being commissioned in 
particular must undertake commissioning. This is true even for 
small residential projects, where the best person to commis-
sion might be the crew leader who was in charge of the instal-
lation. As someone with a supervisory role, the crew leader can 
delegate any corrective tasks and focus on effective commis-
sioning, leaving behind a system to be proud of. Regardless of 
the level of objectivity, whoever carries out the commissioning 
must have the proper tools and sufficient training.  

Documentation. The commissioning agent must start with 
all of the available system documentation. Before undertak-
ing commissioning, relevant documentation such as the 
following must be on hand: drawings, ideally as-built; cut 
sheets for modules and inverters; specifications, especially 
as they pertain to commissioning; special requirements or 
forms for rebate programs or other incentives; and equip-
ment manuals. 

The commissioning agent must also understand what 
deliverables are required at the end of the process. For a 

Torque settings  Before commissioning is complete, verify all torque settings. The 
author is shown here with a torque wrench verifying the compression of grounded  
dc current carrying conductors inside a Satcon inverter.
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municipal or federal PV project, for example, the deliver-
ables are often extensive and detailed in the bid package. 
For a residential project, the commissioning documentation 
may be part of a post-installation punch list that remains in 
the customer file for internal use. 

COMMISSIONING TASKS 
For a small PV system, commissioning might mean that 
the installer takes a step back, looks over the installation, 
tests voltage at a few points, watches as everything turns on 
successfully and verifies system performance. At the other 
extreme, for a large PV plant there might be a dedicated 
commissioning team with a multi-day, multi-faceted com-
missioning agenda, including follow-up activities and writ-
ten reports. Whatever the scale, and whoever does the com-
missioning, the basic tasks and goals of the process remain 
the same. 

Verify that the installation is complete. Are all components 
permanently installed? Is everything wired completely? 
Permanent utility power should be connected at the site. In 
addition, if web-based monitoring is being used, the Internet 
connection should be operational. Examine the most recent 
installation punch list to make sure all items are complete.

Verify that the installation is safe. Has the permit been 
signed off ? Are the mechanical and structural systems ade-
quate and built according to plan? Has any required water-
proofing been completed satisfactorily? Has the electrical 
design been adapted properly? 

A few common problem areas are worth checking: 

• Make sure working clearances are maintained. 
• Verify that all metallic surfaces that might become  

 energized are grounded. 
• Ensure that wire and conduit sizes installed in the  

 field are as shown on the plans.

Verify that the installation is aesthetically acceptable. Check 
to see that the PV array is only as visible as it was designed to 
be. Verify that module lines are straight and parallel to roof 
features, especially where visible from the ground or high-
traffic areas. Is all other equipment installed plumb, level 
and with good workmanship?

Are any required aesthetic treatments complete? If this 
was part of the contract, for example, inspect whether con-
duit systems and disconnects are painted to match the walls. 
Ensure that PV array skirts, where required, are installed 
and satisfactory. Check that inverter fences or enclosures 
are built as designed.

Verify that the installation is robust and permanent. Ensure 
that all outdoor equipment is designed to withstand the  
elements and the environment it will be subjected to for the 
design life of the system, usually 30-plus years for PV systems. 

Fasteners should be stainless steel, and steel rack elements 
should be hot-dipped galvanized or better. Dissimilar met-
als must be isolated to avoid galvanic corrosion. Wiring 
and raceways must be suitable for their location. Sunlight-
resistant wire is required under arrays, for example, and 
electrical metallic tubing (EMT), intermediate metal con-
duit (IMC) or rigid metal conduit (RMC) is required on the 
roof. Make sure that NEC required labeling is present and  
that it is made of appropriate materials, such as engraved 
metal or plastic.

Document as-built conditions. During the visual system 
review, note anything out of the ordinary. Each questionable 
item should be written down and photographed, with the 
photo location marked on a roof plan or other appropriate 

Photo document  In addition to approving installation  
practices, such as proper conduit support spacing and  
the tightness of conduit fittings, the commissioning agent  
should document the installation’s as-built condition with 
many photos.
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drawing. Take pictures of all arrays, ideally from at least two 
angles. Also take pictures of conduit runs, combiner boxes, 
disconnects, inverters and the interconnection. 

Verify that the module layout matches the approved roof 
plan drawing. Note any discrepancies on the drawing. Verify 
that the module string layout is as shown on the as-built 
string diagram, including consistency of wire and string 
numbering. Accurate string diagrams are extremely help-
ful for future maintenance and troubleshooting. For smaller 
systems, if a string diagram does not exist, identify the string 
locations and document them on the roof plan. For large sys-
tems missing a string layout, identify this as an action item 
for the integrator.

Document the model number and quantity of the mod-
ules, inverters, combiner boxes, disconnects and monitor-
ing system.

EXPECTED PERFORMANCE 
Probably the most difficult and the most important aspect of 
commissioning a PV system is evaluating whether it is per-
forming as well as it should be. First, you need to determine 
the expected performance. Then, you need to measure the 
actual performance.

To determine the expected performance of the PV sys-
tem, refer to the basis of design. Assuming that the system 
was sized properly in the design 
phase, it should meet the owner’s 
requirements for energy production. 
Based on the equipment specified, 
estimate the monthly, annual and 
lifetime energy output of the system. 

Many software packages and 
web-based calculators can simplify 
this task. For example, you can use 
the free PVWATTS web-based cal-
culator to get a very quick energy 
harvest estimate by inputting the 
peak dc rating of the system, the 
system location and the array ori-
entation; monthly and annual 
kWh performance estimates are 
given as an output. The California 

Solar Initiative (CSI) rebate calculators are also available 
to the general public, although they are of interest primar-
ily to California utility customers. For example, the CSI 
Expected Performance-Based Buydown (EPBB) calculator 
(see Resources) allows for the input of specific module and 
inverter combinations, monthly shading data, as well as 
information about the site location and array orientation. 
It does not, however, allow users to change other assump-
tions such as module mismatch, wire losses and system 
availability. EPBB uses PVWATTS for its back end.  

Many integrators, PPA providers and third-party software 
developers provide performance calculators. Some products 
available for purchase, such as Clean Power Finance and 
QuickQuotes from Clean Power Research, include updated 
electrical rate schedules and other information not only  
to estimate PV production but also to provide detailed  
financial analyses. Fortunately, for commissioning purposes, 
all you need are the capacity and energy output of the PV 
power system. 

Since all of the energy calculators are based on average 
historical weather data, a PV system should not be expected 
to produce exactly the amount predicted by the energy cal-
culator in a given day, week or month. The longer the inter-
val, the better the actual performance should match the 
predicted performance. While there is significant variation 

in weather even from year to year, 
certainly after 5 or 10 years the sys-
tem’s total accumulated energy pro-
duction should match the predicted 
output. Unfortunately, 10 years is 
too long to wait to make sure the 
system is working as intended. 

At initial system commission-
ing, very little historical produc-
tion data is available. Therefore, the 
single best metric to verify system 
performance in the short term is 
the instantaneous power output of 
the system. The following process 
is one way to estimate the expected 
value of the system power output at 
any moment.  

1. Determine the peak dc power 
rating of the system. This value will 
be the sum of the power outputs of 
ideal individual modules at STC. 
Obtaining this number is straight-
forward, because it is the product of 
the nameplate module rating (PSTC ) 
and the total quantity of modules.

2. Calculate the irradiance factor, KI. 
First, use a pyranometer to measure sh
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Cell temperature An infrared ther-
mometer is often the easiest tool 
for measuring cell temperature. For 
performance verification testing, 
average one set of cell temperature 
measurements at the beginning and 
another at the end of the perfor-
mance measurement period.

2009: PV System Commissioning
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the actual irradiance in watts per 
square meter. This measurement 
should be taken in the same plane as 
the modules, with the same azimuth 
and tilt angle. Divide the measured 
irradiance by the STC irradiance 
(1000 W/m2) to obtain the instanta-
neous irradiance factor. 

3. Calculate the module cell tempera-
ture factor, KT.  Measure the cell tem-
perature, TC, of the modules in Celsius 
using a thermocouple, thermistor 
or infrared (IR) thermometer. Find 
the module temperature coefficient 
of power, CT, from the module data 
sheet or module manufacturer. This 
coefficient is typically in the range  
of −0.003/°C to −0.005/°C for crystal-
line silicon modules. Then calculate 
KT as follows:

KT = 1 + (CT × (TC − TSTC))

The cell temperature factor usu-
ally represents a reduction in power 
from the STC rating of a module due to cell operating tem-
perature well above STC temperature (25°C).

4. Determine the system derating factor, KS. This factor is a 
product of all of the system efficiencies and miscellaneous 
subfactors, including module mismatch, inverter efficiency, 
module soiling, module nameplate tolerance, wiring losses, 
shading, system availability, tracking efficiency and age. 
PVWATTS describes many of these factors and provides 
default values. For instantaneous power measurement at 
system commissioning, the following values are typical, 
although module-dependent factors can vary substantially 
between manufacturers:

Module mismatch = 0.97 This is representative unless the 
system uses individual module power point tracking devices, 
such as microinverters or dc-to-dc power optimization 
devices, in which case the mismatch is eliminated and this 
subfactor becomes 1.0.

Inverter efficiency = 0.96 A value in the 0.94 to 0.96 
range is typical for most modern high-efficiency grid- 
tied inverters.

Module soiling = 1.0 Assuming the system being commis-
sioned is brand-new, there is no need to derate for soiling.

Module nameplate tolerance = 0.99 It is reasonable to use 
0.99 or better for most high-quality module manufacturers.

Wiring losses = 0.98 These include dc wiring losses and 
connection losses up to the inverter, where instantaneous 
power output measurements are usually made.

Shading = 1.0 If the array is shaded 
at all, proper verification of per-
formance output is very difficult. 
Make sure it is not shaded during 
commissioning.

System availability = 1.0 During 
commissioning there is no need to 
derate for availability; the system 
must be operating (available) when 
taking power measurements.

Tracking efficiency = 1.0 Trackers 
should be in perfect working order dur-
ing commissioning. Since irradiance 
values are taken in the module plane, 
this factor is irrelevant regardless.

Age = 1.0 A brand-new system 
has yet to experience any age-related 
degradation.

Typically, the resulting system  
derating factor, the product of all  
system derating subfactors, is approx-
imately KS  = 0.90.

5. Calculate expected system per-
formance, PE. Each of the factors 
above—irradiance, cell temperature  

and system efficiency—adjusts the expected output of 
the system relative to the controlled STC power rating. 
The overall expected power output from the combination 
of these calculated and measured factors is determined  
as follows:

PE = PSTC × KI × KT × KS

It is important to maintain perspective on the calculation 
of this expected power output. For a given set of modules, 
the irradiance is by far the factor with the most variation. It 
is imperative to get reliable irradiance measurements to cal-
culate KI; otherwise, the power estimate will have so much 
uncertainty that all of the other factors become meaningless. 

Assuming that shading is avoided, the system derat-
ing factor, KS, usually varies by a few percentage points at 
most. The cell temperature factor, KT, is not very sensitive 
to moderate changes in temperature. Assuming a module 
with a temperature coefficient of power CT = −0.004/°C, for 
example, a relatively large cell temperature change of 10°C 
changes the cell temperature factor by only about 4%. The 
net effect on the power estimate is only a few percentage 
points if the IR thermometer used to take cell temperature 
readings is not highly accurate. The same is true if the cells 
measured happen to be abnormally high or low by a few 
degrees, or even if the cell temperature is estimated based 
on a certain rise above ambient temperature. 

SProbably the most  

difficult and the most  

important aspect  

of commissioning a  

PV system is evaluating 

whether it is performing  

as well as it should be. 

First, you need to deter-

mine the expected  

performance. Then,  

you need to measure the 

actual performance.
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The irradiance reading in the module plane, however, can 
easily vary from 400 W/m2 to 1200 W/m2. From the 800 W/m2  
nominal terrestrial environment base value, irradiance in 
the plane of the array might change 50% in either direc-
tion. The effect of this range of irradiance on the net pre-
dicted power output is also ± 50%. Clearly, it would be unac-
ceptable to look up at the sky and guess “bright,” “overcast” 
or “hazy,” rather than taking an accurate in-plane irradi-
ance measurement. On a residential system with as few as 
three paralleled strings, an entire string could be discon-
nected and the commissioning test might not catch it if the  
in-plane irradiance is not measured with precision.

PERFORMANCE MEASUREMENTS 
The second half of performance verification is comparing 
the expected power output to the measured power output. 
After you have verified that all of the specified equipment 
was installed, you can measure and document the perfor-
mance of that equipment and compare it to the expected 
values. Personal protective equipment is mandatory. Several 
tests are mandatory prior to inverter start-up. After start-up, 
you can capture measured power output and compare it to 
the expected performance.

Insulation-test each homerun. Homerun wiring should be 
tested with a megohm-meter before modules are connected. In 

fact, depending on the type of racking and accessibility under 
the modules, often homerun wiring should be insulation-
tested before the modules are installed. If problems are found, 
the homerun wiring is completely accessible for examination 
and replacement. Also, after all of the homerun wiring checks 
out, both module-to-module connections and module-to- 
homerun connections can be made as the modules are placed, 
as long as the inverter ends of the homeruns are safely termi-
nated and locked out. Even though insulation testing is typically 
carried out before the PV installation is complete and full com-
missioning can occur, the test results should be documented  
as they are obtained to avoid the need to repeat testing later.

Measure Voc of each string. Open-circuit voltage can be 
measured only while the strings are independent of each 
other and before they are combined. For small string invert-
ers, this may mean measuring Voc on the line side of the dc 
disconnect, with the dc disconnect open. For larger invert-
ers, it likely means measuring Voc on the line side of the fuse-
holders in the combiner boxes, with the fuses removed. Once 
the combiner box fuses are inserted or the dc disconnect is 
closed in a system with no combiner box, all of the strings 
are combined in parallel. Therefore, they will all measure the 
same Voc, which is misleading when you are trying to verify 
individual strings. Verifying individual string Voc measure-
ments is the quickest way to ensure that all strings have the 

Voltage measurements  As evidenced by this 
open-circuit voltage measurement, the same  
personal protective equipment required for  
building the PV system is required during  
system commissioning. sh
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Inverter start-up  The sequence of steps required prior to inverter  
start-up includes line-to-line, line-to-neutral and line-to-ground measure-
ments at the ac disconnect.
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same number of modules and the correct polarity. After this 
is verified, replace the series fuses and close the fuseholders.

Inverter start-up sequence. After you have completed all 
the visual inspections and confirmed the dc open-circuit 
string voltages, the system can be started up. Always follow 
the inverter manufacturer’s directions for initial start-up. 
Typically, the steps will include the following:

•  Verify all connections.
•  Verify correct ac voltage at the ac  

 disconnect.
•  Verify correct dc voltage and polarity at  

 the dc disconnect(s).
•  Close the ac disconnect.
•  Verify correct ac voltage at the inverter  

 ac terminals.
•  Close the dc disconnect(s).
•  Verify dc voltage and polarity at the  

 inverter dc terminals.
•  If applicable, switch the inverter to “ON.”
•  Wait for the inverter to step through  

 its internal start-up sequence.
•  Once the inverter is running, wait about  

 15 minutes for internal temperatures  
 and power point tracking to stabilize. 

Measure Imp for each string. Before paying much attention 
to the total inverter output, verify that each string is producing 
approximately the same amount of current. At the combiner 
box or another accessible location, use a dc clamp meter to 
measure the current in the ungrounded source-circuit con-
ductor of each string. If weather conditions are consistent 
during the testing and all strings are oriented with the same 
azimuth and tilt angle, the measured current values should 
be identical, or at least within about 0.1 A of each other. For 
systems with individual module monitoring, verify that all 
modules are producing the same power levels.

If one string has no current at all, check again to make 
sure both homeruns and all module leads are plugged in. If 
one string has lower current than the others, double-check to 
make sure that string is not partially shaded by a distant tree, 
a nearby person or the commissioning agent’s notebook rest-
ing on one of its modules. If no shading is present, measure the 
current on the grounded dc string conductor. If the current is 
different on the grounded conductor and the ungrounded con-
ductor of the same string, a ground fault is likely carrying the 
difference in current. For larger central inverters, the ground-
fault current from a fraction of one string may not be enough to 
trip the detection circuitry or blow the fuse.  

Measure ac power output. If measured current on all strings 
checks out, it is time to verify the inverter ac power output. 
Using a clamp meter for current and a multi-meter for voltage, 

verify that the voltage, current and power displayed on the 
inverter match the measured values. Ideally, an independent 
power meter is used for this purpose, since it can also verify 
power factor and other power quality components. Once you 
have verified the inverter’s internal meter and display, you can 
use the power readings displayed on the inverter for all subse-
quent power measurements and reporting.

PERFORMANCE VERIFICATION
After completing all of the commissioning tasks and per-
formance measurements as described, it is time to measure 
power performance and compare this to predicted values. 
Only three measurements are necessary: cell temperature, 
irradiance and inverter ac output.  

Of the three, cell temperature is the most stable, and ac 
output is less sensitive to changes in temperature than to 
changes in irradiance. Take one set of cell temperature mea-
surements at the beginning and another at the end of the 
performance measurement period. The easiest tool to use 

Pyranometer readings  For best results, measure irradiance 
and inverter ac output simultaneously. This is most easily 
accomplished with two people. Alternatively, you can set the 
pyranometer up on a tripod near the inverter and align it to 
match the azimuth and tilt angle of the modules.
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for this purpose is an IR thermometer. Use 
this instrument to measure a few cell tem-
peratures in different places on a module 
and in a variety of locations throughout 
the array. Write down the average cell 
temperature in degrees Celsius.

Irradiance and inverter ac output must 
be measured simultaneously. Even on a rel-
atively clear day, high clouds or haze can 
quickly change irradiance. Remember to 
look up at the sky periodically during test-
ing. In one case, I was so focused on jump-
ing back and forth between reading the 
inverter displays and getting the pyranom-
eter lined up with the modules, I was sur-
prised when I looked at the measurements I had written down 
over a period of about 2 minutes. One irradiance value was 
much higher than the other two. At first, I thought I must have 
written it down wrong or held the pyranometer at the wrong 
angle—pointing directly at the sun, for example—but then I 
noticed that the inverter output was also much higher. Finally, 
I looked up at the sky and noticed that what had been a com-
pletely clear sky now had a couple of hard-edged cumulus 

clouds. I had just measured about 
a 10% increase in irradiance and 
production from the elusive edge-
of-cloud effect. 

With a full monitoring sys-
tem or portable datalogger, 15 
minutes’ worth of averaged irra-
diance and ac output provide an 
excellent simultaneous reading. 
However, even with a simple $150 
pyranometer and the inverter dis-
play, you can obtain good results 
with the following method:

Find a good location to place 
the pyranometer so that it has 

exactly the same azimuth and tilt angle as the modules. 
Ideally, the instrument has a square edge or bracket and 
can be clamped or held in place on the corner of a mod-
ule to ensure alignment. Make sure the pyranometer does 
not shade the modules. Alternatively, set the pyranometer 
up on a tripod and carefully align it to match the azimuth 
and tilt angle of the modules. The tripod method requires a 
compass and inclinometer, but it is convenient if there is a 

SIt is imperative to get  

reliable irradiance  

measurements; 

otherwise, the power  

estimate will have  

so much uncertainty  

that all other factors  

become meaningless. 
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sunny space to set up the tripod near 
the inverter.

Make sure that readings on the 
pyranometer and inverter can be 
taken within a few seconds of each 
other: either with two people and 
phones, radios or shouting; or with 
one person when inverters are near 
the pyranometer setup.

Write down the pyranometer 
reading in W/m2.

Write down the inverter power 
output in W or kW.

Repeat twice more, alternating 
back and forth between the pyranom-
eter and the inverter, for a total of 
three alternated readings on each. 
Alternating three times between the 
two devices is a good approximation 
of “simultaneous” for this type of measurement. 

If the variation between readings is small, less than 2%, 
for both inverter and pyranometer, move on to the next 
inverter and array. If the variation is large, start again and 
repeat the alternating readings until three consistent values 
are measured.

Finally, average the three irradiance readings and the 
three inverter power readings. These are the values to use 
when verifying performance.

After you have calculated the expected performance and 
measured the actual performance, a simple comparison helps 
you determine whether the system has been successfully com-
missioned. Depending on the certainty of the assumed and 
measured factors, the actual performance should be within 
about 5% of the expected performance.

Some of the necessary measuring and 
reporting can be automated or accom-
plished more easily by using an installed 
monitoring system, also known as a data 
acquisition system (DAS). Often, these 
systems report inverter ac power, irra-
diance and module cell temperature. 
Some even measure and report indi-
vidual string or module outputs. During 
initial system commissioning, however, 
the DAS may not be properly calibrated 
or the network it relies on may not be set 
up. Further, the DAS reporting should 
be verified by the on-site field measure-
ments previously described.

CASE STUDY: 50 KWP COMMERCIAL 
SYSTEM, MULTIPLE INVERTERS 
PV array capacity: 50,310 W STC; 234 

SunPower SPR-215-WHT-U modules 
Inverters: Six SunPower SPR-7000m and one SunPower 
SPR-4000m 
Array installation: Thirty-six of the modules are on a much 
steeper roof plane than the others and are dedicated to 
their own inverter.
The system was originally commissioned, or partially 

commissioned, just after construction was completed in the 
middle of the winter. There was some midafternoon shad-
ing on parts of the array that resulted in overall system per-
formance of about 5% below the expected, unshaded value. 
Because of the winter shading, the system was recommis-
sioned 3 months later, when the weather was clear and there 
was no shade. However, there was slight module soiling 
after 3 months (module soiling factor set to 0.99). Multiple 

3/9/2009 Clear sky, no shading

Inverter # Time Irradiance 1 Watts 1 Irradiance 2 Watts 2 Irradiance 3 Watts 3
Average 

irradiance 
Average 

watts

1  1:03pm 840 2,970 842 2,979 843 2,977 842 2,975

2  1:05pm 840 5,924 842 5,930 842 5,940 841 5,931

3  1:06pm 842 6,010 845 6,030 848 6,041 845 6,027

4  1:07pm 846 6,046 845 6,040 843 6,040 845 6,042

5  1:08pm 847 6,044 853 6,057 855 6,075 852 6,059

6  1:17pm 820 6,053 827 6,037 824 6,022 824 6,037

7  1:19pm 1,060 7,057 1,095 7,059 1,078 7,055 1,078 7,057

Table 1: Inverter Test Results

SA simple comparison  

of expected and  

measured performance 

determines whether  

the system has been 
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sioned. The actual  

performance should  
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of the expected  
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26 S O L A R PR O   |   November/December 2018

irradiance and power readings were taken 
for each inverter, with results summarized in 
Table 1 (p. 25).

Inverter 1 is the 4,000 W inverter with 18 
modules, whereas the other six are 7,000 W 
inverters with 36 modules each. The 36 mod-
ules on Inverter 7 are installed on a steeper 
roof, which is clearly a great angle for the early 
March sun, as seen by the higher irradiance in 
that module plane and higher production on 
that inverter. In addition, the 36 modules on 
the steeper roof plane receiving more irradi-
ance were operating at a higher cell tempera-
ture (42°C) than the other lower-angle mod-
ules (35°C).  

Temperature factor. The temperature factor, 
KT,  is calculated as follows: 

KT = 1 + (CT × (TC − TSTC))

In this case, the temperature coefficient of power, CT, is −0.38 
%/°C , as supplied by the module manufacturer. 

The measured cell temperature, CT,  is 35°C for Inverters 
1 through 6 and 42°C for Inverter 7. The STC reference tem-
perature, TSTC, is 25°C. The temperature factor for Inverters 1 
through 6 is therefore:

KT = 1 + (CT × (TC − TSTC))
KT = 1 + (−0.38 %/°C × (35°C − 25°C))
KT = 1 + (−0.38 %/°C × 10°C)
KT  = 1 + (−0.038)
KT = 0.962

Using the same methodology, 
the temperature factor, KT, for 
Inverter 7 is calculated as 0.935.

System derating factor. Table 2 
illustrates how this is calculated 
using the appropriate subfactors. 
The system derating factor, KS, for 
this system is calculated at 0.89.

Irradiance factor. The average 
recorded irradiance values, divided 
by the STC reference value of  
1000 W/m2, provide the system’s 
irradiance factor, KI. For example, 
the average irradiance during test-
ing of Inverter 1 is listed in Table 1 
as 842 W/m2. The irradiance factor 
for Inverter 1 is therefore 0.842 (842 
W/m2 ÷ 1,000 W/m2).

The performance test results for 
this system are provided in Table 3. Clearly, the system was 
performing quite well. Ongoing performance verification is 
simplified since the data acquisition system at the site moni-
tors individual inverter production, as well as irradiance and 
cell temperature.

ESTABLISH PERFORMANCE BENCHMARKS 
Another important function of commissioning is to establish 
performance benchmarks for the PV system. Carefully mea-
suring and documenting performance at the beginning of 
the system’s lifetime provides a standard to measure against 
during future maintenance. If the system appears to be per-
forming well, follow-up measurements might not be taken 
until the next scheduled maintenance. For example, on a res-
idential system without continuous monitoring, the system 

Inverter #
Quantity of 
modules

STC watts  
per module

Total STC 
watts

System derating 
factor (KS)

Irradiance  
factor (KI)

Temp. factor
(KT )

Predicted  
watts ac

Measured  
watts ac

Measured/
predicted  
watts ac

1 18 215 3,870 0.89 0.84 0.962 2,789 2,975 107%

2 36 215 7,740 0.89 0.84 0.962 5,575 5,931 106%

3 36 215 7,740 0.89 0.85 0.962 5,600 6,027 108%

4 36 215 7,740 0.89 0.84 0.962 5,597 6,042 108%

5 36 215 7,740 0.89 0.85 0.962 5,644 6,059 107%

6 36 215 7,740 0.89 0.82 0.962 5,458 6,037 111%

7 36 215 7,740 0.89 1.08 0.935 6,941 7,057 102%

Total 234 215 50,310 — — — 37,667 40,129 107%

Table 3: Performance Test Results

Wiring losses 0.98

Module soiling losses 0.99

Module mismatch 0.97

Module nameplate 
tolerance

0.99

Shading 1.00

Inverter efficiency 0.955

Age 1.00

System derating factor KS 0.89

Table 2:  
System Derating Factor

2009: PV System Commissioning
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owner can hang a clipboard next to the inverter and 
write down the inverter output at noon on the first 
sunny day of each month or the first sunny week-
end day. These numbers will form a pattern over the 
years, and any drop in performance can be identified 
and investigated. Of course, the initial numbers must 
meet expected values. If the benchmark performance 
is unnecessarily low, the system may never meet its 
expected performance and no one will notice.

Similarly, after a year passes and system owners 
receive the first “true-up” bill from the utility to find 
they owe more than expected, they may point fingers 
at the integrator. The integrator need only repeat the 
measurements taken and documented the year before 
at commissioning. If these match, the system was 
undersized, or performance was overpromised from 
the beginning, or the customer has added loads that 
were not anticipated. Benchmark data is particularly 
useful in this scenario, especially if the customer for-
mally accepted the results at the initial commissioning.  

ACCEPTANCE AND CERTIFICATION
Various parties have varying degrees of interest in 
accepting the PV system. In fact, one of the reasons 
to perform commissioning is to fulfill acceptance test 
requirements. Typical acceptance tests include:

Does the PV system operate in normal grid-tie mode 
when presented with normal operating conditions, 
such as in the presence of sun and utility power?

Is the ratio of measured system power output to pre-
dicted power output of the system at least 0.95?

Most local jurisdictions will not check to make 
sure the PV system performs as designed. As with the 
NEC and most building codes, the AHJ’s main concern 
is that the system is safe. Often, the permit is signed off 
before the system is ever turned on.

Similarly, most utilities are satisfied if the system design 
passes the engineering review and the proper disconnects 
are observed at inspection. Occasionally, the utility will 
require that automatic shutdown of the inverter upon grid 
failure be demonstrated. But a utility is rarely concerned 
with the measured power production values of the system.

The PV integrator installing the system should be the 
first to pay attention to the initial system production. From 
installers to system designers to company CEOs, pride in 
their final product is linked to kilowatt-hour production.  
The integrator should not internally accept the installation 
until proper operation and production is verified.

Naturally, the system owner is the party with the most 
interest in accepting the newly commissioned PV system.  
The owner will count on the system to produce the expected 
power for several decades. If the owner is a PPA provider, 

it usually requires very strict acceptance testing. Funding of 
the project, and the next project, is highly dependent on the 
power produced from the system. The original PPA owner 
may own the system for only 5 years, at which point it must 
be demonstrably in good working order so that the fair mar-
ket value buyout price remains as high as possible. 

TRAINING
As part of the commissioning process, the PV integrator 
should train the owner on basic system operation. This 
training should include a physical walkthrough of the 
entire system, especially noting disconnect locations and 
procedures. Inverter operation should also be reviewed, 
including any display screens and status lights. Significant 
time should be dedicated to studying the monitoring sys-
tem, if one is installed. The owner should be clear on how 
to access the monitoring system display. The owner will 

Performance verification  After measuring cell temperature, irradi-
ance and inverter output power, the author uses a laptop to verify that 
system performance is within 5% of expected values.
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need the URLs and passwords if the DAS is web-based, and 
will need to know how to navigate that display, how often 
to look at it, what to look for and how to interpret alarms.

The integrator and owner should also review all system 
documentation, including O&M manuals and warranties. If 
a maintenance contract is included, the scope of the con-
tract should be reviewed and the schedule and first mainte-
nance visit should be agreed upon. 

INCREASING EMPHASIS ON COMMISSIONING
Other benefits to the owner of commissioned PV sys-
tems come from acceptance, recognition and financial 
awards from third parties such as green-building certifi-
cation organizations and rebate administration agencies. 
For example, one of the prerequisites for the Energy and 
Atmosphere credit category for Leadership in Energy and 
Environmental Design (LEED) certification is the com-
missioning of all building energy systems, including the 
PV system. Further, PV system commissioning explicitly 
requires performance verification. In other words, if the 
PV system performance is not verified, the building is not 
eligible for 25% of the total available LEED points. Once 
performance is verified, the PV system itself can earn up 
to three credit points towards certification. For many 
new commercial buildings with PV, LEED certification is 

a big deal. The PV commissioning agent needs to coordi-
nate with the LEED building commissioning authority to 
ensure proper documentation.

Although rebate programs vary from state to state and 
even from city to city, most require an upfront prediction 
of system performance, upon which rebate dollar amounts 
are based. In California, the Expected Performance–Based 
Buydown rebate is based entirely on the expected perfor-
mance, as the name implies. However, for larger systems—
currently systems over 50 kW, but in 2010 everything 
over 30 kW—the rebate is entirely based on performance. 
Energy production is metered and rebates are paid based 
on kWh production.  Clearly, the system owner or other 
entity receiving the rebate money has a large incentive to 
ensure that the system performs as expected. Similarly, 
the New Solar Homes Partnership rebate amount is based 
on expected performance, but actual payment is granted 
only after formal system acceptance. For acceptance, site 
temperature and irradiance measurements are required. 
The inverter-displayed power output must match the 
expected power output calculated for the measured  
irradiance and temperature values. In addition, several 
markets have recently adopted feed-in tariffs to stimulate 
PV installations.

The overall trend is clear. As performance-based incen-
tives and feed-in tariffs become more popular in the US, 
system owners will demand—and integrators will need to 
provide—excellent commissioning and performance verifi-
cation services.

Special thanks to Sun Light & Power for arranging site 
access for project photography included with this article.
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Commissioning forms  Keep completed commissioning 
checklists and forms for internal use. The system owner 
may also require these as part of the O&M or acceptance 
documentation.
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A
ll sectors of the maturing solar industry demand 
accurate production estimates, which require 
a clear understanding of how the estimates are 
produced and an ability to interpret the results. 

In this article, we provide an overview of production- 
modeling theory and review available production-modeling 
tools. We compare the tools to each other and to real sys-
tems in terms of performance, and provide a summary of the 
key uses of production modeling in PV projects.

At the most basic level, production modeling comes 
down to two questions: 

1.  How much sunlight falls on an array?
2. How much power can a system produce with  

 that sunlight?   
Answering these questions requires location-specific 

parameters, such as shading and weather data; educated 
assumptions about system derating due to soiling, mod- 
ule mismatch and system availability; and complex algo-
rithms to model available radiation as well as module and 
inverter performance.

HOW MUCH SUN? 
A PV system’s geographical location, surroundings and con-
figuration determine the amount of sunlight that falls on the 
modules. Where a system is located geographically determines 
how much sunlight is available; the surroundings dictate the 
amount of available sunlight that is blocked before reaching 
the array; and the array configuration determines how effi-
cient the system is at exposing the modules to sunlight.

Meteorological data. The first factor in determining how 
much sunlight falls on an array is meteorological data that 
accurately represent the weather at a system’s location. 
Meteorological data typically include solar radiation (global 
horizontal, direct beam and horizontal diffuse), temperature, 
cloud cover, wind speed and direction, along with other mete-
orological elements. The data are based on ground or satellite 

measurements and in some instances are modeled rather 
than measured.

Typically a large amount of analysis is involved in taking 
raw data and producing a data set suitable for use. Meteoro-
logical data are typically measured by government agencies 
and utilized by a variety of organizations that make the data 
available in formats suitable for use in production-modeling   
tools. These organizations include the National Renewable 
Energy Laboratory (NREL) and NASA, which provide the 
information free of charge, and also organizations such as 
Meteonorm and 3Tier, which provide the data for a fee. 

The most common sources of data for US solar projects 
are the Typical Meteorological Year (TMY) files published by 
NREL and based on analysis of the National Solar Radiation 
Data Base (NSRDB). TMY data comprise sets of hourly values 
of solar radiation and meteorological elements representing a 
single year. Individual months in the data record are examined, 
and the most “typical” are selected and concatenated to form a 
year of data. Due to variations in weather patterns, these data 
are better indicators of long-term performance rather than of 
performance for a given month or year. According to the online 
document “Cautions for Interpreting the Results” that NREL 
publishes along with its PVWatts tool (see Resources), these 
data may vary as much as ±10% on an annual basis and ±30% 
on a monthly basis. 

The first TMY data set was published in 1978 for 248 
locations throughout the US. The data set was updated 
in 1994 from the 1961–1990 NSRDB to create a set of TMY 
files, called TMY2, for 237 US locations. A subsequent 2007 
update utilized an expanded NSRDB from 1999 to 2005 to 
create TMY3, which covers 1,020 locations across the US. 
TMY3 data are categorized into three classes that reflect 
the certainty and completeness of the data, with Class I 
being the most certain, Class II being less certain and Class 
III being incomplete data. TMY, TMY2 and TMY3 present 
changes in reference time, format, data content and units 
from set to set. The data sets are incompatible with each 

Production modeling meets multiple needs. Integrators seek to optimize  
PV system designs or to provide production guarantees; investors look to verify 
the right return on investment; operators need performance expectations to 
compare to measured performance.

for Grid-Tied PV Systems
Production Modeling
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other, but conversion tools are available. All the major PV-
performance–modeling tools used in the US can either uti-
lize or import the TMY2 and TMY3 data sets. 

Radiation models. Typical weather data include three solar 
radiation values representing radiation incident on a horizon-
tal surface: direct beam, horizontal diffuse and global hori- 
zontal radiation. Direct beam radiation is light that travels in a 
straight line from the sun, whereas diffuse radiation is light that 
is scattered by the atmosphere or by clouds. In theory, global 
horizontal radiation is the sum of the direct beam and the hori-
zontal diffuse radiation. However, this is not always the case 
due to measurement inaccuracies and modeling techniques.

Meteorological data indicate how much radiation falls 
on a horizontal surface, but how much falls on an array? 
While occasionally installed flat, PV systems usually have a 
tilt and an azimuth or employ single- or dual-axis trackers. A 
mathematical model is needed to translate horizontal radia-
tion values into plane-of-array (POA) irradiance. The accu-
racy of a radiation model is affected by the weather at the 
system location and by the quality of the weather data.

Numerous models are used to make this translation, 
including the Perez et al., Reindel, Hay and Davies, and Iso-
tropic Sky models. The Perez et al. model is the most complex. 
A test performed in Albuquerque, New Mexico, by Sandia 

Production Modeling
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“PV production models are really 
quite simple. Making an accurate 
model is straightforward. The dif-
ficult part is getting the right input 
assumptions that drive the model—
the most critical of these, of course, 
being insolation.”

—Joe Song,  
director of engineering,  
SunEdison
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Global horizontal radiation  According to NREL’s “Glossary 
of Solar Radiation Resource Terms,” while total solar radiation 
is the sum of direct, diffuse and ground-reflected radiation, 
the amount of radiation reflected off of the ground is usually 
insignificant. As a result, global horizontal radiation is gener-
ally referred to as the sum of direct and diffuse radiation. 

showed that Perez et al. model pre-
dictions are the closest to measured 
data. This is documented in the San-
dia article “Comparison of PV System 
Performance-Model Predictions with 
Measured PV System Performance” 
(see Resources).

In general, radiation models treat 
the direct beam component the same 
way. Using the latitude and longitude 
of the system location as well as the 
time of day, it is possible to calculate 
the sun’s position in the sky. Once this is 
known, the translation of direct beam radiation to POA radia-
tion is a relatively simple geometric calculation.

Where the models differ is in the treatment of diffuse 
radiation. The Isotropic Sky model assumes diffuse radia-
tion is emitted equally from every portion of the sky. More- 
advanced models take into account the fact that diffuse 
radiation is more intense at the horizon and in the circum-
solar region, the area directly surrounding the sun. They 
may also consider variations in intensity based on the alti-
tude angle of a section of sky, the clearness and brightness 
of the sky, and the air mass. Refer to Solar Radiation and 
Daylight Models for a history and review of radiation mod-
els (see Resources).

An additional component of radiation is the radiation 
reflected by the ground or by the roof or surfaces associated 
with the ground or roof. The reflected radiation is a function 
of the albedo of the surface, a term that describes the reflec-
tive qualities of a surface. The amount of reflected radiation 
is also a function of the angle of the array; an array at zero 
degrees will receive no reflected radiation. The amount of 

radiation received from reflection 
will increase with increasing tilt 
angle. Albedo varies with the sur-
face and can change throughout 
the year with weather conditions 
such as snow. Modeling programs 
give you a variety of methods to 
account for this. For example, 
both PVsyst and PV*SOL allow you 
to define monthly values for the 
albedo, whereas the System Advisor 
Model (SAM) changes the albedo if 
the weather data indicate snow.

Shading. Simply translating horizontal radiation into POA 
radiation does not tell the whole story. Depending on the PV 
system location and configuration, large distant objects, close 
obstructions and the system itself may block some of the 
available sunlight. The complexity of the performance-mod-
eling tool dictates whether these types of shading are treated 
separately or grouped together. In the latter case, a single 
derate factor accounts for shading.  

Using a single derate factor for shading assumes that 
the system experiences the same losses due to shade for 
every hour of the year. In addition, most production- 
modeling tools assume that the effects of shade are linear. 
That is, if 10% of the array is shaded, then you lose 10% 
of the expected energy production. This is not an accurate 
model, because shading just one cell in a module can dis-
proportionately impact the whole module, the string or 
even the entire array.  

Accurately defining shading is very difficult. It is not 
possible to simply go out to a proposed project location, 
look around and determine a shading derate factor. This 
is where tools like the Solmetric SunEye and Solar Path-
finder are useful, because these tools quantify shading fac-
tors that can be used in many of the production-modeling 
tools. Both Solmetric and Solar Pathfinder have their own 
production software that is designed to interact with data 
collected using their shade survey tools. (For more infor-
mation on this topic, see “Solar Site Evaluation: Tools and 
Techniques to Quantify & Optimize Production,” Decem-
ber/January 2009,  SolarPro magazine.)

Soiling. An additional factor that decreases the available 
sunlight is soiling caused by the accumulation of particu-
lates, such as dust, snow, pollutants and bird droppings. The 
power lost due to soiling is affected by the tilt of the array, 
the quantity and seasonal variability of rain and snowfall, the 
system’s cleaning schedule and any site-specific conditions, 
such as the proximity to a major roadway or a commercial 
operation that creates dust. Most tools allow you to enter an 
annual soiling derate factor only. This is not sufficient if the 
value of power is determined by the period of time in which 

https://solarprofessional.com/articles/design-installation/solar-site-evaluation
https://solarprofessional.com/articles/design-installation/solar-site-evaluation
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the power is produced. For exam-
ple, estimates for the production 
losses due to soiling in Califor-
nia can be around 1% in winter 
and at least as high as 10% in late 
summer for a system that is not 
washed—a significant loss during 
a prime production period that an 
annual soiling factor would not 
accurately take into account. 

HOW MUCH POWER? 
The second step in production 
modeling is determining how 
effective a PV system is at con-
verting the sunlight incident on 
an array into usable power.  

PV PERFORMANCE MODELS 
Several models have been created 
to predict the power output of a 
solar cell, module or array. Both complex and simple models 
exist. Here we describe some of the more relevant models. 

Sandia performance model. In 2004, Sandia National Labo-
ratories published “Photovoltaic  Array Performance Model,” 
which outlines the Sandia array performance model (see 
Resources). This is one of the more robust production models. 
The Sandia performance model is based on a series of empiri-
cally derived formulas that define five points on the IV curve of 
a PV cell. You can use these five points to produce an approxi-
mation of the actual curve. The model requires approximately 
30 coefficients that are measured on a two-axis tracker at the 
Sandia National Labs in Albuquerque, New Mexico. 

The coefficients used in the Sandia model take into 
consideration module construction and racking technique, 
solar spectral influences, angle of incidence effects and the 
irradiance dependence of electrical characteristics such  
as the temperature coefficients of power, voltage and cur-
rent. Tests documented in “Comparison of Photovoltaic 
Module Performance Measurements” show that the model 
can predict power output to within 1% of measured power 
(see Resources). 

The Sandia performance model is an option in both Sys-
tem Advisor Model (SAM) and PV-DesignPro. One of the chal-
lenges associated with this model is that the modules must 
undergo testing at the Sandia labs to be included. Unfor-
tunately, this means that the Sandia database of modules  
often does not include recently released modules. This issue 
should soon be alleviated, as Sandia entered an agreement 
to have commercially available modules tested by TÜV  
Rheinland Photovoltaic Testing Laboratory at its facilities in 
Tempe, Arizona. 

Single-diode performance model. The single-diode model 
assumes that the behavior of a PV cell can be simulated by 
an equivalent circuit consisting of a current source, a diode 
and two or three resistors, as shown in Figure 1 (p. 34). The 
current source and diode represent the ideal behavior of 
a solar cell, and the series and shunt resistors are used to 
model real-world losses, such as current leaks and resis-
tance between the metallic contacts and the semiconductor. 

Using circuit theory, you can define equations that 
describe the current and voltage characteristics of the 
equivalent circuit. You can determine unknown variables by 
evaluating the equations at conditions such as those speci-
fied on the manufacturers’ spec sheet for open-circuit volt-
age and short-circuit current. The single-diode performance 
model is the basis of both the model used in PVsyst and the 
CEC model that is an option in SAM.  

PVFORM model.  The performance model that PVWatts uses 
is a simplified version of a model developed at Sandia called 
PVFORM. This model uses the POA irradiance, ambient tem-
perature and wind speed to calculate the operating tempera-
ture of a solar cell. It then calculates the power output of the 
system by adjusting the STC capacity rating of the array based 
on the POA irradiance and the cell temperature. As imple-
mented in PVWatts, this model assumes that the temperature 
coefficient of power for a PV module is -0.5%/°C. This is a rea-
sonable approximation for crystalline silicon modules that 
have temperature coefficients in the -0.55 to -0.40%/°C range. 
However, it is not appropriate for other technologies, such as 
thin film, that typically have temperature coefficients in the 
-0.26 to -0.20%/°C range.

Quantifying shade  Solmetric’s recently released PV Designer software tool allows you to 
drag icons representing data collected by its SunEye tool onto a visual representation of a 
roof surface. 
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DC DERATE FACTORS 
The major factors that deter-
mine the amount of dc power 
produced for a given level of 
illumination are the efficiency of 
the technology, the temperature 
of the module cells and the tech-
nology’s response to changes in 
temperature. Other factors that 
should be considered for accu-
rate production modeling are 
the accuracy of the nameplate 
rating of the module, losses due 
to module mismatch, voltage 
drop across the diodes and connections in the modules, the 
resistance of the dc wiring, module degradation, the inverter’s 
accuracy at tracking the maximum power point of the array 
and the angle of incidence of the sunlight.

Once you have calculated the theoretical power output of 
the array, you must apply a series of derate factors to arrive 
at the actual power that will be delivered to the inverter. Fol-
lowing are some of the major factors.

Module nameplate rating. Module manufacturers assign a 
range of accuracy to the nameplate rating of their modules, 
such as ±5%. This means that a module rated at 200 W may 
have a power output of only 190 W. Unless the tolerance is 
-0%, many modules do not have an STC rating as high as that 
specified. A conservative value to use for this factor is one 
that assumes that all of the modules have a rating at the low 
end of the tolerance.

DC wiring losses. Most integrators have standards for 
acceptable voltage drop that provide a good starting point 
for determining this number. It is common for a wiring loss 
factor to be calculated using the current and voltage at the 
maximum power point at STC conditions, as specified on  
the manufacturer’s data sheet. Less rigorous tools take this 
single factor and apply it over all operating conditions. This 
practice neglects the fact that the current and voltage are 
rarely equal to the values specified on the spec sheet. More-
advanced programs (such as PVsyst, PV*SOL and PV-Design-
Pro) ask you to specify the size of conductors and length of the 
wire run, or specifically ask for the losses at STC. They then 
calculate the wiring losses at other operating conditions.

Module mismatch. This derate factor accounts for the fact 
that the current and voltage characteristics of every module 
are not identical. Although the MPPT in the inverter keeps 
the array at its maximum power point, each individual mod-
ule does not operate at its maximum power point. A loss of 
2% is a typical estimate for module mismatch. (Note that 
this factor is not relevant when using microinverters.)

MPPT efficiency. According to “Performance Model for 
Grid-Connected Photovoltaic Inverters” (see Resources), 

most grid-tied PV inverters are 
between 98% and 100% efficient at 
capturing the maximum available 
power from a PV array. 

Degradation. If you are model-
ing future production, you must 
consider the degradation of power 
over time. A standard value for 
module degradation is 1% per 
year. Recent warranties for crys-
talline modules, such as the 85% 
power guarantee after 25 years 
offered with Suntech’s Reliathon 
module, indicate that manufac-

turers expect the value to be less. Additionally, “Comparison 
of Degradation Rates of Individual Modules Held at Maximum 
Power” (see Resources) suggests that 0.5% per year is a better 
rule of thumb for crystalline modules, but notes that it should 
be higher than 1% for many thin-film modules. 

AC DERATE FACTORS 
Unfortunately, the conversion of dc power delivered to the 
inverter into ac power at the point of interconnection is not a 
lossless process. The inverter is the major factor in this stage, 
but it is also important to consider losses due to wiring, trans-
formers and system downtime. 

AC wiring losses. As with dc wiring, the losses due to resis-
tance in ac wiring vary with the amount of current. In the case 
of ac current, loss factor calculations typically assume full 
power output from the inverter. This occurs for only a portion 
of the inverter’s operating time.  

Transformer losses. When a transformer that is not 
included as part of the inverter is required, it is necessary 
to account for its losses. While many transformers are 
more than 98% efficient, it is worth verifying the trans-
former’s efficiency. 

System downtime. Every PV system experiences downtime 
at some point. This can be due to the failure of an inverter or 
a short in a single string. Diligent maintenance, monitoring 
and rapid response can mitigate the severity and duration of 
the downtime. 

 
INVERTER PERFORMANCE MODELS 
According to the authors of Sandia’s “Performance Model 
for Grid-Connected Photovoltaic Inverters” (see Resources), 
“Frequently in modeling PV system energy production, 
inverter efficiency is assumed to be a constant value, which 
is the same as assuming that inverter efficiency is linear over 
its operating range, which is clearly not the case.” In reality, 
the inverter efficiency depends on both the loading of the 
inverter and the input voltage of the array. This is illustrated 
in Figure 2, which shows a typical inverter efficiency graph 

Figure 1  This diagram shows the solar cell equivalent 
circuit used in the single-diode performance model. 
The current from the current source, IL, is directly 
proportional to the intensity of the available light and 
the corresponding photoelectric effect. 
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available through the CEC. A similar graph is 
available for every inverter that is approved for 
incentives in California. An accurate inverter 
model should account for any power shaving 
that may occur due to overloading or inverter 
shutdown due to the dc voltage being out of 
range. The power consumption of the inverter 
under standby and operating conditions is also 
a factor in total power production.

Sandia performance model for grid-connected 
PV inverters. The Sandia inverter model is similar 
to the Sandia module model in that it is based on 
empirically derived equations. It considers the 
ac power output of an inverter to be a function 
of the dc input power and voltage. Several coef-
ficients are used to define this relationship. It is 
possible to approximate a version of the inverter 
model with parameters usually available on a manufacturer’s 
spec sheet. Field and laboratory testing enable more-refined 
versions of the inverter model. A benefit of this model is that it 
is compatible with the parameters recorded as part of the CEC 
testing process, and therefore the associated database is kept 
up-to-date. A Sandia study showed this model to be accurate to 
within 0.2% when compared to measured results. The Sandia 
inverter model is available in the system production–modeling  
tool SAM. 

Other inverter models. The single-point efficiency model is 
utilized in PVWatts and is also an option in SAM. This model 
specifies a conversion efficiency that is used for all operating 
conditions. PVSyst and PV*SOL define inverters by the man-
ufacturers’ spec sheet values, such as the maximum power 
rating, the MPPT voltage range, the threshold power and the 
inverter’s efficiency at various levels of loading. These pro-
grams use the efficiency inputs to define a curve that they 
use in simulations. Although they don’t offer a perfect cor-
relation, input values for defining inverter efficiency curves 
can be pulled from the online results of the CEC inverter 
tests at Go Solar California, as illustrated in Figure 2.

PHOTOVOLTAIC  
PRODUCTION-MODELING TOOLS 

While it is beyond the scope of this article to compare all of 
the available production-modeling tools, we review the major 
software packages currently utilized by researchers, inte-
grators and project developers in North America: PVWatts,  
System Advisor Model, PV-DesignPro, PV*SOL and PVsyst.

PVWATTS 
PVWatts was developed by NREL and has long been the 
default production-modeling tool of the US PV industry. Its 

strength lies in its simplicity. You can make a reasonable esti-
mate of a system’s production by selecting the location from 
a US map, entering the system size in dc watts and speci-
fying the array tilt and azimuth. You can also select single- 
or dual-axis tracking options. By default the program uses 
a single conservative derate factor. This value is based on 
assumptions for variables such as the inverter efficiency, ac 
and dc wiring loses, and soiling. You can easily revise these 
assumptions to recalculate the derate factor.  

PVWatts provides estimates of the monthly and annual 
values for the ac energy production and average solar radi-
ation per day, plus a rough calculation of the value of the 
energy produced based on local energy rates. These values 
are often reasonable estimates, but PVWatts lacks the level 
of control and specificity of results that can be found in 
other tools.

Version 1. PVWatts v. 1 presents a simple map of the US 
from which to choose the state where the project is located. 
You then choose the TMY2 data location that is closest to the 
project site (in some instances the closest data location may 
not be in the same state). A feature specific to v. 1 is that it 
outputs an 8,760 report—an hour-by-hour report of energy 
production for the entire year—in text format. 

Version 2. PVWatts v. 2 provides a map of the US that 
is divided into 40-by-40-km grid areas. The program then 
combines data from the closest TMY2 data location with 
monthly weather data that are specific to the grid area 
that you select. This more accurately reflects local weather 
conditions and accounts for distances from the TMY2 
data locations. The v. 2 map is searchable by zip code or 
by latitude and longitude. A beta version of a new PVWatts 
v. 2 map viewer was recently released. This new interface 
allows you to quickly see the annual and monthly irradi-
ance specific to each grid cell. It is also easier to navigate 
and more attractive.

Figure 2  This graph is typical of the performance test results available for 
all CEC-eligible inverters, showing, in this case, how the efficiency of an AE 
Solaron 333 is a function of inverter loading and dc input voltage.
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SYSTEM ADVISOR MODEL (SAM) 
NREL produced SAM in conjunction with Sandia through 
the US Department of Energy’s Solar Energy Technologies 
Program. It is a step up from PVWatts in the level of con-
trol available. SAM provides a wide range of options for 
estimating PV module production, including the Sandia PV 
array performance model, the CEC performance model and 
the PVWatts performance model. The Sandia inverter per-
formance model is used to simulate inverter performance. 
You can select modules and inverters from databases so 
that simulations can use specific characteristics of the sys-
tem components. In cases where components are not in 
the databases, simple efficiency models can represent their 
performance. SAM uses two composite derate factors, pre-
inverter and post-inverter, to account for system losses. A 
12-month-by-24-hour matrix is used to define the percent of 
shading for every hour of every month of the year. 

In addition to its production-modeling capabilities, SAM 
puts an emphasis on analyzing the financials involved in PV 
project development. The analysis focuses on the US mar-
ket and includes tax credits, depreciation, and capacity-  
and production-based incentives. Detailed cash flow mod-
els are available for residential, commercial and utility-scale 
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Parametric analysis  The results from the parametric analy-
sis optimization tool in SAM show that the tilt resulting in the 
minimum levelized cost of energy (LCOE) is 32.5° with an 
LCOE of 13.30 ¢/kWh. This graph assumes a cash purchase, 
using the default system cost and financial information pro-
vided in SAM. The system modeled consists of 1,190 Sharp 
ND-216U1F modules with a due south azimuth connected to 
a SMA Sunny Central 250U inverter in San Francisco, CA. 
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projects, which can be used to calculate parameters 
such as the levelized cost of energy (LCOE). SAM pro-
vides a method for entering utility rate schedules, 
including time of use (TOU) schedules, to accurately 
represent the varying value of electricity.  

SAM contains a suite of analysis tools that includes 
parametric, optimization, sensitivity and statistical 
tools. These tools give you insight into how changes in 
system variables (including tilt, azimuth, system capac-
ity or component cost) impact output metrics such as 
annual production or LCOE. The parametric and opti-
mization tools run numerous iterations of the produc-
tion simulation, stepping through a range of values that 
you can define for one or more system variables. The 
optimization tool maximizes or minimizes a specified 
output metric, whereas the parametric tool provides a 
broader view of the relationship between system vari-
ables and output metrics.

Two interesting new features were added to the 
program with the release of the latest version in 
October 2009. A scripting language called SAMUL has 
been developed for SAM that is similar to the VBA 
language available in Microsoft Excel. This allows you 
to control many of the program functions through 
code, and it facilitates the automation of repetitive 
tasks. In addition, the program now generates source 
code in Excel/VBA, C and MATLAB formats so that 
the core simulation engine can be accessed sepa-
rately from the user interface.

PV-DESIGNPRO 
Maui Solar Energy Software developed PV-Design-
Pro. The program is similar to SAM in that you define 
system configuration and derate factors. PV-Design-
Pro utilizes the Sandia PV array performance model 
and provides module and inverter databases from 
which to choose system components. The program 
accounts for shading by means of a horizon profile 
that you define by specifying the azimuth and altitude angle 
as well as the opacity of the obstruction. You also have the 
ability to define the size and length of wire runs, as well as the 
efficiency of the inverter’s MPPT. All other system losses are 
accounted for in overall current and voltage derate factors.

One of PV-DesignPro’s strengths is the wealth of informa-
tion that it supplies. At every step in the process the pro-
gram attempts to provide as much insight as possible into 
the variables that affect energy production. Once you select 
a system location, for example, the program produces charts 
showing detailed irradiance, temperature and wind data for 
every day of the year. When defining system capacity, graphs 
show typical IV curves and the max power of the array at 
cell temperatures from 25°C to 50°C. Once you have run a 

simulation, you can create scatter plots containing data on 
system variables for every hour of the year. You can use these 
scatter plots to visualize and learn about system behavior or 
to inform design decisions. 

PV-DesignPro also performs parametric analyses and 
produces graphs that illustrate how changes in system vari-
ables influence production and financial parameters. This 
function can help you minimize or maximize important 
variables such as kWh production or the cost of a utility bill. 
The software also includes tools to produce detailed load 
and TOU profiles. You can use these to compare the financial 
benefits that may result from switching rate schedules when 
installing a PV system. 

PV-DesignPro scatter plots  These plots, with the hour of the day 
and the solar irradiance on the horizontal plane and the array power 
in dc watts on the vertical axis, show the difference in production for 
a horizontal single-axis (north-south) tracker and a fixed system with 
a tilt of 37° and an azimuth of 0° (true south) in San Francisco, CA. 
Each figure shows 8,760 data points, one for every hour of the year. 
(System specifications: 1,376 Mitsubishi PV-UD185MF5 modules; 
one Xantrex PV225 inverter.) 
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PV-DesignPro parametric analysis  This chart was created 
using the default load profile available in PV-DesignPro and 
the PG&E A-6 rate schedule that is preloaded in the program. 
The lowest electric bill for a customer in San Francisco, CA, is 
achieved at a module tilt of 30° and an azimuth of 10°. (System 
specifications: 1,376 Mitsubishi PV-UD185MF5 modules; one 
Xantrex PV225 inverter.) 

PV*SOL 
Valentin Software, which is based in Germany, produces 
PV*SOL. The program is widely used in the European market, 
and Valentin has begun efforts to increase market share in 
the US. These efforts include a 2010 release of an American-
ized version of PV*SOL and its most advanced tool, PV*SOL 
Expert, both of which use American numbering conven-
tions and a North American product database. PV*SOL 
contains an extensive database of modules and inverters 
that is frequently updated. You can set the program to auto-
matically check for updates to the database on startup. You 
can account for shading by creating or importing a horizon 
profile. Derate factors, such as mismatch, soiling, dc voltage 
drop, module tolerance, and losses across diodes and con-
nections, are all considered.

At the start of each session you are given the option to use 
a Quick Design tool. After you select a specific type of mod-
ule, the number of modules to install and an inverter brand, 
the program calculates all of the possible stringing combina-
tions. It ranks the options based on how efficient they are at 
using inverter capacity. This is useful when you are trying to 
determine the best way to use numerous string inverters on 
a project.  

PV*SOL stands out in its ability to model multiple arrays 
and multiple inverters in the same simulation, something not 
possible with most tools. You can specify each array indepen-
dently of the others, including module type, array tilt and azi-
muth, and single or multiple inverters. You can also specify 
derate factors and horizon profiles independently for each 
array. On complex projects with multiple buildings, this can 
significantly reduce the simulation time.

PV*SOL Expert contains a 3D shade-modeling environ-
ment in which you can define a building that includes typi-
cal features such as gables and chimneys. You can add other 
objects that may shade an array, such as trees and additional 
structures, to the model. You can then run a simulation that 
color-codes the roof according to the amount of shade an area 
receives. This simulation also lets you arrange modules on the 
roof and see the shading loss for each one, as shown in the 
screen capture above.

Although many of the advanced tools available in both 
versions of PV*SOL are geared toward the simulation of 
roof-mounted systems, the program also contains options 
for vertical single-axis tracking as well as dual-axis tracking. 
The program does not have an option for horizontal single-
axis tracking. 

PVSYST 
PVsyst, developed at the University of Geneva, Switzerland, 
is currently the hot name in production modeling. It is 
the primary tool used by independent engineers who are 
brought in to verify production numbers for investors. The 
program contains a large database of modules and invert-
ers for component selection. PVsyst considers many of 
the system losses as the other modeling tools do. Where it 
stands out is in its treatment of shading and soiling. 

You have the ability to enter a different soiling factor 
for each month in PVsyst, which more accurately reflects 
real-world conditions. The program can quickly model 
the effects of interrow shading through an option called 
unlimited sheds that calculates when the system experi-
ences interrow shading based on the array parameters 

PV*SOL shading simulation  This PV*SOL screen capture 
is color-coded to indicate the amount of shading across the 
roof. The numbers on the modules indicate the shading loss 
for each. A US version of PV*SOL will be available in 2010. 
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and on the location and orien-
tation of the array. PVsyst also 
provides you with a 3D CAD-
like environment in which you 
can create a more complex 
model of a PV system and the 
nearby surroundings. Once you have defined an array, you 
can break it into strings and specify the effect that shading 
has on a string.

PVsyst provides numerous array configuration options. 
To simulate tracking, you can define the important char-
acteristics such as single or dual axis, maximum and mini-
mum tilts, the spacing between rows or arrays, and whether 
or not the tracker employs backtracking. (Backtracking is 
a tracking strategy controlled by a microprocessor that 
adjusts the array tilt to constantly avoid interarray shad-
ing, especially early and late in the day.) PVsyst can simul-
taneously model systems that comprise more than one size 
or type of inverter, as well as arrays with two different tilts 
and azimuths connected to a single inverter.

What makes PVsyst such a valuable tool is not that it has 
a more accurate model for PV or solar cell production than 
the other production-modeling systems available, but rather 
its unique ability to control and accurately define many of 
the other factors that are involved in production modeling. 
The report that PVsyst produces, and in particular the dia-
gram showing system losses, is especially valuable. A new 
version of the program, PVsyst 5.0, was released in June 2009, 
and updates to the program are released regularly on the 
PVsyst Web site (see Resources).

COMPARISON OF  
PV PRODUCTION MODELS 

We use the production-modeling tools just discussed to sim-
ulate the annual energy yield for different system designs. In 
this section, we compare the tools’ production estimates for 
theoretical systems of different technologies and perform 
two case studies to compare the modeling tools’ production 
estimates to measured production. These tools are evalu-
ated in the following model-to-model comparisons:

• PVWatts, v. 1
• PVWatts, v. 2
• PVsyst,øø v. 4.37
• SAM, Sandia PV performance model and Sandia  

 inverter performance model 
• SAM, CEC PV performance model 

 and Sandia inverter performance model 
• PV*SOL 3.0, release 7
• PV-DesignPro, v. 6.0

To provide an understanding of the rel-
ative performance of each tool in different 
scenarios, we compare the performance-
modeling tools’ production estimates for 
crystalline silicon PV modules on a fixed-
tilt array, a single-axis tracking array and 

a dual-axis tracking array, as well as thin-film modules on a 
fixed-tilt array.

To perform the simulations in each modeling tool 
across the three mounting systems and the two module 
technologies, we input specifications for four generic sys-
tems, as follows: 

CRYSTALLINE SYSTEMS 
Modules: Sharp ND-216U2 (216 W STC, 187.3 W PTC)
Inverter: Xantrex GT250 (250 kW, 96% CEC efficiency)
Array: 1,400 modules (302.4 kW STC), 100 strings of  
14 modules each 
Installation #1: Fixed-tilt ground mount, 0° azimuth (true 
south), 30° tilt
Installation #2: Single-axis tracking (north-south),  
0° azimuth (true south)
Installation #3: Dual-axis tracking

THIN-FILM SYSTEM 
Module: First Solar FS255 (55 W STC, 51.8 W PTC)
Inverter: Xantrex GT250 (250 kW, 96% CEC efficiency)
Array: 5,028 modules (276.5 kW STC), 838 strings of  
6 modules each
Installation: Fixed-tilt ground mount, 0° azimuth (true 
south), 30° tilt 
The systems are sized by starting with a chosen inverter, 

dividing the ac power rating by the CEC-rated efficiency, 

“PVsyst provides more conserva-
tive results and is more powerful 
at covering complex issues such 
as shading.”

—Manfred Bächler,  
chief technical officer,  
Phoenix Solar

PVsyst 3D model  The near shading scene function in PVsyst 
is used to calculate the impact of obstructions such as adja-
cent trees or structures on system performance. In this case, 
the effects of shading are modeled on a vertical east-west 
single-axis tracking system. 
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PVWATTS 

 v. 1 & v. 2

SAM (CEC & 

Sandia models)
PVsyst PV*SOL PV-DesignPro

PV module nameplate 0.95 - 0.97 1 1

Inverter & transformer 0.96 MOD MOD MOD MOD

Mismatch 0.98 0.98 0.98 0.98 1

Diodes & connections 0.995 0.995 MOD 0.995 1

dc wire loss 0.98 0.98 MOD MOD 0.99

ac wire loss 0.99 0.99 1 1 -

Soiling 1 1 1 1 1

Shading 1 MOD 1 1 1

Sun tracking 1 1 MOD 1 1

MPPT efficiency - - - - 0.95

Table 1  Derate factors for 
each program are trans-
lated to a decimal value 
for comparison, matching 
the convention used in 
PVWatts. “MOD” denotes 
that the parameter is mod-
eled within the tool, rather 
than reduced to a single 
derate factor.

Derate Factors Model-to-Model Comparisons

then dividing by the module’s PTC rating. The resulting num-
ber of modules is rounded up to a whole number of strings.

MODELING-TOOL PARAMETERS 
We use the default derate parameters for each modeling  
tool—with the exception of SAM, for which we match  
the derate factors to those from PVWatts for consistency. Table 
1 lists the derate parameters used in the various modeling tools. 

Each PV system is located in San Francisco, California. 
We used NREL TMY2 data for that location in the modeling. 
For the purposes of modeling with PVWatts v. 2, we used the 
94124 zip code to identify the 40-by-40-km grid.

Each tool’s default POA radiation model is used. This 
means that simulations performed with PVWatts v. 1 and  
v. 2, SAM and PV-DesignPro use the Perez et al. model; PVsyst 
and PV*SOL use the Hay and Davies model. 

To maintain consistency between tools when model-
ing tracking, we did not use PVsyst’s capability to model 
the back-tracking or shade avoidance. In addition, the 
horizontal single-axis tracking design we did not model in 
PV*SOL, as that tool can model only a vertical single-axis 
tracking design. 

RESULTS OF MODEL-TO-MODEL COMPARISONS 
The results of the modeling comparisons are presented 
in terms of specific yield in Graph 1. Specific yield is the  
production in kWh with respect to the STC system size 
in kW. In other words, it is energy divided by nameplate 
power. This allows for a more direct comparison between 
different technologies.

In reviewing the results presented in Graph 1 and the 
source data, we make the following observations about the 
estimates that each of the tools generated: 

• For any single scenario, the discrepancy between the 
maximum and minimum production estimate ranged 
from 9% to 14%; the average difference was 11.5%.

• The largest discrepancy between production estimates 
was 14% for the thin-film scenario. This reflects the 
greater level of uncertainty associated with modeling the 
performance of thin-film modules.

• With the exception of the thin-film scenario, PV*SOL and 
PVWatts (v. 1 and v. 2) consistently produce estimates 
that fall between those for SAM and PV-DesignPro at the 
high end and PVsyst at the low end.

• In the thin-film scenario, the relatively lower estimates 
for PVWatts v. 1 and v. 2 are expected due to the inability 
of the tool to accurately model thin-film performance. 
What is unexpected is that the PVsyst estimate is similar 
to those from PVWatts v. 1 and v. 2. 

• The estimates of the two SAM models were consistently 
the largest or most aggressive estimates. Using the CEC PV 
performance model, SAM generally estimated a 1% higher 
annual production than it did when using the Sandia PV 
array performance model. The small percentage suggests 
that the difference in module performance models is 
small, in the context of a full-system simulation.

• PV-DesignPro consistently estimates between 1.5% and 
2% below the SAM models, but still significantly higher 
than most other tools’ estimates. By default, PV-DesignPro  
considers MPPT efficiency and dc wire loss only. We expect 
that its production estimates would be lower if consistent 
derate factors were applied.

• PVsyst consistently produced the smallest or most con-
servative production estimates. Comparing the PVsyst 
loss diagram that the software generates with the simple 
derate factors for other modeling tools leads us to believe 
that this result is largely due to the module performance 
model within PVsyst. Differences in module and inverter 
characteristics within the tool’s databases may also con-
tribute to this result.

• PVWatts v. 1 estimates an average of 2% more annual pro-
duction than v. 2. We believe the difference is attributable 
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Graph 1  This graph shows the annual specific yield estimated by the different PV production models for the four comparison 
PV systems. Absent data in the single-axis tracking example is due to the fact that PV*SOL does not model vertical (north-
south) tracking.
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to the modification of weather data in PVWatts v. 2 to 
improve geographic resolution; as such, other sites may 
produce dissimilar results.

CASE STUDIES: COMPARING MODELING  
TOOL OUTPUT TO PRODUCTION DATA 

To compare predicted performance with the measured per-
formance of actual systems, we perform two case studies of  
PV systems in operation. Case Study #1 is a fixed-tilt hybrid 
monocrystalline/amorphous silicon installation on a rooftop  
in Escondido, California. Case Study #2 is a fixed-tilt carport 
installation with amorphous silicon thin-film modules in  
Santee, California. Both projects have monitoring equipment 
that includes measurement of insolation; as such, both the 
energy produced by the systems and the insolation available  
to the systems can be compared to simulations.

For the case studies, we reduced the number of tools 
used. This is due to the similarity in results observed in the 
comparisons between two pairs of PVWatts and SAM mod-
els. For PVWatts, we used only v. 2 in the case studies. For the 
two SAM models, we used the Sandia PV array performance 
model for Case Study #1 and the CEC performance model for 
Case Study #2; this is due to the availability of modules in the 
respective databases.

MODELING PARAMETERS 
Weather data. The meteorological data for all simulations are 
NREL TMY2 data for San Diego, California, with the excep-
tion of the PVWatts v. 2 simulation, which uses modified 
data based on the zip code for each system.

Shading. Each modeling tool addressed interrow shading 
as follows:

• In PVsyst by utilizing the “unlimited sheds” modeling 
technique;

• in SAM by using the 12-by-24 shading matrix; 
• in PVWatts by entering the shading loss resulting from 

the PVsyst simulation; and
• in PV*SOL and PV-DesignPro by creating a horizon 

profile.
No additional shading is considered, because the arrays 

are largely shade-free.
Soiling. This is modeled in PVsyst at 1.5% per month, accu-

mulating from month to month when the average rainfall in 
that month was not significant. When rainfall was significant 
or the system was cleaned, the soiling factor was reduced to 
1.5% for that month. Case Study #1 was not cleaned and the 
resulting annual soiling loss was 4%. Case Study #2 was cleaned 
at the end of June, and the resulting annual soiling loss was 
3.1%. These annual soiling losses are used in all modeling tools.

Other. Except as noted below, all other derate factors are 
as per Table 1:
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• In PV*SOL a module tolerance of -3% is specified.
• In PV-DesignPro MPPT efficiency is modeled as 98%; an 

array voltage derate factor of 0.975 is used to account for 
module mismatch and losses in diodes and connections; 
wiring losses are set at 3%.
As these systems are both in their first 12–18 months 

of operation, no module degradation is considered. System 
availability is also not considered, because each system had 
no significant downtime.

CASE STUDY #1 
The first case study is a 78.4 kW roof-mounted array in 
Escondido, California, consisting of Sanyo HIP-200BA3 
hybrid monocrystalline/amorphous silicon modules that 
are tilted at 10° and oriented directly south (0°). The array 
is wired with seven modules per source circuit, and the 
resulting 56 source circuits are connected to a PV Powered 
PVP75KW-480 inverter. The system has been in operation 
for just over 18 months with no significant downtime since 
being commissioned. The site is relatively new construc-
tion and is located in an area 
where further construction is 
occurring. As a result, soiling is 
expected to have a significant 
impact on the system’s perfor-
mance. In addition, there is a 
local wastewater ordinance 
restricting the owners’ ability 
to clean the system. Therefore, 
it has not been cleaned since it 
was commissioned.

Results. The modeling res- 
ults for Case Study #1 are pre-
sented in Table 2. They show that 
measured insolation is approxi-
mately 10% greater than mod-
eled. This is consistent across 
the different tools, indicating 
that they perform comparably 
in modeling weather data. The 
estimated production, however, 

is close to the measured production, with the exception of 
the PV*SOL modeling tool. The combination of the modeled 
insolation being lower than measured, but modeled produc-
tion approximately matching what was measured, indicates 
that the modeling tools will significantly overestimate system 
production if an average or typical weather year were to occur. 
Our interpretation is that the system is underperforming with 
respect to the modeling tools’ predictions. This underperfor-
mance is consistent with reports from the project site indicat-
ing that significant soiling is reducing production.

Graph 2 shows that the monthly production estimates 
and measured production values are within the same range 
and follow the same trend over the course of the year, with 
some exceptions. The most significant exception is the drop 
in measured production in June. When reviewing the inso-
lation data, we observe an equivalent drop. Therefore the 
system is performing as expected. (This drop in June is also 
observed in Case Study #2.) 

With the exception of June, the modeling tools appear 
to have produced estimates in reasonable agreement with 
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Measured PVsyst SAM (Sandia) PVWatts PV*SOL PV-DesignPro
Insolation (kWh/m2/year) 2,178.6 1,977.3 1,981.2 2,004.8 1,911.8 1,984.6

Delta to measured (%) 0.0% -9.2% -9.1% -8.0% -12.2% -8.9%

Production (kWh) 123,058 119,816 127,107 119,986 114,736 118,502

Delta to measured (%) 0.0% -2.6% 3.3% -2.5% -6.8% -3.7%

Case Study #1: Measured-to-Modeled Comparison

Table 2  This table presents the measured and estimated annual insolation and production values for Case Study #1, as well as 
the percent difference of measured-to-modeled values.

Graph 2  This graph shows the monthly energy production in kWh for the measured and 
modeled system in Case Study #1.
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the measured data. However, when you examine Graph 2 
closely, you can see that—with the exception of June—the 
measured data either exceed or are equal to the estimated 
data from January to July. It is reasonable to suppose that if 
insolation in June had not been relatively low, the produc-
tion that month would also have exceeded the predictions. 
From August through October, however, the measured 
data fall below nearly all of the modeled estimates. Only 
one modeled data point—that for PVsyst in September—is 
lower than the measured data. This indicates the impact 
of soiling on production through the dry summer season 
in San Diego County. PVsyst’s capability to model soiling 
on a monthly basis captures the behavior. The estimated 
production values in November and December are similar 
to the measured values. 

CASE STUDY #2 
The second case study is a 481.5 kW carport-mounted array 
in Santee, California, consisting of Kaneka G-SA60 single-
junction amorphous silicon thin-film modules, tilted at 5° 
and oriented 27° west of true south. The array is wired with 
five modules per source circuit, and the 
resulting 1,605 circuits are connected to 
two Xantrex GT250-480 inverters. The 
carport is actually an RV parking shelter 
and has a roof deck immediately below 
the modules, which reduces airflow and 
increases module temperature. The sys-
tem has been in operation for just over 
12 months with no significant down-
time since being commissioned.

Results. The modeling results for 
Case Study #2 are presented in Table 3.  
They show that measured insolation is 
approximately 5% lower than modeled. 
This is consistent across the different 
tools, indicating that they model weather 
data comparably. The estimated pro-
duction, however, varies widely, ranging 
from 3% below the measured value for 
SAM to 15.2% below for PV-DesignPro. 

The wide variation is an indicator that modeling the perfor-
mance of thin-film modules is more complex and presently 
less accurate than modeling performance for crystalline sili-
con modules.

PVWatts is limited in its ability to model modules other 
than crystalline silicon. Given that amorphous silicon 
modules are used in this case study, we account for this 
limitation in PVWatts by applying a correction factor to 
the STC system size specified in the PVWatts model. The 
correction factor is determined by comparing the PTC to 
STC ratio for the Kaneka G-SA60 module to that for a ref-
erence crystalline module, in this instance the Sharp ND-
216U2. The PTC to STC ratio is 10% higher for the Kaneka 
module; as a result, the system size modeled in PVWatts 
increases by 10%. The results shown in Table 3 indicate 
that the adjusted PVWatts v. 2 results are similar to those 
for the other tools. This approach is similar to the one the 
Los Angeles Department of Water and Power uses in its 
incentive program. While this appears to produce reasonable 
results, more-effective tools are available for modeling thin-
film module performance.

Measured PVsyst SAM (CEC) PVWatts PV*SOL PV-DesignPro
Insolation (kWh/m2/year) 2,037.6 1,944.1 1,922.7 1,956.4 1,855.7 1,918.3

Delta to measured (%) 0.0% -4.6% -5.6% -4.0% -8.9% -5.9%

Production (kWh) 849,136 779,192 823,635 777,359 759,531 719,869

Delta to measured (%) 0.0% -8.2% -3.0% -8.5% -10.6% -15.2%

Case Study #2: Measured-to-Modeled Comparison

Table 3  This table presents the measured and estimated annual insolation and production values for Case Study #2, as well as 
the percent difference of measured-to-modeled values.
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Graph 3  This graphs shows the monthly energy production in kWh for the mea-
sured and modeled system in Case Study #2.
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Graph 3 (p. 43) shows that the 
monthly estimates for production 
and the measured production fol-
low the same broad trend, in terms 
of an increase in production dur-
ing the summer. As in Case Study 
#1, the one instance where mea-
sured and modeled production do 
not track one another is the drop 
in measured production in June. 
Again, the insolation data reveal 
a similar reduction, and thus the 
behavior is as expected. 

While generally predicting near the average of the other 
modeling tools, PVsyst has the highest production estimate 
in July. This is due to PVsyst’s ability to model month-by-
month soiling factors. The soiling factor was reduced from 
6% for June to 1.5% for July when scheduled cleaning was car-
ried out, and the resulting production increase is reflected in 
the production graph. Other tools also show a similar trend, 
but this is simply in proportion to the increased insolation 
available in July.

THE VALUE OF  
PRODUCTION MODELING 

Production modeling impacts many aspects of PV project 
development. During the sales cycle, performance estimates 
are necessary for determining project capacity and lining up 
financing. These estimates are also used during the design 
and engineering phase to make informed design 
decisions that optimize PV system performance. 
During operations, production modeling is 
used to evaluate system performance to ensure 
appropriate production. Production modeling 
also has a key role in the evaluation of new prod-
ucts and technologies. 

System sizing. Production estimates of vary-
ing complexity are essential in determining 
the appropriate size system to build. In simple 
situations where customers are trying to offset 
a portion of their annual energy bill, a back-of-
the-envelope production estimate may suffice. 
However, if customers are trying to zero out their 
electric bill or if TOU rate schedules are in play, 
the method used to estimate production needs 
to be more precise and more sophisticated.  
You can have more confidence in design deci-
sions by modeling with tools that use location- 
specific weather data and produce hourly esti-
mates of production.

Financials. Revenue from energy 
production is a major force, if not the 
driving force, in PV project develop-
ment. In an environment where the 
majority of PV projects, particularly 
larger projects, are not purchased out-
right but financed through complex 
deals, the value of each kWh generated 
cannot be understated. Incentives 
based on kWh rather than kW—such 
as the California Solar Initiative Per-
formance Based Incentive program or 

one of many solar renewable energy credit programs—can dou-
ble or triple the simple value of a kWh, exceeding $0.30/kWh.

Given the potential value of each kWh, system production 
has a huge impact on the revenue a project generates. If pro-
duction is significantly under- or overestimated, the effects can 
be serious on the project at hand, on future deals and on the 
industry as a whole.

Underestimated production can cause any number of 
development issues, perhaps misrepresenting project via-
bility or resulting in an oversized system. Underestimated 
production may prevent a project from being developed that 
might otherwise have been attractive. Or it could push a cus-
tomer toward a deal with a developer whose production esti-
mate is higher. If an oversized system results, the customer 
may have to give away to the utility excess electricity gener-
ated without compensation.

Overestimated production may result in changes to the 
financial structure of the project. This is true when the com-
missioned system cannot meet the performance requirements 

“Currently, all the models lack the 
seriousness that can be provided 
only by having skin in the game. 
Once there is a tool out there that 
people put money behind, the 
entire solar industry will get far 
more serious and real.”

—Fred Unger, president,  
Heartwood Group

Inverter clipping  This PV-DesignPro scatter plot has one data point for 
each hour of the year. It illustrates how much power clipping results  
from overloading a Xantrex PV225 inverter with a 384.8 kW array (2,080 
Mitsubishi PV-UD185MF5 modules) for a system in San Francisco, CA, 
with a 25° tilt and a 0° (true south) azimuth.
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established through production modeling. Production guar-
antees that are based upon an overestimated production 
model can lead to financial penalties for the party guaran-
teeing the system performance. An underperforming asset 
may not have the market value that an owner had planned on 
when committing to the project terms.

Whether used by investors examining revenue streams, 
integrators looking to guarantee that revenue, or end custom-
ers looking to offset their utility bills, accurate energy pro-
duction estimates are crucial to all parties in the successful 
deployment of a solar energy project. Given this importance, 
investors rarely evaluate production estimates themselves. 
Instead, they generally rely upon independent engineering 
firms with extensive production-modeling experience. Typi-
cally, the independent engineering firm also verifies system 
performance following commissioning.

System design. Production-modeling tools play an essen-
tial role in maximizing the production or financial return of 
a PV system. The first step is making a decision about what 
technology to deploy based on a given location or a set of 
financial considerations. Different climates and locations 
affect the output of various technologies, such as crystal-
line silicon versus thin-film PV or single- versus  dual-axis 
trackers. The times of the day and seasons of the year when 
these technologies produce power also vary. A technol-
ogy that has the best financial return in one location or  
under a given rate schedule may not be the best choice in 
other circumstances.

Once you have made a technology choice, modeling 
tools allow you to optimize the array layout. A general rule 
of thumb holds that the optimal configuration to maximize 
annual production is a tilt angle equal to the site’s latitude 
with a due south azimuth. While this rule would be true for 
a single-plane array under ideal circumstances, interrow 
shading and local weather variations can skew the optimum 
configuration. You can use modeling tools both to find the 
optimal configurations and to look at what effect a nonop-
timal configuration would have. For fixed-tilt systems, you 
can use modeling tools to determine the effects of interrow 
shading. They also help to determine the balance between 
the increased capacity allowed by smaller shade-setback 
distances and the decreased production. For tracking sys-
tems, modeling tools can help you make decisions about 
the spacing of arrays or whether backtracking is a valuable 
option. You can use the 3D shade simulations to place arrays 
in areas where shading from trees or roof obstructions least 
impacts them. 

Performance-modeling tools also allow you to make 
informed decisions about inverter sizing. For example, if a 
building can accommodate an array rated at 500 kW STC, 
should you use a 500 kW inverter or a 350 kW inverter? 
Using a modeling tool that accounts for power loss due to 
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Graph 5  This graph was produced using monthly energy 
production numbers generated by PVsyst. It indicates that for a 
system with an 8° azimuth in San Francisco, CA, a 25° tilt gen-
erates more energy than a 32.5° tilt, especially in the summer.

The following production-modeling examples, which seek 
to correlate annual production to system tilt and azimuth, 

show the importance of using modeling tools that account for 
detailed system variables.  

Example 1: SAM. An optimization run using SAM for a  
250 kW system in San Francisco, California, at a latitude of 
37.6°, shows that annual production is maximized with a tilt 

of 32.5° and an azimuth of 8°, where true south is 0° and 
positive values indicate an azimuth that is west of south. See 
Graph 4 for a representation of this result. The SAM optimiza-
tion assumes no shade. However, most large systems are 
composed of numerous rows spaced at a calculated distance, 
and are often designed to have interrow shading before 9am 
and after 3pm on December 21. Unfortunately, SAM does not 
provide an easy method for defining interrow shading.  

Example 2: PVsyst. Production numbers run in PVsyst, 
which provides an interrow shading option, show that for sys-
tems with an 8° azimuth and interrow spacing that keeps the 
array shade free between 9am and 3pm on December 21,  
a tilt angle of 25° actually produces slightly more annual 
power than one tilted at 32.5°. This is illustrated in Graph 5, 
which shows the monthly kWh production for 25° and 32.5° 
tilt angles, as modeled by PVsyst. Tilting the array at 25° has 
additional benefits: Production is weighted toward the summer 
months when power is generally more valuable; the system 
covers a smaller area; and less racking material is required. 

In this case, using the data from SAM would appear to result 
in a less productive, more expensive system. You could run 
additional comparisons to optimize the system for total produc-
tion, TOU weighted production or other system metrics. {

The Dollars Are in the Details

Graph 4  This contour graph was created by SAM and 
shows the relationship of energy production to tilt and azi-
muth for a modeled PV system in San Francisco, CA.
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clipping allows you to compare the value of the lost power 
over the life of the system when using the 350 kW inverter to 
the increased up-front cost of installing the 500 kW inverter. 
You can run the same type of analysis to make the decision 
between a single inverter or multiple inverters for arrays 
with different orientations.

Operations. You can also use production-modeling tools 
can to evaluate a PV system’s long-term performance. Accu-
rate production modeling establishes a relationship between 
the irradiance available to the system and the electricity the 
system produces. This ratio is applied to the measured irra-
diance and used to determine the expected production. You 
can compare this result to the measured production to deter-
mine whether the system is performing as expected. You  

can do this in real time, typically using web-based analysis 
tools for viewing the data from the system, or retrospectively 
over a given time, typically monthly or annually. Accurate 
modeling of all of the system parameters is critical to the 
effectiveness of this technique, as are accurate measure-
ments of the irradiance and production values.

CONCLUSIONS
Based on our evaluations, the radiation model components 
of the evaluated tools perform consistently, predicting sim-
ilar POA irradiance from the same weather data. In terms 
of production estimates, SAM is the most aggressive mod-
eling tool and PVsyst the most conservative. There is an 
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average of 9% difference between 
their estimates.

Given the importance of accu-
rate energy production estimates, 
the sophistication and capabilities 
of modeling tools must continue to 
evolve along with the solar indus-
try. At this stage, an ideal tool might 
combine the following features: 
the Sandia PV array performance 
model; a component database 
updated as frequently as, or more often than, the CEC data-
base; PVsyst’s control over system and location variables; 
and SAM’s ability to perform financial, parametric and sta-
tistical analyses. Throw in the ability to define 3D layouts in 
a CAD-like environment—as in PVsyst—and to load shade 
readings taken in the field—as with Solmetric’s PV Designer 
software and its SunEye tool—and you would have it all.

In the end, production-modeling tools are only as good as 
the person who uses them. The choice of derate factors can 

easily shift a production 
estimate by 5% or more. 
That said, for accurate sim-
ulations, it is important to 
have a tool that gives you 
as much control as pos-
sible over the factors that 
affect production. Cur-
rently, PVsyst is the tool 
that stands out, due to its 
ability to account for shad-

ing from a variety of sources and to vary soiling definitions 
over the course of the year, as well as its ability to model a 
large number of different configurations.

The authors wish to thank Geoffrey T. Klise and Christo-
pher P. Cameron of Sandia National Laboratories for their 
expert input during preparation of this article, as well as for 
sharing a prepublication draft of the report “Models Used to 
Assess the Performance of PV Systems.”

“New technologies and applications  
create new challenges for modelers. There  
is a continuing need for development  
and validation of models for diverse  
technologies, applications and climates  
to ensure model accuracy and to quantify  
uncertainty.” 

—Chris Cameron,  
project lead for systems modeling,  
Sandia National Laboratories
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For years, PV system data monitoring was mainly an after-
thought, used primarily as an educational tool or for publicity 
value. However, data monitoring is now required for utility-
scale PV systems, where it is used to track performance and 
comply with regulatory reporting requirements, and increas-
ingly used in commercial applications. Despite happening in 
fits and starts, the research and development of commercial 
PV monitoring systems is resulting in more creative and inge-
nious solutions that streamline system integration and instal-
lation. At the same time, the variety of solutions and providers 
is increasing.

These coincident trends offer an opportunity and a chal-
lenge. PV system integrators and installers are used to devel-
oping and implementing code-compliant electrical and 
mechanical designs. However, mastering the myriad variables 
that an IT component adds—with its new terminology, hard-
ware, architectures and configurations—can prove challenging. 
In addition, while the cost for specific PV monitoring services is 
declining, the total price to monitor large PV systems may actu-
ally be increasing as more functionality is expected from data 
monitoring systems as a whole.

Working in PV project development and construction, we 
have seen firsthand the difficulties developers and integrators 
encounter when data monitoring systems are not specified 
until near project completion. To control the associated com-
ponent and installation costs and optimize system reliability, 
data monitoring must be given a seat at the design table. C
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By Kyra Moore and Rebekah Hren 

Commercial PV System  
Data Monitoring

Project owners, developers, contractors and financers all have a 
significant monetary stake in PV system performance. Without 
accurate and reliable data monitoring, evaluating and main-
taining optimal system performance is just a guessing game. 

Part One Originally published: October/November 2011
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In this two-part article, we describe the value proposi-
tion of monitoring commercial PV systems. In Part One, we 
consider data monitoring options, components and selec-
tion criteria, as well as the pros and cons of various lev-
els of monitoring granularity. We explain how monitoring 
networks transfer information from one place to another. 
In Part Two, we will examine site-specific considerations, 
potential design and hardware responses, and provide a cost 
analysis case study. Throughout, we reference best practices 
and common mistakes. 

Value Proposition
Because monitoring systems provide a remote visual rep-
resentation of PV system performance, they are valuable 
tools for system owners, investors, installers and operators. 
One way to ensure that PV systems are operating optimally 
is to physically go on-site to take instantaneous irradiance, 
cell temperature and inverter output power measurements. 
You can then calculate whether the actual system output 
power acceptably approximates the expected output power. 
(See “PV System Commissioning,” October/November 2009, 
SolarPro magazine.) Alternatively, you can specify a moni-
toring system to continuously provide the desired level of 
performance assurance. 

Over the last few years, a major shift has taken place 
in the way PV systems in North America are evaluated. 
The standard of evaluation used to be based on capacity 
(kW or MW), meaning either the installed dc nameplate-
rated power (kWSTC) or the capacity at PVUSA test condi-
tions (kWPTC). Now the emphasis has moved to ac energy 

production (kWh or MWh) or specific yield (kWh/kW or 
MWh/MW). According to Bill Reaugh, VP of project devel-
opment at Draker Laboratories, a data monitoring hard-
ware and services provider, “The PV industry in the US and 
Canada has moved from simply trying to install the most 
capacity possible to trying to get the best energy harvest, 
because we are catching up to Europe in both operating 
practice and incentive structure.”

The goal of plant production estimates is to calculate 
expected energy production or specific yield for a PV sys-
tem as accurately as possible by modeling component per-
formance across a range of operating and environmental 
conditions. However, system downtime is potentially the 
greatest loss factor for total system performance. Even if you 
have the highest-efficiency modules mounted on the most 
sophisticated tracking system available, money is lost every 
minute that the sun is shining and the system is out of ser-
vice or operating suboptimally, for whatever reason. 

In the experience of Thomas Tansy, VP of business devel-
opment at Fat Spaniel Technologies, a monitoring company 
recently acquired by inverter manufacturer Power-One, PV 
plant monitoring is a given in utility- and industrial-scale appli-
cations. “In this context, data monitoring has the potential to 
generate the highest return on investment and is required 100% 
of the time,” he explains.

Data monitoring systems that are well designed, installed 
and maintained can ensure that a PV asset achieves the 
highest return on investment by minimizing operations and 
maintenance (O&M) costs and system downtime. Not only is 
the risk of underperformance or nonperformance unaccept-
able to owners and investors, but federal laws also define 
and specify data monitoring requirements for utility-scale 
PV systems that fall under the jurisdiction of the Federal 
Energy Regulatory Commission and the North American 
Electric Reliability Corporation. 

“No traditional power plant would be built without exten-
sive monitoring for determining that it is operating properly 
at all times and figuring out what is wrong when it is not,” 
notes Chuck Wright, principal at PowerDash, a monitoring 
services provider. “Likewise, renewable energy will not be a 
serious component of the world energy supply unless moni-
toring is an integral component. It is just a cost of doing busi-
ness properly.”

Nevertheless, Power-One’s Tansy observes, “At the residen-
tial scale, data monitoring is often considered optional because 
performance-based incentives are generally not involved.” 
While it is certainly possible to build a business case for offering 
data monitoring as a standard feature on residential PV systems 
(see “Making the Case for Residential PV System Monitoring,” 
August/September 2009, SolarPro magazine), the industry has 
not yet matured to the point that this is considered part of the 
cost of doing business for these systems.

Alarm triggers  Monitoring solutions with customizable alarm 
triggers are useful for O&M purposes. In this case, the loss 
of ac power has triggered a low-performance–index alarm. 
Because Draker Laboratories’ interface allows alarm pre-
conditions to be set by the user, it is possible to reduce and 
eliminate false alarms.
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In practice, the status of data monitoring 
in commercial-scale PV systems is somewhere 
in the middle. Depending on the value of the 
energy or the details of the O&M contract, data 
monitoring may be considered either essential 
or optional.

“Monitoring systems are usually required 
for commercial PV plants that derive revenue 
from production and environmental incen-
tives,” notes Tansy. He continues, “They are 
likewise mandatory if maintaining consistent 
uptime is required or if the system owner is 
obligated under a production-based contract 
to the energy consumer. Monitoring can also 
be used to enable green marketing and envi-
ronmental accounting.”

Summarizing the added value gained from 
data monitoring, Blair Kendall, director of 
business development at Southern Energy 
Management, a North Carolina–based PV 
integrator, says: “High-quality, accurate and 
accessible solar PV monitoring for commer-
cial systems serves two primary objectives. The 
first is to provide certainty to CFOs and investors that they 
are getting what they pay for. The second is to facilitate effec-
tive O&M on the system to ensure maximum system uptime 
and production. Both of these goals are really about mitigat-
ing investment risk that further facilitates greater invest-
ment in commercial PV systems.” 

Value to owners and financial backers. According to Adrian 
De Luca, VP of sales and marketing at Locus Energy, a pro-
vider of software solutions to the distributed renewable 
energy market, the value of data monitoring for system 
owners and investors is twofold. “First, monitoring systems 
enable accurate and timely customer billing,” he notes. “Sec-
ond, they maximize system uptime and therefore the return 
on investment.”

For owners and backers of commercial-scale PV systems in 
particular, the ability to manage a portfolio of distributed PV 
plants in a unified manner may be as important as the ability 
to track individual plant performance. Many monitoring solu-
tions providers offer multiplant, portfolio-level management. 
The caveat, of course, is that data for every site must be central-
ized with a single vendor. 

Because they can optimize system performance and 
return on investment, data monitoring solutions also 
reduce financial risk. Financing large PV systems is often 
contingent upon having a performance guarantee con-
tract in place as a risk mitigation mechanism for investors. 
(See “PV Performance Guarantees,” June/July 2011 [Part 
One] and August/September 2011 [Part Two], SolarPro  
magazine.) Data monitoring is central to every perfor-
mance guarantee—it gives the guarantee its teeth and 
makes it enforceable. 

Without accurate data monitoring, actual system perfor-
mance in the field cannot reliably be compared to what was 
guaranteed. Therefore, performance guarantee terms need 
to outline minimum data monitoring requirements com-
mensurate with the performance risk. Uncertainty in data 
collection may make it difficult, if not impossible, to collect 
damage payments.

While performance guarantees may not be in place for the 
majority of small- to medium-sized commercial PV systems, 
the basic premise holds. Effective data monitoring not only 
helps identify system performance problems, but also helps 
resolve them. 

2011: Commercial  Monitoring

“Steadily declining module prices 
have served to increase the size of  
commercial PV systems. However, as  
financing can be difficult to obtain, the need 
to have an effective solar performance  
monitoring system to verify and sometimes 
guarantee system performance becomes  
that much more important to investors.” 
 —Mark Lane, ArgusON 
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Public display  Brand-conscious businesses, educational institutions and 
government entities often want to make their investment in renewable energy 
visible. Publicly accessible dashboard options vary, both in the level of the 
technical details provided and the complexity of the graphic representation.
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“Constantly measuring power production against expected 
performance benchmarks allows the owner to determine if  
and when remedial action is necessary,” explains Mark 
Lane, director of product management at ArgusON, a pro-
vider of site monitoring and services. “Assisting system 
integrators or O&M providers to resolve problems and get 
solar power systems back online as quickly as possible is 
part of the value that data monitoring adds for owners and 
financiers,” he concludes.

Public kiosks, wall-mounted displays and open-access 
web-based interfaces—common monitoring system features 
for educational institutions and brand-conscious businesses—
also have value for system owners. These features add a visual 
or interactive component to an otherwise invisible electrical 
process. If a company or institution wants to showcase the fact 
that it has made an investment in solar for PR purposes, it can 
do so via a kiosk or wall-mounted display in a building lobby, 
online via its website, or both. 

Educational displays are especially important when local 
or federal government entities are involved, either as cus-
tomers or underwriters. “Many projects funded by the recent 
Federal ARRA program actually require public education dis-
plays,” notes Reaugh of Draker Laboratories.

Value to installers and O&M providers. Although there are 
few moving parts, PV systems do require maintenance, and 
monitoring systems can allow integrators to efficiently allocate 
resources and quickly identify essential tasks. 

“The role of the PV integrator no longer stops at the com-
missioning of the system,” notes David Boynton of Southern 
Energy Management. “With 25-year equipment warranties, 
the expectation is that the system will be up and running for 
decades,” he continues. “Performance guarantees, operations 
and maintenance contracts and limited installation warran-
ties are now commonly included in a project’s scope of work to 
ensure that the system continues to perform as expected.” 

While monitoring can bring some new challenges during 
installation, most integrators attest to the long-term benefits in 
terms of time and money savings for O&M services. According 
to J.R. Whitley, Southern Energy Management’s O&M manager, 
“Accurate and reliable monitoring is quite possibly the most 
important tool in the operations and maintenance tool kit, 
allowing immediate notification of system issues that without 
monitoring would not be discovered until a scheduled mainte-
nance trip or an angry call from a system owner.”

Commercial monitoring systems are Internet-based, pro-
viding installers remote access through web portals. This 
enables centralized operations to manage maintenance and 
service activities for systems that are physically spread out. 
These portals can provide quick verification of system per-
formance based on actual environmental conditions and also 
allow for in-depth analysis of actual system performance ver-
sus predicted performance. 

Alerts signaling low system performance or equipment 
alarms appear on the portal to direct attention to potential 
issues. These alerts and alarms can also be sent directly to 
the service department or project manager via email, text 
message or both, as specified by the in-house monitoring 
system administrator.

Effective system monitoring can also increase the effi-
ciency of O&M activities. For example, the additional level 
of detail that inverter-direct, string-level or module-level 
monitoring affords can enable a system integrator or O&M 
provider to remotely troubleshoot the type of failure or to 
identify the general vicinity or even the exact location of a 
failed component.

“Maintenance costs are reduced if maintenance crews no 
longer have to spend significant time troubleshooting prob-
lems,” notes Jeff Krisa, senior VP of sales and marketing at 
Tigo Energy, a provider of module-level hardware and soft-
ware solutions for monitoring and optimizing PV plant per-
formance. “Armed with the right information, crews can go 
straight to the source of the problem,” he continues, “and they 
can bring exactly what they need to fix it.” 

Monitoring systems are also useful for reducing unnec-
essary truck rolls due to false alarms. Whitley observes: 
“Everyone has gotten that phone call: ‘Why didn’t my system 
produce as much energy this June as it did June of last year?’ 
Having analytic tools at your fingertips allows you to deliver a 
logical explanation, backed up with tables and graphs of time-
stamped data. This is preferable to the alternate response, ‘I 
think it has been cloudier this June than it was last year,’ which 
never leaves anyone satisfied.”

In addition to the many specific uses that system integra-
tors and O&M providers have for PV data monitoring over the 
service life of an operational PV system, there is a potential 
value to the installer at the point of sale. In his SolarPro article, 
“Making the Case for Residential PV System Monitoring,” Brian 
Farhi, VP of business development at SolarNexus, a provider of 
solar business management software, observes that “[PV sys-
tem monitoring] presents a great opportunity to differentiate 
yourself from your competitors, which can give you a competi-
tive advantage in a tough market.”

Basic Monitoring Concepts and 
Components 

PV system designers, integrators and installers are rarely IT 
experts. However, it is important that they understand basic 
IT concepts and can identify the major components in a data 
monitoring system. PV system installers are often expected to 
install and supply power to data monitoring system compo-
nents, as well as to source and install the necessary conduit, 
cable and connectors. 

https://solarprofessional.com/articles/products-equipment/monitoring/making-the-case-for-residential-photovoltaic-system
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To the extent that data monitoring is part of the scope of 
work, it needs to be included in the plan set—and not just as a 
separate, vendor-supplied, single-line item. Ideally, PV system 
designers call out the conduits and receptacles that the data 
monitoring system requires within the electrical plan set for 
the PV system itself. After all, this is what the installers are 
working from. 

To ensure successful execution in the field, the best prac-
tice is for PV system integrators to coordinate or partner with a 
monitoring system provider during the project planning stage. 

The concepts and components detailed in the following pages 
assist PV system designers with this process. Note that all com-
munications systems should comply with Chapter 8 of the NEC. 

Physical layer. The physical layer of a data monitoring sys-
tem includes all of the hardware: sensors, meters, conduit, 
cable, loggers, wireless transmitters and receivers, combiner 
boxes, inverters and so on. The physical layer is what is gener-
ally represented on the plan sets and is the basis for connect-
ing all of the necessary components of the monitoring system 
together. (The relationship between the physical layer of a data 

A TCP/IP (transmission control protocol/Internet proto-
col) network is created in several layers, or programming 

abstractions: the link layer, the Internet layer, the transport layer 
and the application layer. However, TCP/IP is only one type of 
network that can be used to transfer information from one place 
to another. Open data protocol (ODP) is another type of network 
architecture; Modbus and CANbus are others.

Each network type has varying numbers of layers, but all 
are built up in a similar way. Each layer of abstraction allows 
the layers around it to function without having to know the 
specific programming needs of the others. Information is 
passed through each layer, from the source to the destina-
tion, based on the needs of the network. 

Physical layer. A data monitoring system’s physical 
layer is the network hardware. This includes the cables, 
jacks, connectors, computers and other physical devices 
that are connected together. While this is not technically a 
layer of programming abstraction, it is required for the other 
layers to exist. For example, CAT 5 cable, RJ-45 connectors 
and jacks, and Ethernet cards are all physical components 
in a TCP/IP network.

Link layer. This is the basic structure used to connect one 
device to another. The link layer is where individual devices are 
addressed, generally by a media access control (MAC) address 
in a local area network (LAN) or wide area network (WAN). Note 
that MAC addresses are specific to the hardware and generally 
permanent. This is also the level where things like virtual private 
network (VPN) connections are created.

Internet layer. Message routing takes place at the 
Internet layer. Devices are assigned an IP (Internet protocol) 
address that in a manner of speaking tells physical layer 
devices, like routers and switches, who they are. These IP 
addresses act as a proxy for the MAC addresses used in  
the link layer. 

IP addresses can be dynamic, meaning that the device 
or MAC address currently using an IP address may be dif-
ferent today than it was yesterday or even 5 minutes ago. 
Devices called dynamic name servers (DNS) keep track 
of the MAC and IP address associations as they change 
and also allow for domain names to be used in lieu of IP 
addresses. For example, you probably do not recognize 
IP address 74.125.224.112—but because of DNS it has a 
recognizable domain name: google.com. 

Transport layer. The protocol used to send IP data 
packets is assigned at the transport layer. The most com-
mon is TCP (transmission control protocol), but UDP (user 
datagram protocol) is also widespread. TCP and UDP  
provide the structure and error checking required for a  
packetized data transmission system. 

In a packetized system, a message is broken into small 
fragments. Each fragment is then sent across the network 
in a “best effort” system, meaning each finds its own way 
from source to destination. TCP and UDP rebuild the mes-
sage from all of the bits, make sure they have all arrived 
and are in the correct order, and request that missing ones 
be re-sent.

Application layer. The main user interaction with the 
system occurs at the application layer. HTTP (hypertext 
transfer protocol), FTP (file transfer protocol), SMTP (simple 
mail transport protocol) and many other protocols exist at 
this level. 

HTTP, of course, is the backbone of what is commonly 
referred to as the Internet. It can be secured, encrypted or 
open, depending on the users’ and programmers’ desires. 
Applications at this level can be written in a variety of 
languages, but the most common include HTML (hypertext 
markup language), XML (extensible markup language) and 
JavaScript. {

NETWORKING EXPLAINED
By Bill Reaugh, VP of project development, Draker Laboratories

2011: Commercial  Monitoring
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monitoring system and the programming layers is described in 
“Networking Explained,” p. 52.)

Bus driver. A bus driver is a method of data transmission 
that defines how voltages or currents on a serial communica-
tion bus should be interpreted. Examples of bus driver stan-
dards are RS-485, RS-232 and RS-422.

Protocols. A protocol is a program language that elec-
tronic devices use to transmit data to one another. One com-
mon example is the Modbus protocol, published by Modicon 
in 1979. Modbus is one of the most widely used protocols 
in the US because it is an “open” protocol. An open proto-
col is one that manufacturers can build their equipment to 
use without paying royalties or license fees to the publisher. 
TCP/IP (transmission control protocol/Internet protocol) 
and DNP3 (distributed network protocol 3.0) are also wide-
spread. Proprietary protocols come in a variety of flavors 
from various equipment manufacturers.

Ideally all devices in your monitoring system network 
use the same bus drivers and communication protocols. 
This is not always necessary, however: Some datalog-
gers are capable of speaking more than one protocol and 
may even be able to do so simultaneously. When incom-
patibilities arise—generally this occurs with proprietary  
protocols—translation devices, or protocol converters, can 
be deployed.

“Putting in a little bit of time on the front end will save it 
tenfold in the field,” advises Whitley of Southern Energy Man-
agement. “Monitoring systems have so many options and pos-
sible configurations, and the installation manuals often leave 
something to be desired,” he warns. “If all the components are 
not sourced from one supplier, confirm that they are all using 
compatible protocols and have worked together on other sites. 
Otherwise, you run the risk of wasting time later chasing phan-
tom alarms.”

Network. A monitoring network can be connected in a 
variety of ways—point to point, daisy chain or peer to peer—
depending on the bus driver and protocols used. 

The simplest network consists of two devices connected 
directly to each other. The devices could be connected by a 
two-pair twisted cable, such as Belden 9842 cable, and use the 

RS-232 bus driver to transmit data via the Modbus protocol 
from one device to the other. 

Using a similar type of cable, Belden 9841 or 3601A, it is pos-
sible to connect several devices in a daisy chain. In this case, an 
RS-485 bus driver can be used with the Modbus protocol to col-
lect data from all the devices. Data is collected at a single point, 
usually a dedicated special-purpose datalogger. 

Finally, a third arrangement is a peer-based network using 
TCP/IP and CAT 5 or CAT 6 cables. This system is installed 
much like a local area network for computers. However, each 
device would be an energy meter, inverter, combiner box, data-
logger and so on. 

Wireless devices could replace any or all of the cables in 
these sample networks and generally run their own bus driv-
ers and protocols to simulate or replace those used on hard-
wired connections.

In conversation, Ethernet and Internet are sometimes 
used interchangeably, like PV panel and module, but they 
are not the same thing. An Ethernet network is any network 
built with TCP infrastructure in mind. The Internet is the  
collection of computers, servers and sites that we call  
the web. The ubiquitous “www” refers to an earlier nomen-
clature: World Wide Web.

While it is possible to create an Ethernet network that is 
separate from the Internet, the Internet cannot exist without 

Hardware components  In this base station from Draker 
Laboratories, RS-485 lines from the inverter(s) and energy 
meter(s) terminate on the terminal block to the top left. 
The main datalogger, top center, includes a compact flash 
backup memory card and is backed up by the battery, which 
is charged by the small battery charger mounted above the 
battery. To the right of the battery is a din rail–mounted power 
supply. The white, vertical items are RS-485 to RS-232 pro-
tocol converters. A cell modem, top right, allows for remote 
Internet access.
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Ethernet networks. An example of just such a separate net-
work is a Modbus TCP network in a utility-scale PV plant. 
This network uses Ethernet devices—cables, connectors and 
switches—but uses Modbus at the application layer instead of 
HTTP or other protocols.

Communication cables. Generally speaking, communication 
cables use one or more twisted pairs of stranded (7x30 or 7x32) 
small-gauge wires, usually 18 AWG—24 AWG. Using twisted-
pair cable minimizes radiated and conducted electromagnetic 
interference (EMI). 

Different bus driver standards allow for longer or shorter 
transmission distances. RS-485, the most commonly used 
bus driver, is specified to transmit data for up to 4,000 feet. 
This distance is achieved in part by the standard itself, which 
uses positive and negative voltages for 1s and 0s, as well as 
the EMI resistance offered by the cable type. RS-232 specifies 
positive voltages for 1s and no voltage for 0s. A bus driver 
that uses RS-232 is inherently more sensitive to line noise 
and interference. Even with the same EMI resistance, this 
specification allows connection only up to 50 feet. 

CAT 5, CAT 5e and CAT 6 cables—which consist of four 
twisted pairs of wires and terminate with RJ-45 connec-
tors—were created to carry larger amounts of data. While 
additional carrying capacity is needed as networks become 
more complex, CAT 5 or CAT 5e cables are sufficient for the 
transfer rate needed for most PV monitoring applications. 
The bus driver behind TCP/IP-based communication pro-
vides for a transmission distance of only 300 feet between 
networked devices. Devices such as routers, switches and 
hubs may be used as repeater stations to increase the dis-
tance between devices.

Like other types of electrical cable, the wires in a data 
monitoring system are used to carry electricity. In this case, 
voltage and current signals are used to communicate data 
within the monitoring network. Longer cable runs reduce 
the force or amplitude of data monitoring signals in a pro-
cess similar to voltage drop in power conductors. This grad-
ual loss of intensity is known as attenuation. 

The reason that distance limits are defined for each bus 
driver has to do with the ability of devices to differentiate 
between 1s and 0s as the signal is dissipated across the 
cable. Most communication protocols have error detection 
routines that identify data corrupted by signal attenuation, 
but this only forces the master device to request the same 
data multiple times. In most situations, it is best to keep 
cable runs as short as possible and to minimize the amount 
of EMI-producing equipment in the vicinity.   

On a final note, be aware that cable manufacturers 
may have multiple cables with the same 
basic specifications—for instance, one 
twisted pair, 18 AWG, shielded, with 
drain—that are differentiated by insu-
lation properties like oil resistance, 
burial rating, UV resistance and so 
forth. As when choosing power conduc-
tors, make sure that you are selecting 
communication cables with the proper 
environmental resistance properties 
for your application. Installing indoor-
rated cable in a buried conduit results 
in a malfunctioning monitoring system 
in short order.

Datalogger. A datalogger, also called a data acquisition unit,  
is an electronic digital processing device that resides in the 
physical layer. This device records data over time and has inter-
nal memory for data storage. Some dataloggers can also func-
tion as analog-to-digital signal converters or Internet gateways, 
or have other capabilities. 

In a network, a “master” device initiates communication 
between the “slave” devices and itself. In a PV monitoring sys-
tem, the master device is usually the datalogger. Slave devices, 
which all have unique network addresses, may include invert-
ers, weather station equipment, energy meters of revenue 
grade or lower accuracy, building load or net-energy meters 
and so on.

Weather sensors. Weather sensors measure the environmen-
tal conditions in which the PV system is operating. Examples 
of weather sensors include pyranometers to measure sunlight 
intensity (irradiance) and sun hours (insolation); thermom-
eters, thermistors, thermocouples or other devices to measure 
cell or ambient temperature; anemometers to measure wind 
speed and vanes to measure wind direction; barometric pres-
sure sensors; precipitation meters to measure rainfall; and 
many others. 

While revenue-grade plant metering is essential for billing 
and reporting purposes, its value is limited within the context 
of O&M. Plant operators need additional information to deter-
mine if a PV asset is performing as expected and to optimize 
scheduled and unscheduled maintenance activities. Weather 
sensors provide this additional information. 

 “There are two main pieces to solar  
performance monitoring: accurate data collection and  
consistent data upload. Occasionally, a monitoring system  
is installed and verified to be collecting data accurately,  
but without confirming that data is being actively uploaded.  
To avoid this, make sure the monitoring system’s network 
requirements are well understood by the site’s IT manager.”

 —Adrian De Luca, Locus Energy

2011: Commercial  Monitoring
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According to Blake Gleason, director of engineering at 
Sun Light & Power, an integrator based in Berkeley, California, 
“Plane-of-array irradiance and module cell temperature are all 
that you really need to check an array’s performance ratio.” A 
pyranometer or reference cell mounted in the same plane as 
the PV array typically provides irradiance data. A thermistor or 
thermocouple mounted on the back of one or more PV mod-
ules typically provides cell temperature data. 

As characterized by Matt Taylor and David Williams in 
part one of their SolarPro article on PV performance guaran-
tees (June/July 2011), the performance ratio for an operational 
PV plant “separates out the uncertainty and variability of irra-
diance and is intended to normalize out weather factors to 
produce a consistent measure of system performance.” It is 
an index of PV plant performance, usually expressed as a per-
centage rather than in units, that represents the ratio of actual 
metered PV output power compared to the ideal irradiance- 
and temperature-corrected output power. 

In the context of unscheduled O&M activities, the value of 
monitoring a PV plant’s performance ratio is that this index 
can provide an early indication of installation or commission-
ing problems. Tracking this index can also be used to optimize 
scheduled maintenance activities, such as array cleaning. This 
is because the cumulative effects of dirt and dust buildup show 
as a steadily declining performance 
ratio. A stepwise or gradually pro-
gressing decline in performance 
ratio can indicate other issues, 
such as blown string or subarray 
combiner box fuses, stolen mod-
ules or inverter failures.

“While it might seem unneces-
sary,” notes Southern Energy Man-
agement’s Whitley, “I recommend 
getting a full weather station 
package, with sensors for ambient 
air temperature, wind speed and 
direction, global horizontal irradi-
ance and precipitation. The worst 
kind of data is the data you wish 
you had when you need it.” 

Power-One’s Tansy concurs, 
explaining, “Precipitation data is 
useful for predicting when to wash 
panels. Wind speed and direction 
are useful for discriminating the 
effects of ambient temperature on 
performance versus some other 
heat-induced system defect.” 
According to Tansy, skimping on 
environmental monitoring is one 
of the most common mistakes 

made when data monitoring solutions are implemented: 
“Installers routinely omit environmental monitoring from 
their plant installations and then scratch their heads when 
system owners ask ‘Why didn’t my plant produce last Tuesday 
morning?’” he says. “The answer is often ‘it was raining’ or ‘the 
ice hadn’t melted from the panels’ or something similar.”   

When you are designing PV systems for large acreages 
or sites with variable terrains, consider incorporating mul-
tiple weather stations for more-specific performance ratio 
calculations. In many cases, projects scaled for utility-power 
production require multiple weather stations for this very 
reason. Tansy recommends that designers “segment large 
plants into subsegments and use a cascading design for 
plant data collection devices.”

It is also important to follow the manufacturer’s instruc-
tions when installing weather monitoring hardware. For 
example, the correct placement of irradiance and temperature 
sensors is critical. 

“Many weather sensors provide output signals on the 
order of microvolts or millivolts,” notes Draker Laborato-
ries’ Reaugh. “As a result, the sensitivity of the datalogger or  
analog-to-digital converter is of prime interest when read-
ing the output of these sensors,” he continues. “An analog-
to-digital converter that cannot distinguish measurements 

Wireless networking  SMA offers Bluetooth technology in its new inverters, with optional 
signal repeaters, to enable wireless communication with its Sunny WebBox, reducing or 
perhaps eliminating the need to route cables between inverters and other equipment. 
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smaller than 1 millivolt is useless when connected to a sen-
sor that outputs in microvolts.” 

For a similar reason, it is advisable to keep the cables con-
necting the weather sensors to the datalogger as short as pos-
sible to avoid the loss of signal strength.

Energy meters. In addition to solar irradiance and cell tem-
perature, a third measurement is essential to array performance 
ratio calculations: delivered ac energy, which is recorded by the 
energy meter. 

All revenue-grade energy meters conform to American 

National Standards Institute (ANSI) Standard C12.20 and 
are required to provide energy readings to within ± 0.25%. 
Energy meters collect data from current transducers (CTs) 
and may also have voltage transducers for high-voltage 
applications above 600 Vac. The energy meter processes the 
current and voltage information in a variety of ways and 
communicates it to the datalogger. 

In its most basic form, an energy meter provides 
a continuous record of the kilowatt-hours that pass 
through the wires it is monitoring. More-advanced meters  
can also provide additional information about the electri-
cal system—power factor, reactive power, power quality, 
peak demand and so forth—based on whatever is of inter-
est to the customer, the utility or the entity selling energy 
to the utility.

Most incentive programs now operating in North America 
require the use of revenue-grade meters to collect a record of 
the energy produced and a monitoring services provider to 
formally vet and report that data. All revenue-grade meters 
are calibrated against defined standards. The manufacturer or 
testing facility should be able to provide a calibration certifi-
cate from the National Institute of Standards and Technology 
(NIST), ANSI or an equivalent institution.

Some inverter manufacturers—such as Advanced 
Energy, Solectria Renewables and others—are now offer-
ing revenue-grade metering capabilities within their cen-
tral inverters. Alternately, a revenue-grade meter can be 
part of the hardware package supplied by a third-party 
monitoring provider. Revenue-grade metering also offers 
the system owner and financers the ability to verify utility- 
provided metering and billing against a separate, indepen-
dent dataset.

Note that many energy meters need an external power 
supply. Others draw power from the voltage connection they 
are reading. Consult the meter manufacturer’s documenta-
tion regarding power supply requirements, terminations 
and fusing.

Internet gateway. All monitoring services providers 
use a web-based interface to display, analyze and report 
data collected at the project site. To get the data from the  
project site to the Internet cloud, a gateway of some sort 
is required. 

Collected data can be transmitted wirelessly via a cell 
phone or satellite modem or via a hardwired connection, such 
as CAT 5, cable, DSL, T-1 or fiber optic lines. Many utility-scale 
sites have no access to hardwired Internet connections, so cell 
modem reporting is generally the only option. This requires 
additional up-front hardware cost for the modem, plus ongo-
ing monthly fees for cell service. However, the simplicity of the 
connection provided by a cell modem often offsets the time 
and trouble caused by negotiating with customers and their IT 
teams to get the necessary permissions established and main-
tained over the 25-year life of the project.

The frequency of data transmission varies by manufac-
turer—from about once per minute to once every 15 min-
utes. If Internet connectivity is temporarily unavailable, some 
dataloggers may store data in internal memory until recon-
nected. Dataloggers generally need a separate power source, 
which might output 120, 240, 277 or 480 Vac depending on 
the power supply configuration. Consult your vendor’s instal-
lation requirements to determine the needed power supply, 
terminations and fusing.

Web portal. A web portal functions as an access point for 
information on the Internet. While all currently available com-
mercial and utility-scale PV data acquisition systems have 
some sort of web portal, their functionality and presentation 
format varies widely. 

Multiple portal interfaces are common. For example, 
there may be an open-access customer portal in addition to 
a password-protected O&M portal. Commercial PV systems 
that serve educational or PR purposes may have yet another 
web portal. 

Multiple portals are essential for utility-scale PV systems, 
which should have a portal for O&M that is separate from the 
owner portal. From the O&M portal, it is typically possible to 
view error alerts and manage work orders for all of the systems 
being monitored.

Degrees of Granularity 
PV systems can be thought of as a network of subsystems, much 
like a river. Just as you could not determine the volume of water 
in a tributary feeding into the Mississippi River by measuring 
the total volume of water pouring into the Gulf of Mexico, you 

“We have seen operators make 
the mistake of using a single data collector  
or logger for a large plant. If this device  
fails, then the operator is likely to lose all  
visibility into plant operational performance.” 

 —Thomas Tansy, Power-One

2011: Commercial  Monitoring
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cannot determine individual PV component performance by 
looking at only the ac output at the end of the system.

In a PV system, power is combined at module, string, 
combiner box, subarray and inverter levels. It is possible to 
collect power data at each of these points. Higher levels of 
data granularity provide a more complete look at total sys-
tem performance. The further a PV system is divided, the 
more available data there is for benchmark comparisons 
and troubleshooting. 

Unlike a river, the electrical design for PV power systems is 
generally characterized by system symmetry—by the repetition 
of similar, if not identical, subsystems. This principal of symme-
try is useful when determining the optimal degree of monitor-
ing for a PV system. 

To the extent that a PV system design is electrically 
symmetrical, it may be possible to reduce the amount of 
granularity needed to adequately monitor the system. For 
troubleshooting or O&M purposes, manually or automati-
cally comparing the power output at equivalent collection 
points in a PV system can provide a level of functionality 
that is similar to installing a more complex and granular 
monitoring system. For example, if a PV system designer 
plans to use 10 source-circuit combiner boxes to aggregate 

power into a single central inverter, each with an identical 
number of string inputs, then all 10 PV output-power circuit 
conductors should essentially carry the same amount of 
power when averaged across a period of minutes. Therefore, 
if the output of these combiner boxes is monitored, then a 
combiner box with lower-than-expected power output can 
be spotted at a glance by comparing the power curves taken 
at each combiner. 

Assuming a symmetrical electrical design, source-circuit 
combiner box–level monitoring can provide string-level insight 
into system performance at a fraction of the cost and complex-
ity of string-level monitoring. While monitoring at the com-
biner box level would not identify exactly which source circuit 
is not contributing, it can identify that a string has failed and, in 
this example, target the troubleshooting activities required to 
fix the problem to just 10% of the array. 

Similarly, string-level monitoring can be used to pro-
vide module-level insight. In fact, monitoring pairs of 
ungrounded current-carrying source-circuit conductors 
may effectively achieve this level of granularity at a rela-
tively reduced cost. The challenge for system integrators is 
determining at what point additional granularity no longer 
justifies additional costs.

“Deciding between different levels of monitoring gen-
erally breaks down into a cost versus granularity of data 
argument,” explains Locus Energy’s De Luca. “String-level 
monitoring enables operators to spot a given string that may 
be performing below spec, but installing source-circuit com-
biner boxes with string-level monitoring capabilities is often 
prohibitively expensive.”

There are, of course, always exceptions. As the value of 
the data being collected increases, higher degrees of gran-
ularity may be justified. In some markets the combined 
value of solar renewable energy credits (SRECs) and the 
rate of the energy being offset may warrant an investment 
in a very granular monitoring system. For example, if every 
PV-generated kilowatt-hour is valued at $0.50, then there 
is a significant incentive to optimize plant performance,  
as we will show in a case study appearing in Part Two of 
this article.

According to Power-One’s Tansy, “Performance moni-
toring at higher levels of granularity enables the operator 
to fine-tune plant performance at a more granular level.” 
In addition to enabling detailed performance variance 
comparisons, it may also speed root-cause resolution. The 
faster and more accurately a problem can be identified,  
the faster it can be resolved.

Because the cost of data monitoring is proportional to 
the number of plant metrics collected and the granularity of 
the data, system owners want to optimize data monitoring, 
not just maximize it. Determining what constitutes excess 
data collected at too high a cost and what level of data  C
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Weather sensors  Weather stations are essential for deter-
mining the performance ratio of an operational PV system.  
At a minimum, sensors are needed to measure cell tem-
perature and plane-of-array irradiance. The latter is accom-
plished using a pyranometer, shown below.
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collection provides the best return on investment is an 
installation- and project-specific exercise. Just keep in mind 
that the data you fail to collect today may turn out to be 
priceless tomorrow.

Freeman Corbin, director of sales at DECK Monitoring, 
says: “O&M service structure is the most important consider-
ation for determining the appropriate monitoring level.” After 
all, the costs associated with future O&M services are typically 
going to be paid by the integrator. 

If a company has a large crew that performs regular on-
site system checks and the cost of this service is built into 
the system operating costs, then inverter-level monitoring 

might be sufficient. Similarly, if the O&M model pays the 
integrator to send someone into the field to check every 
string manually, then there is little incentive to install a gran-
ular monitoring system. 

However, as integrators install more systems and their 
service territory grows, centralizing O&M by using a more- 
sophisticated monitoring system might prove to be a better 
option. This can allow one person at the company to moni-
tor an entire fleet of PV systems from a single web portal. 
More-granular monitoring data can then be used to send 
troubleshooting crews out with a focused agenda or main-
tenance schedule, which may save time and money over 
the life of the system. 

Beware of putting systems on autopilot, though. 
According to Bill Brooks, principal engineer at Brooks 
Engineering: “Too often, system operators think that with 
string-level monitoring they can sit back and wait for things 
to go wrong. This is a flawed approach. Data monitoring 
systems should never take the place of regularly scheduled 
preventative maintenance.” 

GRANULARITY PROS AND CONS 
The higher the level of granularity in your monitoring system, 
the more complex the monitoring system becomes. If you are 
collecting inverter-level data and information from a single 
energy meter, the number of communication circuits and data 
collectors is relatively small and thus simple to design and 
implement. However, when you are collecting large amounts 
of string-level data, the network becomes necessarily more 
complex, more devices are involved and the conduit and cable 
schedules get larger as well.

Inverter level. Total system or inverter-level monitoring 
has the advantage of being the least expensive option and 
the least complex to install. Typically the inverter or invert-
ers are daisy-chained with cable appropriate for an RS-485 
based Modbus network to the datalogger, revenue-grade 
meter and weather-station hardware. 

This level of monitoring provides data on total system 
performance only. If there is a single inverter, it is difficult 
to benchmark production, because there is nothing to com-
pare inverter output against. If issues arise in a system that 
is monitored at the inverter level, the entire array or subar-
ray must be examined. Another disadvantage to this moni-
toring scheme is that performance problems can easily go 
unnoticed and persist until the next scheduled maintenance 
interval, if not longer. 

When more than one inverter is used, at least some level 
of performance variance analysis is possible. With multiple 
inverters in the system, the inverters’ output power can be 
compared for consistency. This can reduce troubleshoot-
ing time by enabling a process of comparison and elimina-
tion. When many smaller-capacity inverters—single-phase 
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Multiple portals  Different web portals may be necessary to 
satisfy the needs of different audiences. Public dashboards, 
like the top one shown above, can be used for PR purposes, 
such as public displays and corporate websites. Administra-
tive portals, like the one on the bottom, provide insights into 
plant performance, which can be useful for O&M purposes.
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string inverters, for example—are individually monitored 
and compared, the net effect is equivalent to combiner box 
output–level monitoring and may even provide string-level 
insight into system performance.

Combiner box output level. The next level of complexity and 
granularity is combiner box output–circuit monitoring, which 
is also referred to as zone or subarray monitoring. This level 
of monitoring can be accomplished in several different ways, 
depending upon the system configuration and the locations 
where measurements are taken. 

The simplest way to achieve zone monitoring for  
commercial-scale PV systems is generally to specify subarray 
monitoring at a central inverter’s fused input combiner. In 
some cases, the manufacturer offers this option. 

“We currently offer system-, inverter- or subarray-level 
monitoring,” notes Michael Zuercher-Martinson, CTO at 
inverter manufacturer Solectria Renewables. “Subarray moni-
toring comes factory-installed within the inverter and gets us 
80% of the string-level monitoring benefits for 20% of the equip-
ment cost,” he continues. “No additional wiring or IT setup or 
configuration is required.”

Alternatively, system designers can specify smart subarray 
combiners within the array field. These large combiner boxes 
are outfitted with CTs and bolt-in fuses that aggregate PV out-
put conductors from source-circuit combiner boxes. Subarray 
combiners are useful on large commercial systems. For exam-
ple, if a 500 kW central inverter with six 450 A fused inputs is 
monitored at the input combiner only, then there is very little 
granularity to zone monitoring. The loss of a single string is very 

difficult, if not impossible, to detect. However, if six smart sub-
array combiners are specified upstream from the inverter, then 
the granularity of the zones being monitored can be improved 
until string-level resolution is achieved.

While combiner box output–level monitoring is more 
expensive than inverter-level monitoring, it provides much 
more information about the performance of the system. It 
improves the resolution of the data used for comparative 
analyses, allowing for quick baseline system performance 
verification. If differences are detected in combiner output 
circuits, troubleshooting efforts can be targeted at a much 
smaller section of the array. 

Planning becomes extremely important when monitor-
ing at this level, especially if communication circuits extend 
into the array field. Additional components are needed, such 
as a smart combiner box with CT equipment. A communi-
cation line needs to be run to each combiner box location, 
unless a wireless solution is available. Each combiner box 
requires its own power supply. For best results, work directly 
with a monitoring solutions provider on the specific design 
details as the project is conceived and developed. 

String level. If more-granular data is desired, the resolution 
of the data monitoring system can be extended to the level of 
the source circuits or module strings. Further dividing the sys-
tem in this manner allows owners and operators to pinpoint 
performance issues and reduce on-site troubleshooting time. 

The equipment necessary for this level of monitoring 
is very similar to that needed for smart subarray combiner 
monitoring. However, additional CTs are needed within the 

Portfolio view  
Monitoring solutions 
that offer portfolio-
level management 
are particularly 
useful for central-
izing O&M activities 
for a geographically 
diverse range of  
PV projects.  
Administrative 
views, like this 
map view from 
DECK Monitoring, 
can enable plant 
operators to quickly 
and simultaneously 
evaluate system 
operation at 
multiple sites.
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monitoring system. Instead of CTs located at the subarray 
level on PV output circuits, string-level monitoring requires 
smart source-circuit combiner boxes, which typically have a 
CT for every one to two source circuits. 

A string-level CT unit—like the Multi Circuit DC Moni-
tor manufactured by Ovius—typically has eight noncontact 
Hall Effect sensors and provides a Modbus RS-485 output for 
monitoring eight module strings. The units are modular in 
the sense that multiple CT units can be incorporated into 
a single enclosure for 16-, 24- or 32-circuit combiner boxes, 
which are available from companies like AMtec Solar and 
SolarBOS. The Ovius CT units require a 24 Vdc power source, 
which typically means that a 120 Vac circuit needs to be run 
to each combiner box in order to power a 120 Vac/24 Vdc 
power supply. 

While string-level monitoring can be effective for detecting 
faulty equipment and low-performing modules, it also adds a 
great deal of complexity to the PV data acquisition system. For 
this monitoring to be effective in the long term, a thorough 
review of the plant is necessary during system commissioning 
to map each string to its corresponding sensor. Despite the 
best intentions of power system and data acquisition system 
designers, changes in the field do happen. A well-documented 
set of as-built drawings is crucial for troubleshooting later 
with this level of data analysis. 

Module level. Module-level monitoring is not currently 
offered by independent third-party monitoring solutions 
providers. Rather, it is a side benefit of installing module-
level power electronics: ac modules, microinverters or dc-
to-dc  optimizers. At present, these three technologies are 

Inverter monitoring  Central inverter manufacturers increasingly offer sophisticated data monitoring options direct from the 
factory. On the left, Advanced Energy’s subcombiner monitoring option is shown integrated inside the fused input combiner 
to a PVP 100 kW inverter. On the right, optional factory-installed and tested revenue-grade metering hardware is shown at the 
inverter’s ac output.
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rarely seen in commercial PV applications due to 
the economy of scale that larger string or central 
inverters provide. 

While this level of monitoring can obviously be 
very effective in detecting low-performing mod-
ules, the sheer amount of data generated in a large 
array necessitates a computer-driven model for 
detecting anomalies. As with string monitoring, 
for the data to be useful later for troubleshooting 
in the field, mapping the devices to the sensors is 
a crucial commissioning step—one that becomes 
more important with each higher level of monitor-
ing system granularity.

“The best practice that we can recommend is 
to make sure that the asset owner or maintenance 
team has a good plan for making use of the data 
we are providing,” says Krisa of Tigo Energy. He 
explains, “Instrumenting a system well is just the 
first step. The system owners must also ensure that 
the organization and business processes are in place to use 
the data once they have it. We can help by providing the 
tools to manage fleets of systems and summary metrics that 
can mitigate the issue of having too much data. But our best 
customers also have the team and operational plan in place 
to make use of the tools that we provide.”

System Implementation
In Part Two of this article, we will consider commercial PV 
data monitoring system selection and specification crite-
ria in more detail. Completing a site survey is an important 
early step. You need to decide what data must be collected 
and what web portal views are necessary. You need to pro-
vide Internet access. The location of data acquisition system 
components drive conduit and circuit routing. Making these 
design decisions early is critical, so that installation crews can 
efficiently execute the scope of work associated with the data 
monitoring system.

Special thanks to Bill Reaugh at Draker Laboratories for 
providing expert technical review services and input during the 
preparation of this article.

g R E S O U R C E S

Third-Party Commercial PV Monitoring Providers:

AlsoEnergy / 866.303.5668 / alsoenergy.com

ArgusON / 866.459.4103 / arguson.com

DECK Monitoring / 503.224.5546 / deckmonitoring.com

Draker Laboratories / 866.486.2717 / drakerlabs.com

Fat Spaniel (Power-One) / 408.785.5200 / fatspaniel.com

Locus Energy / 877.562.8736 / locusenergy.com

Solar-Log / 203.702.7189 / solar-log.com

String-level granularity  This Prominence-series 
smart combiner from AMtec Solar provides 
string-level monitoring for 16 source circuits and 
includes an optional wireless Modhopper.
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I
n Part One of this article, we discussed the 
value of monitoring commercial PV systems 
and the benefits to investors, integrators, sys-
tem owners and operators. We also discussed 
the options and components involved in the 

selection of a monitoring system. 
In Part Two, we concentrate on the best prac-

tices for successful integration, including predesign 
planning with the monitoring provider, site-specific 
considerations and conduit routing. We provide 
a case study showing the financial effects of sys-
tem downtime, which potentially can be alleviated 
via sufficient data monitoring. We also explore the 
trend toward inverter-integrated monitoring and its 
advantages and disadvantages compared to third-
party monitoring. 

MONITORING SYSTEM SELECTION AND SPECIFICATION 
According to the subject matter experts we interviewed 
for this article, the most common mistakes made when 
specifying and implementing PV monitoring systems are 
generally traceable to a lack of planning, foresight or com-
munication. Planning for a monitoring system after the 
PV system is built has obvious flaws. It may also be prob-
lematic to add a monitoring system after the PV system is 
quoted, let alone sold. 

“The most common mistake integrators make is wait-
ing too long to decide upon and implement a monitoring 
solution,” observes Robert Smith, director of marketing at  
ArgusON, a provider of site monitoring and management 
services. This often adds costs that could have been avoided. 
“When the monitoring platform is the last item to be selected 
on a commercial PV site,” he says, “expenses can rise substan-
tially due to an inefficient system design.” 

Fortunately, there is general agreement on how to 
avoid these problems: Plan ahead, do your homework, and 

communicate with the customer and the monitoring solu-
tions provider early and often. 

Customer needs ultimately determine the best data moni-
toring system configuration specific to each project. Accord-
ing to Benjamin Compton, COO at meteocontrol North 
America, which provides solar management solutions to 
large PV power assets: “In any measurement and verification 
program, a balance must be struck between the level of detail 
required for an accurate eval-
uation and the associated 
costs relative to the overall 
energy generation value.”

Site survey. Once you 
have determined that a com-
mercial system will be moni-
tored, the conceptual design 
must be tailored to meet 
the needs of the customer, 
system operator or both. 
The best way to make sure 
that you are asking the right 
questions and getting the 
right answers is to complete 
a monitoring installation 
site-survey form as early in 
the sales or design process 
as possible. 

Typically, PV monitoring 
companies provide a site-
survey document to their 
customers upon request. 
Site-survey responses are 
useful for specifying the right 
equipment, optimizing the 
system design and providing 
an estimated price for the 
goods and services. A site-
survey form seeks to answer 
as many basic questions as 
possible about the site and 
desired functionality of the 
monitoring system. Typical 
questions include: 

By Kyra Moore and Rebekah Hren 
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P What data do you plan to collect? 
P Who will be using the web portal and how? 
P How will you achieve Internet access? 
P How will you power components that need a  
 dedicated power supply? 
P What are the conduit and cable requirements? 
P Where will major monitoring system components  
 be located? 

The other major component of the monitoring site sur-
vey is a one-line electrical drawing. If this is provided along 
with an approximate or to-scale site layout, the monitoring 
provider can use this information to create a customized 
site-specific single-line drawing, showing the location of 
power and communication connections to the monitoring 
equipment. Sharing the system design with the monitor- 
ing provider also helps verify that all components are com-
patible, including inverters and meters.

Gathering this information during the planning stage of 
the project is crucial. The addition of a monitoring system 
inserts another layer of electrical equipment to the design, 
including power supply circuits, communication circuits, 
meters and IT equipment that must be located, sized and 
considered in advance to be fully incorporated into the PV 
plan set. You should give the predesign process for deter-
mining the monitoring system just as much weight as siz-
ing the correct inverter or choosing a racking system. 

Monitored data. The most basic inverter-level data acquisi-
tion system typically captures dc volts, amps and power on 
the input side of the inverter, and ac volts, amps, power and 
energy harvest on the ac side of the inverter. These data are 
frequently reported graphically via bar charts for various time 
periods (hour, day, month or year). 

More-advanced monitoring systems can capture envi-
ronmental conditions or detailed data from subarrays, 
strings or even individual modules. It is also possible to 
monitor utility grid-power quality and stability by tracking 
grid voltage and frequency variations outside the IEEE 1547 
windows and report the duration of any outages. 

Commercial PV System  Data Monitoring
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“Engineers and integrators will fall 
behind if they don’t bring in a monitoring and 
measuring piece to their practices. As the  
market continues to mature, buyers will come 
to expect operational performance monitoring  
and financiers will require a complete level  
of monitoring and management of their invest-
ments.”—Robert Schaefer, AlsoEnergy
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Monitoring instantaneous building demand and net 
energy consumption is another option. If the building load 
is monitored, it is possible to compare the ac energy con-
sumption at the facility against the PV array production. 
This may have value both for PR purposes and as an educa-
tional tool. It may also allow facility managers to become 
aware of, investigate and monitor other energy-saving 
opportunities at the facility. 

Note that if a building has a preexisting automation sys-
tem, the PV data acquisition system may need to have net-
work compatibility with that system. This depends on the 
level of functionality and integration desired by the customer. 

Graphical interface. It is a good idea to “walk through” a 
vendor’s web portal before making purchasing decisions. If 
an interface is difficult to navigate, lacks detail or does not 
allow for managing work orders, the monitoring solution may 
not prove useful for O&M purposes. Once you have selected a 
provider, it may not be possible to overcome issues like this—
short of finding another provider. 

Another thing to consider is the degree of personal-
ization possible for a web portal’s user interface and the  
relative effort involved. The ability to customize web portals 
merits consideration: If it is not possible to brand a portal 
with your logo, the monitoring system may not meet your 
marketing needs. Your customers may have similar branding 
needs. Some third-party data monitoring companies pro-
vide software customization free of charge. Some products, 
such as the SMA Sunny Portal, allow customers to modify 
the appearance of the website. Other solutions allow little to 
no customization. 

“As the market continues to mature, costs are coming down 
and customizable energy monitoring is becoming available all 

the way down to the residential level,” notes Robert Schaefer, 
CEO at AlsoEnergy, a provider of renewable energy monitor-
ing solutions. “All users want a direct relationship with their 
purchase,” he explains. “The user base is getting more sophis-
ticated in its purchasing decisions.”

Consider whether you can vary the displayed content eas-
ily, based on whether the viewer is the facility owner, system 
owner, financial backer or O&M provider. If the intended 
viewer is the general public, consider what kiosk or wall-
mounted displays are offered, as well as the cost and connec-
tivity requirements. 

If the web portal is primarily used for O&M purposes, you 
may want to select a system that allows for cross-checking 
performance at a variety of sites in the same general vicin-
ity. Data acquisition systems themselves can and do fail, so 
this feature may provide additional insight into potential 
data acquisition problems or into other PV system problems. 
It may also be important to select a portal that includes per-
formance ratio indicators or other quick indicators of general 
system health.

If the system is designed to generate error or alarm sig-
nals, consider how this feature operates. Faulty alarms and 
excessive email or text messages often prompt integrator 
complaints. To the extent that alarm triggers are configu-
rable, it is possible to reduce or eliminate false alarms. If the 
source of the alarm requires corrective action, it may be pos-
sible to schedule service calls and keep maintenance logs 
from the O&M portal. Companies interested in managing 
a fleet of PV systems should consider a monitoring system 
with this functionality.

Contractual terms also vary. Some web portals are free 
with equipment purchase; others incur annual fees. Some 

2012: Commercial  Monitoring

Interactive public display   
Customizable public displays 
are a great way for PV owners 
to showcase their investment in 
renewable energy. This display,  
developed by Locus Energy for 
the City of Danville’s Community 
Market PV system in Danville, NC, 
highlights PV energy production, 
environmental offsets and current 
weather conditions. Tabs at the 
top of the page allow the user to 
access more information about 
the site and an educational tuto-
rial on how PV systems work. C
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vendors offer multiple levels of service and tiered fee struc-
tures. Be sure to determine the cost and terms of service 
before selecting a monitoring solution.

Internet access. Since monitoring systems are generally 
cloud-based, Internet access is essential. If a hardwired Inter-
net connection is used, coordination with the host facility’s IT 
team is a prerequisite. Communication is key, relates Chuck 
Wright, principal at PowerDash: “If the customers’ Ethernet is 
to be used, verify their understanding that it is their responsi-
bility to keep the communication channel open for a period of 
years, even decades, and that they agree to do so.”

Important questions to ask relate to the requirement for 
static versus dynamic IP settings, firewall setup for inbound 
traffic and other general network security or compatibility 
issues. The goal is to gather as much network data as pos-
sible so that the monitoring company can preconfigure the 
datalogger to automatically communicate with the network 
right out of the box. 

If the site is remote or access to the existing network is 
prohibited due to network security systems and firewalls, a 
cell modem must be included with the monitoring system to 
push the data onto the Internet. If cellular communication 
is necessary, be sure to determine whether there is coverage 
during the site survey. In some rare cases, a satellite modem 
must be included. Note that adding a cell modem does not 
just add a onetime cost for the hardware component; a cell 
service contract must be included and renewed as long as 
the system is to be monitored. 

According to Solectria Renewables CTO Michael  
Zuercher-Martinson: “Solectria Renewables recently 
added a 3G cellular network communication option to  
its monitoring product line, which has quickly turned  
into a best seller. Not having to deal with the local IT  
infrastructure and associated firewalls and not having to 
run additional communication conduits in many cases 

pays for the cost of the cell modem and the long-term ser-
vice contract.”

Power supply. The power requirements for each monitor-
ing package are different. A critical part of the site analysis 
is identifying available power sources for dataloggers, energy 
meters, smart combiner boxes and other equipment. While it 
is possible to purchase small self-contained and self-powered 
dataloggers and weather stations, they are generally more 
expensive than tapping into a pre-existing load-branch circuit 
or installing a new load-branch circuit.

In systems covered by the NEC, ac power cannot be 
pulled directly from the inverter output, and a different cir-
cuit must be used. The power source does not have to be 
a dedicated circuit: Power can typically be pulled from an 
existing load-branch circuit, if one is available. In the event 
that there are no existing branch circuits in the vicinity, be 
sure to size any new ac branch circuit conductors for voltage 
drop when making long-distance runs to combiner boxes. 
In systems with inverter output direct to medium voltage, 
installation of an additional small transformer might be nec-
essary to provide 120 Vac, which can also be used to power 
on-site service receptacles.

In addition, verify that the monitoring components 
receive the type of power they require. Smart combiners 
and data acquisition units might actually require a 24 Vdc 
power supply. In some cases, a 120 Vac/24 Vdc power sup-
ply is integrated into the component enclosure; however, 
sometimes an external power supply must be provided. 
The location of power supplies must be incorporated into 
the total system design and the conductors must be sized 
for voltage drop.

Performance ratio indicator  Quick indicators of general 
system health—such as this monthly performance variance 
analysis from meteocontrol—are especially useful if a web 
portal is to be used for O&M purposes.
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Customized portal  Branded web portals—such as this 
DECK Monitoring public dashboard for the Washington High 
Eagles—are an important monitoring system component for 
many businesses and institutions.
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Note that while NEC 2011 
Section 300.3(C)(1) allows 
ac and dc circuits rated 600 
volts or less to occupy the 
same equipment wiring 
enclosure, cable or race-
way, Section 690.4(B) speci-
fies that PV system circuits 
“shall not be contained in 
the same raceway, cable tray, 
cable, outlet box, junction 
box or similar fitting as con-
ductors, feeders or branch 
circuits of other non-PV systems, unless the different sys-
tems are separated by a partition.” 

Depending upon your interpretation—or that of 
your engineer or the inspector for the AHJ—power sys-
tem conductors for the PV data monitoring system may  
be considered non-PV system conductors. If they are 
considered PV system conductors, then they can share 
conduits with other PV system circuits; if not, then they 
cannot. Of course, this is relevant only for the power sys-
tem conductors. 

Communication circuits. Low-voltage monitoring equip-
ment has its own requirements, as described in NEC Chapter 
8, “Communications Systems.” All communication cables in 
PV data monitoring systems carry low-voltage signals, typi-
cally under 10 V. The insulation rating on most communica-
tion cables is limited to 150 Vac. Check with the manufacturer 
or the NEC for specific 
cable insulation ratings. 
Cable insulation must 
be appropriate for the 
installation conditions—
burial rated, UV resis-
tant and so on.

As a result of this  
low-insulation rating, 
communication cables cannot share conduits, raceways or 
enclosures with high-voltage power conductors—either ac or 
dc—unless proper physical separation is provided. Conduits 
carrying communication cables can share trenches, provided 
that adequate separation of the conduits is maintained. The 
additional conduit, wire and installation cost for running low-
voltage communication cables must be considered during 
system design and construction planning. 

Conduits and circuit routing. The addition of a monitoring 
system can add a significant amount of conduit and circuits 
that must be planned and accounted for in the initial design. 
Verify that placing the cables in conduit does not exceed the 
conduit-fill allowance. This is especially true for weather 
sensors that have unique connectors.

When evaluating the 
Internet connection, keep in 
mind the distance limitations 
of the various protocols and 
bus drivers. TCP communica-
tion on a CAT 5 or 5e cable is 
limited to 300 feet. If the dis-
tance from the base station 
to the Internet connection 
exceeds this distance, con-
sider using fiber optic cables, 
which have distance allow-
ances that are counted in 

miles, or cellular modem connections if within range of a cel-
lular signal. 

To keep costs down in large array fields or custom struc-
tures, identify all of your conduit requirements before hard-
scapes such as roads or parking lots are completed. This lets 
you get your conduit into trenches before they are backfilled 
and is much more cost effective than finding alternative 
installation solutions afterwards.

Location. For best results, show the locations of datalog-
ger enclosures, energy meters, weather sensors and other 
monitoring system components in your site plans and 
elevation drawings. Once again, not including these items 
in the plans leads to wasted time and money. Sometimes 
inverter rooms or pads are small, and the designer must 
plan for the additional wall or pad space needed for the 
datalogger or external revenue-grade meter. 

Distance consider-
ations between compo-
nents must also be taken 
into account for data 
accuracy. For example, 
the distance between 
the energy meter(s) and 
the datalogger may have 
limitations depending 

on the communication protocol and bus drivers used. Weather 
sensors have limits on how far they can be located from the dat-
alogger or analog-to-digital converter. RS-485 cable should not 
be run farther than 4,000 feet from the first device to the last. 

Just as the power system equipment is sensitive to envi-
ronmental conditions, so is the monitoring equipment. 
Although most systems are housed in NEMA 3 or better 
enclosures, the equipment should be kept out of direct sun.

Other considerations. When evaluating monitoring services 
providers, consider whether their product features enable 
you to successfully operate your plant today and provide the 
flexibility to meet your needs tomorrow. Besides application- 
specific criteria, consider long-term compatibility. Here are 
some questions to ask:

“A comprehensive operational plan will 
include adequate sensors for the purposes 
needed, properly trained personnel with some 
level of IT experience to assist with the installa-
tion and commissioning of the data monitoring 
system, and the establishment of fully docu-
mented procedures for the regular calibration 
of all devices at manufacturer-specified  
intervals.”—Benjamin Compton, meteocontrol

“Some weather sensors, like the LI-COR LI-200 
pyranometer, have connectors that require additional 
conduit space or special provisions for accessing  
them, such as Type LB or Type T conduit bodies with 
removable panels.”—Bill Reaugh, Draker Laboratories 
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P Is automatic REC-compliance reporting an option?
P What are the configurations for downloadable system  
 performance reports, including time periods available  
 and data views?
P How can you troubleshoot the data monitoring system? 
P What service contracts and warranties are available,  
 and at what cost?
P What kinds of support services are available? 
P How confident are you that the monitoring company  
 will still be around in 20 or 25 years?
Some criteria, like product features, are relatively self- 

evident; others, like level of customer support, are more 
nuanced. Support services might include any or all of the fol-
lowing: predesign support, installation support, commission-
ing support, predelivery system testing, host customer training 
and preconfigured equipment. 

Because PV systems have such long service life expectan-
cies, choosing data monitoring components and service pro-
viders is a significant exercise. “Convince yourself that your 
data monitoring partner will still be around in 25 years and 
supporting its equipment with boots on the ground,” advises 
Solectria’s Zuercher-Martinson.

INVERTER INTEGRATED OR THIRD PARTY? 
For a decade or more following the inception of the grid-
connected PV industry, inverter manufacturers generally pro-
vided minimal inverter-integrated faceplate data—usually 
just ac energy, ac power, and dc and ac volts and amps. When 
installers and system owners wanted verifiable in-depth data 
reporting, they relied upon specialized hardware and software 
from providers of third-party data monitoring solutions. 

In recent years, central inverter manufacturers have 
increasingly begun to offer more-sophisticated inverter-inte-
grated data acquisition systems. The latest of these monitor-
ing systems have a much wider ability than those of the past 
to track, log and display PV system data and error alerts. Rev-
enue-grade metering and reporting is generally an option.

This trend toward more-sophisticated inverter- 
integrated monitoring is likely to continue. As an exam-
ple, Power-One—which is currently the second largest 
solar inverter manufacturer in the world—purchased the 
assets of Fat Spaniel Technologies, a leading US provider 
of PV monitoring solutions, in October 2010. Subsequently, 
Power-One acquired monitoring business assets from 
National Semiconductor, including solutions developed by 
Energy Recommerce.

Ultimately, there are advantages and disadvantages to both 
inverter-integrated and third-party monitoring approaches. 
Generally speaking, over a period of years, system designers, 
integrators and EPC contractors specify various brands of 
inverters. There are several reasons why: Inverter product avail-
ability and pricing is dynamic; new inverters are always coming 

to the market; some inverters are a better fit for different cli-
mates or with different modules.  

Whatever the reason, it can be impractical or even 
undesirable to specify the same inverter manufacturer’s 
products for all of your projects. However, if you spec-
ify products on a case-by-case basis, and always rely on 
inverter-integrated monitoring packages, your data mon-
itoring hardware and software will vary from site to site. 
This complicates your overall monitoring strategy. Security 
access may be more challenging, as multiple hosting plat-
forms may require multiple passwords. There is a learning 
curve associated with each new platform, both in equip-
ment installation in the field and in managing the interface 
back at the office. 

One of the main selling points for choosing a single sup-
plier for third-party monitoring services is the promise of 
being able to monitor and manage different inverters and 
different sites from a single-user interface. Errors, alerts, 
alarms, reports and work orders can be standardized across 
every installation site within one web-hosted platform. Ide-
ally, all of the data for every site is easy to access and track. 
Another benefit of using third-party monitoring services 
is that the monitoring system operates 
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Signal attenuation  To avoid the loss of signal strength, 
keep cable runs to weather sensors short, since they often 
output on the order of microvolts or millivolts. 

C O N T I N U E D  O N  PA G E  6 9
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S ince financials are the biggest driver in determining moni-
toring decisions, the following analysis attempts to dem-

onstrate the financial effects of varying degrees of system 
downtime. Washington, DC, was chosen for the location due 
to its mature and developed solar market. 

As of June 2011, the SREC value in this market with 
a 3-year term is averaged at $365/MWh or $0.365/kWh. 
In addition, as of February 2011, the average commercial 
electrical offset rate for this area is $0.1358/kWh, according 
to the US Energy Information Administration. Therefore, the 
total value to the investor of the PV-generated energy in this 
market is $0.5008/kWh.

The example system consists of 500 kW of 14% efficient 
modules, roof-mounted at a 10° tilt and a 180° orientation 
and organized into 152 strings that feed two 250 kW invert-
ers. Using PVsyst, we can predict an average annual energy 
production of approximately 697,000 kWh. 

Table 1 demonstrates the effects of different levels of 
system failures over typical durations of time. The effects are 
quantified in total energy production loss, percentage of annual 
production loss, and the total and daily financial repercussions. 

These scenarios are not uncommon. As the annual  
production loss calculation indicates, they can have a  
significant impact on the performance ratio of a system. 
Time is money in these cases, and the integration of  
a data acquisition system can significantly increase  
system uptime. 

It is not an exaggeration to estimate a 2-week time 
period to get an inverter back online. In fact, without data 

monitoring, it could be up to a month or longer before a 
problem is detected. Fixing the problem after it is identified 
typically involves time for travel, troubleshooting, shipping 
replacement parts, yet more travel, and replacing the  
component and recommissioning the subarray.

With inverter-level monitoring in place, an alarm and 
accompanying error code is received instantly via web 
portal, text message or email as soon as the inverter failure 
occurs. This allows for a more timely and focused response. 
In many cases, good inverter communication allows 
problems to be resolved on the first trip to a site, instead of 
merely being diagnosed. 

Losing the input from a single string into a 250 kW inverter 
would not be noticeable at the system or inverter level. 
Without string or combiner box monitoring, it could be many 
months before the problem is noticed. By then, a lot of poten-
tial energy would have been lost. The loss of a single string 
could eventually lead to bigger problems, depending upon the 
causality. (See “The Bakersfield Fire,” February/March 2011, 
SolarPro magazine.)

Although a single string represents a small fraction of 
total system production, over 
time the value of the lost energy 
adds up. In the example system, 
using a $/kWh escalator of 4% 
and a discount rate of 8%, the 
net present value of having that 
string functioning properly over 
25 years is around $35,000. 
The internal rate of return for the 
system also shows a drop from 
17.5% to 17%. This drop alone 
might justify the up-front cost of 
providing a more sophisticated 
monitoring system. 

For comparison purposes, 
a system in Oakland, California, 

would have a performance-based incentive value of $0.05/
kWh for 5 years and an average electricity cost offset 
of $0.1723/kWh, as of March 2011, for a total value of 
$0.2223/kWh. Based on this lower value of energy and the 
relatively higher insolation in Oakland compared to Wash-
ington, DC, the economic value of the production losses 
in Table 1 would decrease by about 50%, even though the 
amount of energy lost would increase by about 10%. { 

Table 1  Different levels of system failure affect energy production losses and 
ultimately financial losses.

COST ANALYSIS CASE STUDY

Location of 
interruption

Duration of 
interruption

Production 
loss      

(kWh)

Annual 
production 

loss 

Total 
investment 

loss 
Daily 
loss       

Entire system 1 day 1,911 0.27% $957 $957 

One 250 kW 
inverter

2 weeks 13,377 1.92% $6,699 $479 

One combiner 
box

1 month 7,140 1.02% $3,576 $119 

One string 1 year 4,589 0.65% $2,298 $6.30

System Failure Cost Analysis
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independently of the inverter, which may prove especially 
valuable in the event of an inverter failure.

Of course, before deciding to use a single provider for all 
of your monitoring needs, you need to evaluate the company’s 
stability, reliability and experience. Working with a small third-
party monitoring solutions provider may not instill the same 
level of confidence as working with a major inverter manufac-
turer, such as SMA. Of course, not all third-party providers are 
necessarily small companies. For example, ArgusON is backed 
by the financial resources of SPX Corporation, a Fortune 500 
company, and maintains a national call center that is open 24 
hours a day, seven days a week. 

Another consideration is the degree of inverter-level func-
tionality that the monitoring solution enables. Inverters have 
lists of alarm and error codes that vary by manufacturer, and 
inverter-integrated data monitoring systems interpret these 
codes correctly. Third-party monitoring providers rely on the 
inverter manufacturers to share these alarm codes, and some 
manufacturers are not forthcoming with this information. Fur-
thermore, if you are using an inverter-integrated data acquisition 

system, it may be possible to remotely resolve and reset some 
inverter alarms. While some third-party monitoring suppliers 
may be able to provide this capability, it is less common.

CONCLUSION 
Installing cost-effective and efficient PV data acquisition sys-
tems means that monitoring solutions providers and PV sys-
tem integrators must work together as partners—through the 
sales cycle, the design and installation processes, and onward—
to keep PV systems producing as intended for decades. Choos-
ing the best data monitoring system and partner for your needs 
means thoroughly researching the options and correctly valu-
ing data monitoring as an investment in future returns. 

Special thanks to Bill Reaugh at Draker Laboratories for pro-
viding expert technical review services and input during the prep-
aration of this article.  
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Schematic diagram  Here we show the major components—current transducers, energy meter, weather station and  
gateway—for an inverter-independent monitoring system from Power-One’s Fat Spaniel Technologies brand.

g R E S O U R C E S

Third-Party Commercial PV Monitoring Providers

AlsoEnergy / 866.303.5668 / alsoenergy.com

ArgusON / 866.459.4103 / arguson.com

DECK Monitoring / 503.224.5546 / deckmonitoring.com

Draker Laboratories / 866.486.2717 / drakerlabs.com

Fat Spaniel Technologies (Power-One) / 408.785.5200 / fatspaniel.com

Locus Energy / 877.562.8736 / locusenergy.com

meteocontrol North America / 510.764.6494 / meteocontrol.com

Solar-Log / 203.702.7189 / solar-log.com

“Add-on IT hardware from small manu-
facturers is being specified that does not have 
sufficient environmental ratings and carries 
substandard warranties. Ask for IT equipment 
with extended temperature ranges, hardware 
warranties and life expectancies.”

 —Michael Zuercher-Martinson, Solectria Renewables 

http://www.alsoenergy.com
http://www.arguson.com
http://www.deckmonitoring.com
http://www.drakerlabs.com
http://www.fatspaniel.com
http://www.locusenergy.com
http://www.solar-log.com
http://www.meteocontrol.com
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Protection Systems
By Karl Riedlinger
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A
ccording to preliminary data provided by the Bureau of Labor  
Statistics, 635 workplace fatalities from falls occurred in 2010, 
down from a high of 847 in 2007. Of all the industries tracked,  
construction had the highest number of total fatalities in 2010—
and 260 of the 751 construction fatalities recorded last year were 

the result of falls. 
While these statistics are sobering, they tell only part of the story. The major-

ity of workplace accidents are not fatal, but instead cause injuries resulting in lost 
worker income, lost company revenue, increased insurance rates and potentially 
lifelong health problems for injured workers. Understanding the hazards present 
on the jobsite and addressing them through proper training, planning and safe 
work practices is in the best interests of both employers and employees.

In this article, I outline the laws and best practices for fall protection sys-
tems under federal Occupational Safety and Health Administration (OSHA) reg-
ulations. Some states have their own laws and rules of procedure that conflict 
with federal standards and require clear interpretation and guidance from state 
authorities. Where a state workplace safety program is in place, those laws take 
precedence over federal OSHA law. OSHA inspectors have historically consid-
ered PV installation to be a construction operation, regardless of any similarity 
to other classifications like roofing.

This article is solely intended to bring awareness to the risks and regulations 
governing fall protection in the workplace and is not a substitute for proper 
hazard evaluation, planning and training. You should use this article for refer-
ence only and research the laws applicable in your state.

Protection Systems

OSHA Fall Protection  
Standards 

E very employer should be intimately familiar with the requirements of the 
OSHA regulations governing the work they perform. The following is a 

brief introduction to the fall protection standards governing PV installations. 
The Code of Federal Regulations (CFR) Part 1926, Title 29, applies to 

the construction industry in general, including PV installation activities. “Part 
1926—Safety and Health Regulations for Construction,” or OSHA Standard 29 
CFR 1926, includes 30 subparts (Subpart A through Subpart DD). Subpart M 
specifies fall protection requirements for the construction industry. Within Sub-
part M, there are four standards (1926.500 through 1926.503) and five optional 
appendixes (1926 Subpart M App A through 1926 Subpart M App E). 

The specific standards that make up the federal OSHA requirements found 
in “1926 Subpart M—Fall Protection” are:

1926.500—Scope, application and definitions applicable to Subpart M
1926.501—General requirements
1926.502—Fall protection systems criteria and practices
1926.503—Training requirements

The OSHA website (osha.gov) contains the complete text for OSHA Stan-
dard 29 CFR 1926, including the fall protection regulations and recommenda-
tions found in Subpart M. {

Working at height 
presents one of the greatest 

dangers to PV installers on 

the jobsite. If employers 

do not properly address 

fall protection, they put 
workers at risk while 

performing their duties, as 

well as violating worker 
safety laws. 
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When to Use Fall Protection 
Standard 1926.501 requires that employers 
provide fall protection systems whenever 
workers are exposed to fall hazards of 6 feet 
or greater to the ground or a lower level. This 
not only includes roofs in general, but also 
all unprotected roof sides and edges, lead-
ing edges, skylights, openings greater than 2 
inches in their least dimension, work plat-
forms, aerial lifts, hoist areas, excavations, 
formwork and reinforcing steel, ramps, run-
ways and other walkways, dangerous equip-
ment, and walking or working surfaces not 
otherwise addressed. Skylights are com-
monly overlooked fall hazards in rooftop PV 
installations and can sometimes be difficult 
to cover or protect. Other areas that present fall hazards—
scaffolds, ladders, steel erections, cranes and so on—are 
covered in more detail in dedicated CFR 1926 subparts.

Standard interpretation. One of the biggest challenges to 
maintaining OSHA compliance is interpreting and applying 
OSHA regulations. Careful consideration is often required 

to understand exactly what a 
standard means, when to apply 
it and whom to apply it to, let 
alone how to actually execute 
it in the field. In the interest of 
protecting workers, I advocate 
taking a conservative approach.

One of the best resources 
for employers and employees 
struggling with an interpreta-
tion is the OSHA website, which 
provides an extensive archive of 
standard interpretation letters. 
For example, there are 16 stan-
dard interpretation letters that 
relate specifically to Section 

1926.501(b)(1), which concerns unprotected sides and edges. 
You can access these interpretation letters by following hyper-
links within the standard itself or by searching the archives by 
the standard number or publication date. These letters should 
be studied as closely as the standards. 

OSHA also offers compliance assistance and consul-
tation services that are separate from its 
enforcement activities. You can ask questions 
and even schedule an on-site consultation 
without triggering an inspection or cita-
tion. For compliance assistance, simply call 
your local OSHA office and ask for a compli-
ance assistance specialist (contact informa-
tion is on the OSHA website). You can also 
find information about OSHA’s free On-site 
Consultation Program online.

Exceptions. The first section of Standard 
29 CFR Part 1926 Subpart M, which concerns 
the scope and application of the standard, is a 
good example of how certain regulations can 
be confusing. Section 1926.500(a)(1) contains 
this exception: “The provisions of this subpart 
do not apply when employees are making an 
inspection, investigation, or assessment of 
workplace conditions prior to the actual start 
of construction work or after all construction 
work has been completed.” 

According to this section, certain workers 
may be exempt from fall protection require-
ments based on the type of work they are 
performing or the stage of completion. The 
difficulty in interpreting this exception lies in 
the definitions. For example, what is consid-
ered “construction work” and what is consid-
ered to take place “prior to” or “after” actual 
construction activities? 

2012: Fal l  Protection Systems

“The best fall protection 

approach is a well-trained 

leader who will use any 

or all of the fall arrest  

or fall restraint methods 

at their disposal, as this 

perpetuates safe  

working practices.”

—Brian Thorne, Mainstream 

Energy and REC Solar

Safety planning  Each installation should have a detailed safety plan that  
is reviewed with all installers at the beginning of the workday. SolarCity  
developed the plan pictured here for the job depicted in this article’s photos. 
It includes restricted access areas (yellow), fall arrest zones (red triangles), 
fall restraint zones (blue circles), anchor points, ladder locations and specific 
notes related to the project.
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Regardless of how you parse it, it is likely that the same 
fall hazards exist for any worker at a given site at all times. 
Section 1926.500(a)(1) may seem to provide an easy out to 
employers wanting to meet minimum requirements and 
avoid setting up costly fall protection systems. However, 
is an exemption that allows workers to be exposed to  
fall risks in the best interests of the workers and the 
employer? If a serious accident were to occur, could the 
company defend its policies from litigation by simply cit-
ing this exception? 

After reading the standards and the letters of interpre-
tation, my thinking on this subject is conservative. Serious 
consideration should be given before allowing any worker to 
face fall hazards or unsafe situations without enacting the 
highest possible level of protection. This not only requires 
proper fall protection equipment, but also appropriate fall 
protection plans and personnel who are trained to safely 
execute them.

I strongly advocate for a 100% fall protection policy: 
All workers are expected to use proactive fall protection 
measures when exposed to fall hazards over 6 feet, with no 
exception. The only time a worker can get on a roof without 
fall protection measures in place is during the initial assess-
ment and when the fall protection system is installed.

Brian Thorne, the corporate safety manager for 
Mainstream Energy and REC Solar, observes, “When a 100% 
fall protection policy is not in place, site personnel tend to 
focus on identifying situations in which fall protection may 
not be feasible rather than just implementing it.” That sort 

of on-the-fly decision-making is counterproductive, and the 
best way to eliminate it is to streamline the decision-making 
process with a blanket 100% fall protection policy.

Fall Protection Planning 
OSHA requires that a competent person develop a site-
safety plan for every project that a work crew is assigned to. 
As defined by OSHA, a competent person is both capable of 
identifying jobsite hazards and has the authority to eliminate 
them by implementing appropriate corrective measures. (See 
“Glossary of Common Fall Protection Terms” below.) Within 
the context of Standard 29 CFR 1926 Subpart M specifically, a 
competent person has knowledge of applicable fall protection 
standards and is trained to identify and mitigate predictable 
fall hazards.

For a competent person to develop a site-safety plan, he or 
she must first undertake a job hazard analysis (see Resources 
for OSHA guidelines). This analysis includes determining if a 
fall risk is present and, if so, detailing the protective measures 
required to eliminate the risk. 

“In terms of developing and implementing a fall protec-
tion plan, commercial jobs on low-slope roofs are relatively 
simple to manage,” notes Thorne. “Industrial fall protec-
tion equipment is available and job duration is long enough 
to establish a team environment and a culture of safety,” he 
continues. “Residential pitched roofs present the greatest 
safety program challenge: Each one is different; on-site time is 
short; the schedule can be stressful enough to encourage risky 
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Portable guardrail  Temporary, nonpenetrating guard-
rail systems are ideal for commercial PV installations 
on low-slope roofs. These systems are engineered for 
OSHA compliance and provide a high level of protection 
for workers.

Safety net  While safety net systems are covered in Section 
1926.502(c), they are not commonly used in most retrofit PV installa-
tions—except for guarding skylights as shown here. Note that some 
state plans such as Cal/OSHA do not currently allow for the use of 
safety nets over skylights, requiring the use of guardrails instead.
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shortcuts; and safety supervisors may not be able to visit each 
job while it is under construction.”

Fall protection planning is not only project specific but 
also site specific. A unique job hazard analysis is required for 
each site, and every project must have a unique site safety 
plan as a result. Granted, a company that installs a large 
number of similar-size PV systems on similar pitched-roof 
surfaces may decide to reuse the same type of fall protec-
tion system multiple times. However, unless each dwelling is 
identical, each project requires a unique fall protection plan, 
specifying site-specific anchor point locations, ladder access 
points, exclusion zones and rescue plans.

It is the competent person’s job to develop this site- 
specific safety plan and call out the appropriate fall protec-
tion based on his or her knowledge and experience. Selection 
of the fall protection system can be based on a number of 

variables, including the type of work to be performed; work 
area accessibility; work area surface, size, height and shape; 
presence of other objects, features and hazards in the work 
area; type of structure; available attachment points; worker 
training or certification; hardware availability; and what 
system provides the highest level of protection based on the 
type of fall hazard. 

After the competent person has written a site safety 
plan, all on-site workers need instruction regarding the 
plan. Workers must have the proper training and experience 
to execute what is asked of them. Any subsequent changes 
to the plan must be documented and communicated to the 
workers immediately. For the changes to take effect, workers 
must receive any additional training or retraining required. 
It is common practice to have sign-in sheets associated with 
each project’s site plan. Workers’ signatures confirm that 
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Anchorage: a secure point of attachment for lifelines, lan-
yards or deceleration devices.

Body harness: straps that may be secured about the 
employee in a manner that will distribute the fall arrest 
forces over at least the thighs, pelvis, waist, chest and 
shoulders, with means for attaching the harness to other 
components of a personal fall arrest system.

Competent person: one who is capable of identifying exist-
ing and predictable hazards in the surroundings or working 
conditions that are unsanitary, hazardous or dangerous 
to employees, and who has authorization to take prompt 
corrective measures to eliminate them. [Defined in Section 
1926.32(f).] 

Connector: a device that is used to couple (connect) parts 
of the personal fall arrest system and positioning device 
systems together. It may be an independent component 
of the system, such as a carabiner, or it may be an  
integral component of part of the system (such as a 
buckle or D-ring sewn into a body belt or body harness, 
or a snap hook spliced or sewn to a lanyard or self-
retracting lanyard).

Controlled-access zone: an area in which certain work (for 
example, overhand bricklaying) may take place without 
the use of guardrail systems, personal fall arrest sys-
tems or safety net systems, where access to the zone is 
controlled.

Deceleration device: any mechanism, such as a rope 
grab, rip-stitch lanyard, specially woven lanyard, tearing 

or deforming lanyards, automatic self-retracting lifelines or 
lanyards, and so on, which serves to dissipate a substan-
tial amount of energy during a fall arrest, or otherwise limits 
the energy imposed on an employee during a fall arrest.

Deceleration distance: the additional vertical distance a fall-
ing employee travels, excluding lifeline elongation and free- 
fall distance, before stopping, from the point at which the 
deceleration device begins to operate. It is measured as 
the distance between the location of an employee’s body 
belt or body harness attachment point at the moment of 
activation (at the onset of fall arrest forces) of the decelera-
tion device during a fall, and the location of that attach-
ment point after the employee comes to a full stop.

Free fall: the act of falling before a personal fall arrest system 
begins to apply force to arrest the fall.

Free-fall distance: the vertical displacement of the fall arrest 
attachment point on the employee’s body belt or body 
harness between the onset of the fall and just before 
the system begins to apply force to arrest the fall. This 
distance excludes deceleration distance and lifeline or 
lanyard elongation, but includes any deceleration device 
slide distance or self-retracting lifeline or lanyard extension 
before they operate and fall arrest forces occur.

Guardrail system: a barrier erected to prevent employees 
from falling to lower levels.

Hole: a gap or void 2 inches or more in its least dimension, in 
a floor, roof, or other walking or working surface.

Lanyard: a flexible line of rope, wire rope or strap that  

Glossary of Common Fall Protection Terms
Except as otherwise noted, the following definitions are adapted from Subpart M of the “Safety and Health Regulations for  
Construction” in Section 1926.500(b).
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 generally has a connector at each end for connecting the  
body harness to a deceleration device, lifeline or anchorage.

Leading edge: the edge of a floor, roof or formwork for a floor 
or other walking or working surface (such as the deck), which 
changes location as additional floor, roof decking or formwork 
sections are placed, formed or constructed. A leading edge is 
considered to be an “unprotected side and edge” during periods 
when it is not actively and continuously under construction.

Lifeline: a component consisting of a flexible line for connection 
to an anchorage at one end to hang vertically (vertical lifeline), 
or for connection to anchorages at both ends to stretch 
horizontally (horizontal lifeline), which serves as a means of 
connecting other components of a personal fall arrest system 
to the anchorage.

Opening: a gap or void in a wall or partition, 30 inches or more 
high and 18 inches or more wide, through which employees 
can fall to a lower level.

Personal fall arrest system: a system used to arrest an 
employee in a fall from a working level. It consists of an 
anchorage, connectors and body harness, and may also 
include a lanyard, deceleration device, lifeline or suitable com-
binations of these. As of January 1, 1998, the use of a body 
belt for fall arrest was prohibited.

Positioning device system: a body belt or body harness 
system rigged to allow an employee to be supported on an 
elevated vertical surface, such as a wall, and work with both 
hands free while leaning against that surface.

Qualified person: one who, by possession of a recognized 
degree, certificate or professional standing, or who by exten-
sive knowledge, training and experience, has successfully 
demonstrated his ability to solve or resolve problems relating 
to the subject matter, the work or the project. [Defined in 
Section 1926.32(m).] 

Rope grab: a deceleration device that travels on a lifeline and 
automatically, by friction, engages the lifeline and locks so 
as to arrest the fall of an employee. A rope grab usually 
employs the principle of inertial locking, cam or level locking, 
or both.

Safety-monitoring system: a safety system in which a com-
petent person is responsible for recognizing and warning 
employees of fall hazards.

Self-retracting lifeline or lanyard: a deceleration device 
containing a drum-wound line that can be slowly extracted 
from, or retracted onto, the drum under slight tension during 
normal employee movement, and that, after the onset of a 
fall, automatically locks the drum and arrests the fall.

Snap hook: a connector comprised of a hook-shaped mem-
ber with a normally closed keeper or similar arrangement, 
which may be opened to permit the hook to receive an 
object and, when released, automatically closes to retain 
the object. [Note that since January 1, 1998, it has been 
mandated that snap hooks used as part of personal fall 
arrest systems and positioning device systems must be the 
locking type.]

Toeboard: a low protective barrier that prevents the fall of mate-
rials and equipment to lower levels and provides protection 
from falls for personnel.

Unprotected sides and edges: any side or edge (except at 
entrances to points of access) of a walking or working sur-
face, such as a floor, roof, ramp or runway, where there is no 
wall or guardrail system at least 39 inches high.

Warning-line system: a barrier erected on a roof to warn  
employees that they are approaching an unprotected roof 
side or edge, designating an area in which roofing work may 
take place without the use of guardrail or safety net systems 
to protect employees. {

everyone has reviewed the site-specific safety plan and has 
the proper training to execute their duties.

Proper documentation and record keeping is critical. 
It is good practice to have training and certification docu-
ments readily available for all on-site workers so that super-
visors can quickly verify that workers are properly trained to 
comply with OSHA safety rules. Even the best safety plan is 
ineffective if workers choose to ignore it and are allowed to 
do so, or if they do not implement the plan properly. 

Fall Protection Systems
According to Dean McKenzie, a safety and health specialist 
at OSHA’s Office of Construction Services, one of the biggest 
misperceptions regarding fall protection is that there is a 
one-size-fits-all solution that employers can utilize to pro-
tect their workers.  

Whichever fall protection systems or components you 
select, make sure they are used according to the hardware 
manufacturers’ instructions and in accordance with appli-
cable OSHA regulations. While any fall protection system is 
probably better than none, an incorrectly chosen or improp-
erly used system—one that fails to protect the workers—may 
offer a false sense of security or even increase the hazard. Also 
make sure that workers are properly trained in the use of the 
system and that the system is inspected regularly to ensure 
its reliability and performance. 

Passive versus active systems. In general, fall protec-
tion systems can be divided into two main categories: 
passive and active. Fall protection systems that need no 
input or action from the worker are referred to as passive 
systems. Once set up, a passive fall protection system—
such as guardrails or safety nets—keeps workers from 
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encountering the fall hazard. Fall pro-
tection systems that require a higher 
level of awareness or participation 
on the workers’ part are referred to 
as active systems. Fall arrest systems, 
fall restraint systems and position-
ing device systems are all examples of 
active fall protection systems.

OSHA’s hierarchy of control seeks to 
increase the effectiveness and sustain-
ability of safety measures by minimizing 
employee participation and supervi-
sion. (See “Implementing a Successful 
Safety Program,” October/November 
2011, SolarPro magazine.) Following 
this logic, the first and best strategy is 
to eliminate a hazard—for example, by 
designing a ground-mounted PV sys-
tem at the site, if possible. Assuming 
that engineering controls such as this 
are not possible, passive fall protection 
systems are preferable to active systems. 
Because passive systems do not require 
worker input or monitoring as active 
systems do, they provide a more reliable 
level of protection. 

Note that OSHA considers warning-
line systems, controlled-access zones and safety-monitoring 
systems (see the glossary, pp. 74–75) to be alternatives to 
conventional fall protection. Following OSHA’s hierarchy of 
controls, alternative methods should be used in situations 
only where it can be proven that higher-level fall protection 
methods are infeasible.

GUARDRAIL SYSTEMS 
Guardrail systems provide one of the highest levels of 
protection for otherwise unprotected roof edges, open-
ings and skylights. These systems are typically used on  
flat or low-slope roofs and can provide a very cost- 
effective method of protecting workers. Both prefabri-
cated and site-built guardrail systems can be used, as long 
as they are set up according to the requirements found in  
Section 1926.502(b). 

Commercially available guardrail systems usually con-
sist of prefabricated metal rail and base plate assemblies 
that are engineered to be OSHA compliant when installed 
according to the manufacturer’s instructions. Portable 
guardrail systems that do not penetrate the roof membrane 
can be assembled quickly once on the roof. The base plates 
provide the ballast necessary to resist a 200-pound horizon-
tal or vertical force along the top edge of the rail, as required 
in Section 1926.502(b)(3). 

Provided that properly rated materials are used, guard-
rail systems can also be built on-site. The provisions found 
in Section 1926.502(b) detail rail placement and load resis-
tance requirements. Site-built systems can be ballasted or 
structurally attached to the building using a wide variety of 
materials and methods. However, an engineer should design 
the guardrail system to ensure that it is strong enough to 
meet OSHA’s design criteria.

The high level of protection that guardrail systems pro-
vide, since they keep workers from encountering fall hazards, 
is one of the arguments in their favor. Since guardrail systems 
are a passive control measure, they also require less worker 
awareness and training. They are generally reusable at subse-
quent jobsites. Relatively little design and engineering exper-
tise is required to lay out a guardrail system, especially if it is 
prefabricated. Because portable guardrail systems tend to be 
ballasted and nonpenetrating, they usually do not present any 
waterproofing issues—the roof membrane remains intact—
and the building structure just needs to be able to carry the 
additional weight of the system. Once it is installed, workers 
are unencumbered by ropes or harnesses. In addition, since 
guardrail systems can be located close to the fall hazard, the 
protected working area is effectively maximized. 

One of the main arguments against guardrail systems is 
the substantial equipment costs associated with prefabricated 

Reduced exposure  Performing work on the ground wherever possible not only 
reduces exposure to fall hazards but likely also improves efficiency.
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systems. These high costs are 
justified in part by the nontrivial 
amount of material that makes 
up a guardrail system, which 
presents other challenges. For 
example, it can be difficult to 
transport these materials to the 
jobsite or work area. Due to the 
volume and weight of the base 
plate and rail materials, spe-
cial equipment or machinery, 
such as lifts or cranes, is usually 
required to efficiently move a prefabricated guardrail system 
from the street level to the roof. When not in use, the materials 
must be stored. You must also consider limitations of use, such 
as the manufacturer’s maximum allowable roof pitch for a bal-
lasted system. Site-built systems, meanwhile, take time to build 
properly and require engineering and construction expertise. 

FALL ARREST SYSTEMS 
Personal fall arrest systems, covered in Section 1926.502(d), 
are the most commonly used fall protection systems for 
pitched-roof PV installations. In terms of volume and weight, 
they require relatively little equipment. The system is highly 
adaptable to a wide variety of applications, including dif-
ferent roofing materials and roof configurations. However, 
implementing this solution properly requires a significant 
amount of hands-on training, not to mention daily equip-
ment inspections and constant, qualified on-site super-
vision. Regardless of the challenges, personal fall arrest 
systems should be a primary tool in every PV installer’s fall 
protection tool kit.

While fall arrest systems allow employees to reach fall 
hazards, they limit the fall distance and forces imposed on 
the worker in the event of a fall. When stopping a fall, a fall 
arrest system must limit the maximum arresting force to 
1,800 pounds when used with a full-body harness. The system 
must be rigged so that individuals do not free-fall more than 

6 feet or contact any lower level. The system must bring the 
worker to a complete stop and limit the maximum decelera-
tion distance to 3.5 feet. It must also have sufficient strength 
to withstand twice the potential impact energy of a free-fall 
distance of 6 feet, or the free-fall distance permitted by the 
system, whichever is less. 

Fall arrest systems are relatively easy to use. In its sim-
plest form, such a system consists of a self-retracting lifeline 
attached to a worker’s full-body harness at one end and to 
a 5,000-pound–rated anchor at the other. If properly set up, 
fall arrest systems provide a fairly reliable and easy-to-use fall  
protection system. They can be attached only to the rear  
dorsal D-ring of a full-body harness, as this limits the impact 
forces and allows the worker to be suspended in the least 
harmful way after a fall. Once workers are attached to the  
system, they are free to move about the area within the  
limitations of the anchor point used (a directional or 360° 
anchor). Working in a fall arrest system takes a little getting 
used to. A constant tension pulls at the workers’ backs, which 
can be uncomfortable and may pull them off balance until 
they become accustomed to it. 

Four component classes make up personal fall arrest sys-
tems: anchorage, body harness, connector and deceleration 
device. (See the glossary, pp. 74–75.) Often referred to as the 
ABCDs of fall arrest, the same basic components are used in 
fall restraint and positioning device systems. 
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Ladder stability  Before 
anyone accesses the roof, 
SolarCity installation training 
manager Ryan Hazen  
secures the primary installer 
ladder using a temporary 
anchor clamp and a ladder 
stability belt.
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Anchorage. Providing the direct connection to the build-
ing structure, the anchor is the root of a personal fall arrest 
system. In some cases, anchors are used to directly sup-
port a fall arrest, fall restraint or positioning device system. 
Anchors are also used to support the ends of horizontal or 
vertical lifeline systems to which a fall arrest or restraint sys-
tem is then attached. 

Anchors generally fall into two categories: permanent 
and temporary. Permanent anchors are 
a good choice where they can be prop-
erly flashed and waterproofed into the 
roofing system. These devices remain in 
place ready for use on future site visits, 
increasing the likelihood that proper fall 
protection will be used again. 

Temporary anchors are removed after 
work in the area is complete. The mount-
ing holes then need to be properly sealed 
and flashed to eliminate water entry 
points. According to Robert Harrell, presi-
dent of Safety Management Services, one 
of the mistakes PV installers commonly 
make when using fall protection systems 
in residential applications is to dam-
age the roof cover, leaving penetrations 
unsealed or creating avoidable wear and tear.

There are two basic types of temporary anchors: 
reusable and single-use devices. Never reuse single-use 
anchors. The material may look okay, but the anchors may 
not perform as designed when loaded. In addition to reus-
able anchors designed for structural attachment, ballasted 
anchors are available. However, their significant weight 
makes ballasted anchors difficult to deploy for most small-
scale applications. 

A wide variety of permanent and temporary anchors 
are available from leading fall protection equipment man-
ufacturers such as Capital Safety (DBI-SALA and Protecta 
brands), Guardian Fall Protection, Miller Fall Protection and 
others. Selecting the right anchor is an application-specific 
exercise. What type of structure are you attaching to (wood 
frame, steel and so on)? What is the roof pitch? What is the 
roofing material? Where will the anchor be located (mid-
roof, at the ridge and so on)? What is the shape of the area 
that you want the anchor to protect (360°, 180°)? What type 
of fall protection system will be used? Will you use a perma-
nent or temporary anchor?

Be sure to read and follow the manufacturer’s instruc-
tions for the anchor. Use the anchor only as intended, and 
always use the specified installation hardware without 
substitutions. Proper anchor installation is crucial to per-
formance. Take great care to ensure that all fasteners are 
fully seated in the structure and that the installation does 

not damage the roof or the structure. On a pitched roof, 
this might mean visually inspecting the underside of the 
anchor from inside the attic to make sure that all of the 
hardware hit the rafters and did not cause any splitting. It 
is also very important to understand that some anchors 
are directional—meaning that a load can only be applied to 
them in one direction—while others may allow 360° load-
ing. Never use an anchor outside its permissible range. 

Since anchors for fall arrest sys-
tems must resist 5,000 pounds of force, 
this generally means that they must be 
installed at and attached to a structural 
member, such as a rafter, purlin or truss. 
Never use an existing feature—such as 
a plumbing vent pipe, chimney or sky-
light frame—as an anchor point unless a  
qualified person (see the glossary, pp. 
74–75), such as a professional engineer, 
has done calculations and approved its 
use. It is not advisable to use homemade 
or custom anchors, or unrated attach-
ment hardware, unless an engineer 
designs and tests the solution. Anchors 
used for the attachment of personal fall 
arrest systems must also be independent 

of anchors used for other purposes, unless the anchor is 
designed and installed to satisfy multiple uses. 

According to OSHA’s McKenzie, a common mistake that 
PV installers make when placing anchors on a pitched roof 
is not establishing enough anchor points. “If the number of 
anchor points is insufficient, then workers are exposed to a 
potential swing fall hazard,” he explains. 

Body harness. Workers using a personal fall arrest system 
need to wear a full-body harness to secure them in the event 
of a fall and to safely distribute fall arrest forces. Workers 
using a fall restraint or positioning device system must also 
wear some type of body harness. You can choose from a wide 
variety of body harness configurations, based on the applica-
tion, features and price point. The price for a full-body har-
ness varies greatly, ranging from a low of around $50 for a 
simple nylon web harness to a high of around $800 for a full- 
featured specialized harness. While the up-front cost of 
higher-end harnesses may steer purchasing managers 
toward cheaper options, they should consider comfort, 
features, adjustability and durability, especially for work-
ers who need to wear a harness all day, every day. Working 
from a positioning system for 8 hours is tolerable with a well- 
fitted and well-padded harness that distributes the worker’s 
weight and has multiple attachment point options for the 
connectors. If a worker suffers a fall, a more supportive har-
ness better distributes impact shock to the body and offers 
improved suspension support while the worker awaits 

“On a pitched roof, 

PV installers tend to 

put anchors where it is 

convenient rather than 

where it is proper, 

which is above the 

worker’s head or as 

close to the roof peak 

as possible.”

—J.T. Parnell, Boretti 
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rescue. However, in extremely hot climates, workers may 
find minimal padding preferable. 

Another main driver of harness selection is the config-
uration of the body harness connection points, which are 
usually D-rings. The placement of these connection points 
generally dictates the type of fall protection system that the 
harness can be used for. A harness that can be used with a 
variety of fall protection systems is a good long-term invest-
ment. For example, while different connection points can be 
used for a fall restraint system, the lifeline connection for a 
fall arrest system can be made only to a dorsal (mid-back) 
D-ring. Meanwhile, front or hip connection points are useful 

in work-positioning systems since these allow workers to 
face upslope on a pitched roof. 

The sizing and fit of the harness play crucial roles in the 
performance of the system. The harness should fit snugly so 
that it is not displaced when under tension and can properly 
support the body in the event of a fall. Most workers have the 
tendency to wear the harness loosely because they feel it is 
uncomfortable when snug. However, a loose harness may not 
work as intended and may increase the likelihood of injury to 
certain “personal” body parts. Oversight, training and regu-
lar use should help workers get used to performing their daily 
activities while wearing a properly fitted harness. 

As with any piece of gear, you should read the manufac-
turer’s recommendations for use, care and storage of the 
equipment. Alterations to the unit are usually not permit-
ted: Workers should not hang or attach any items to the har-
ness, except as the manufacturer allows. Some equipment 
manufacturers now offer body harnesses with integrated tool 
bags, tool clips or water bottles, or offer these as accessories. 
Standard tool bags should be worn over the full-body harness, 
which is worn close to the body. 

Care, proper use and inspection of a harness ensure that it 
is ready to do its job. When putting a new harness into service, 
record the date on the harness tag with a permanent marker. 
This provides a reference for the required biannual equipment 
inspection. The competent person performing the inspection 
must likewise record the date of the regular inspections in 
permanent marker on the harness tag. The worker must also 
inspect the harness and any other personal protective equip-
ment (PPE) before each use and remove any that are deemed 
questionable from service. 

To keep a harness in the best possible condition and maxi-
mize its useful life, workers should avoid sliding on abrasive 
materials—like composition roofing shingles—when seated, as 
this will damage the leg straps and render the harness useless. 
It is important to store harnesses away from sunlight, chemi-
cals and physical harm, while still allowing them to breathe and 
dry out if wet. Follow the manufacturer’s instructions for clean-
ing the harness; never use harsh chemicals or solvents, as this 
can degrade the materials.  

Connectors. Connectors are the pieces of hardware 
used between the anchor and the harness. In fall arrest, 
restraint or work-positioning systems, connectors are typ-
ically lanyards, lifelines, snap hooks, carabiners, ropes and 
rope grabs. Connectors need to be rated at a minimum of 
5,000 pounds tensile strength for fall arrest systems and 
3,000 pounds for fall restraint systems. If you are using 
both systems, it is simplest to exclusively use the higher-
rated hardware.

The specific connector hardware configuration 
is dependent on the method of fall protection in use. 
However, my personal preference is to have an 18-inch S
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First up  In accordance with SolarCity’s 100% fall protection 
policy, the only time that a system installer is on the roof without 
fall protection is when the crew lead accesses the roof for the 
first time to begin installing roof anchors.
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double lanyard always attached to the dorsal D-ring of the 
worker’s harness via its snap hook. Workers can then easily 
reach a free end of that lanyard to connect or disconnect 
it from the lifelines they are using. A dorsal ring is hard for 
workers to reach themselves since it is high on their back. 
Note that a double lanyard is a specific product; it is not 
two individual lanyards attached to the same D-ring, which 
would violate Section 1926.502(d)(6)(iii). A double lanyard 
lets the worker transfer from one lifeline to another with-
out having two lines connected to the same lanyard and 
without being completely disconnected while making the 
transfer, either of which could result in an OSHA violation 
and expose workers to risk. 

When configuring connectors, take care to ensure the 
use of compatible mating ends, such as a snap hook to a 
D-ring, a locking carabiner to a D-ring or a snap hook to 
a locking carabiner. Incompatible connections include a 
snap hook to a snap hook, two carabiners to a single D-ring 
or two snap hooks to a D-ring. Locking carabiners and 
snap hooks used in fall arrest systems should be inspected 
before each use to ensure that  they are not cracked and that  
the gate and locking mechanisms work freely. If a connector is 

damaged, it must be removed 
from service and discarded.  

Deceleration devices. The 
American National Standards 
Institute (ANSI) limits the 
maximum arresting force a 
worker may experience dur-
ing a fall to 1,800 pounds. 
Deceleration devices are used 
in fall arrest systems to dis-

sipate energy during a fall and limit the energy imposed on  
the worker. Some self-retracting lifelines offer this feature. 
Separate shock-absorbing lanyards are also available.

Self-retracting lifelines and lanyards that automatically 
limit the free-fall distance to 2 feet or less must be capa-
ble of sustaining a minimum tensile load of 3,000 pounds 
applied to the device with the lifeline or lanyard in a fully 
extended position. Self-retracting lifelines and lanyards 
that do not limit free-fall distance to 2 feet or less, rip-
stitch lanyards, and tearing and deforming lanyards must 
be capable of sustaining a minimum tensile load of 5,000 
pounds applied to the device with the lifeline or lanyard in 
a fully extended position. 

Since harnesses are sized to each worker, and connec-
tors and deceleration devices are used together as part of a 
personal fall arrest safety kit, a good practice is to issue these 
items to individual workers who assume responsibility for 
kit maintenance and inspection. Sharing harnesses between 
workers leads to problems if the items are not available when 
needed or if they are not maintained properly. In hot climates, 
the harness absorbs sweat and remains soaked, which makes 
sharing a less desirable option. Issuing the fall protection kit 

Multiple anchors  The com-
petent person developing 
the site-specific safety plan 
specifies multiple anchor 
points to accommodate 
different employees, tasks 
and fall protection methods. 
One common mistake is 
failing to establish enough 
anchor points to prevent 
exposure to swing hazards 
during potential falls. Here, 
lead installer Craig Clements 
installs anchors at locations 
called out in the project’s 
safety plan.
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along with other required PPE directly to 
workers shows them that the company is 
invested in keeping them safe. 

To reduce workflow interruptions 
as equipment is removed from service, 
make sure that your local warehouse has 
spare harnesses, lanyards and other hard-
ware on hand. National hardware sup-
pliers like Fastenal, Grainger and White 
Cap locally distribute an assortment of 
fall protection products and hardware. A 
wide variety of online and local compa-
nies specialize in providing construction 
safety products as well.

FALL RESTRAINT SYSTEM 
While not specifically mentioned in Standard 1926 Subpart 
M, fall restraint systems are common in rooftop work. In 
a fall restraint system, a fixed or adjustable-length line is 

run from a fixed anchor or hori-
zontal lifeline and attached to 
the body harness in a man-
ner that prevents the worker 
from reaching the fall hazard.  
Fall restraint systems provide a 
high level of protection when set 
up properly. 

Anchors, connectors and lan-
yards for fall restraint systems 
require a tensile strength rating 
of 3,000 pounds, as they should 
not be subjected to the higher- 
impact loading expected of fall 
arrest systems. Thoughtful place-
ment of anchor locations maxi-

mizes access to the work area while keeping fall hazards 
out of reach. If multiple fall hazards, such as skylights or 
holes, are present in the work area and cannot be mitigated 

using guardrails or nets, a fall arrest 
system may be a more viable solution 
than a fall restraint system.

POSITIONING DEVICE SYSTEMS 
On roofs that are too steep or slip-
pery to stand on, employees require 
mechanical assistance to work safely 
with their hands free. This is accom-
plished using positioning device sys-
tems, which are covered in Section 
1926.502(e). Unlike fall arrest or fall 
restraint systems, positioning device 
systems are always under tension, pro-
viding the suspension necessary to 
support the worker. 

Rope grab systems are the most 
common type of positioning system for 
PV applications, as they allow workers 
to easily adjust the length of the rope 
supporting them. Once on the roof, 
workers using a positioning device 

“On pitched roofs, the 

best practice is to  

use a fall protection  

system that will provide 

the least impact on the 

worker’s body and on  

the structure.”

—Robert Harrell,  

Safety Management Services

Hands-on  When transporting hard-
ware and tools to the roof, SolarCity 
installers Tunde Blair and Vovito  
Candga use bags, buckets and totes 
with shoulder straps to keep their 
hands free for the ladder. Blair will 
connect to one of the self-retracting 
lifelines attached to the top ladder rung 
before transitioning to the roof.
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system need to keep the ropes in tension. Because the roof 
is too steep to stand on unsupported and the vertical lifeline 
requires constant adjustment to access different work areas, 
workers need to be protected if something goes wrong while 
they are adjusting the rope grab device. This necessitates the 
use of a redundant fall arrest system, 
which can be a self-retracting life-
line connected between the dorsal 
D-ring on the harness and a separate 
5,000-pound anchor point.

While positioning device sys-
tems are mandatory on steep roofs, 
OSHA standards do not contain a 
specific roof pitch or roof slope 
above which these systems need to 
be used. This determination is left 
up to a competent person, based in 
large part on the roofing material 
and the available surface friction. 
In my experience, workers ben-
efit from the use of a positioning 
device system when working on a 
roof with a slope greater than 35° 
or roughly an 8:12 pitch.

WARNING-LINE SYSTEMS 
Rather than preventing workers from encountering a fall 
hazard or limiting injury in the event of a fall, warning-line 
systems simply alert workers when they are approaching a 

fall hazard. As such, warning-
line systems, which are covered 
in Section 1926.502( f), are one 
of the lowest-level forms of fall 
protection. 

That being the case, OSHA 
standards do not permit the 
use of warning lines in place 
of conventional fall protection 
measures. However, OSHA has 
acknowledged in various stan-

dard interpretation letters—including the Cole letter dated 
May 12, 2000, the Troxell letter dated August 1, 2000, and 
the Steigerwald letter dated January 3, 2005—that warning-
line systems used in conjunction with effective work rules 
do not necessarily put workers in immediate danger. As 

such, OSHA may cite them as a de mini-
mis violation. While de minimis OSHA 
violations become part of the public 
record, they do not require corrective 
action or result in a penalty.

In effect, OSHA views warning lines 
as nonconforming guardrails. When 
used to protect workers doing electri-
cal or mechanical work typical of PV 
installations, warning lines must be 
located at least 15 feet from the roof 
edge. For this reason, warning-line sys-
tems are primarily used as an alterna-
tive method in place of conventional 
fall protection on large, low-slope 
roofs. Unfortunately, it is all too com-
mon to come across rooftops where 
yellow caution tape supported by traf-
fic cones is strung around the edge in a 

presumed attempt at creating a warning-line system. This 
is not an acceptable method.

To meet or exceed the requirements found in Section 
1926.502( f), the rope, wire or chain used as a warning line 
must have a tensile strength of 500 pounds, be flagged at a 

Fall arrest  The personal fall 
arrest systems used here by Blair 
and Candga include a full-body 
harness, an 18-inch double lan-
yard, a shock-absorbing lanyard, 
a self-retracting lanyard and tem-
porary anchors at the roof ridge. 
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“The pitch of the roof has 

very little effect, if any at 

all, on an employer’s use 

of fall protection. The  

employer must attack all 

jobs with the intention  

of using fall protection  

as the first option.”

—Dean McKenzie, OSHA, 

US Department of Labor
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distance of 6 feet or less, stand between 34 and 39 inches 
off the walking surface, and withstand a lateral force of at 
least 16 pounds without tipping over. Furthermore, no work-
related activity is permitted in the area between the warning 
line and the edge, and the employer must implement a work 
rule prohibiting workers from going past the warning line. 
Workers outside the warning line must use conventional  
fall protection. 

CONTROLLED-ACCESS ZONES 
For very specific activities—including overhand brick-laying, 
leading edge work and certain types of residential construc-
tion work—conventional fall protection methods cannot be 
used. These locations need to be identified in the fall protec-
tion plan as controlled-access zones and identified on-site 
using a control line. Since controlled-access zones, which 
are covered in Section 1926.502(g), offer very little in the way 
of fall protection, they can be used as an alternative method 
only after all other fall protection options are exhausted, 
which is quite uncommon.

SAFETY-MONITORING SYSTEMS 
In a safety-monitoring system, a competent person is tasked 
with observing other employees as they work and warning  
them when they are not working safely or when they are 
approaching a hazard. The competent person must be on 
the same work surface as the employees under observa-
tion, must have unobstructed lines of sight to all of them 
and must be close enough to provide verbal warnings effec-
tively. Probably the most common use of safety-monitoring  
systems is in roofing applications on low-slope roofs in 

combination with a warning-line system, as specifically 
allowed in Section 1926.501(b)(10). However, the other fall 
protection systems allowed under 1926.501(b)(10), alone 
or in combination, all provide a higher level of protection  
for workers. 

Like warning-line systems and controlled-access zones, 
safety-monitoring systems do not remove the fall hazard or 
limit personal injury in the event of a fall. In fact, this alter-
native means provides very little direct worker protection 
and leaves a lot of room for human error. Therefore, safety-
monitoring systems are allowed only when an employer 
can demonstrate that conventional means of fall protec-
tion are not feasible and a written alternative fall prot- 
ection plan is implemented.

Conventional Wisdom 
While alternative methods of fall protection such as  
warning-line systems, controlled-access  zones and safety-
monitoring systems are written into OSHA standards, they 
are not intended as substitutes for conventional means 
such as guardrails or personal fall protection systems: They 
are available as a method of last resort. This is an important 
distinction. If an employee covered by an alternative fall pro-
tection plan is injured, it is hard to prove to OSHA or to any 
litigator that it truly was infeasible to have a higher-level 
form of conventional fall protection in place. As noted in my 
October/November 2011 SolarPro article: “Added expense, 
difficulty or implementation time is generally not an accept-
able argument for implementing an insufficient level of  
control.” Conventional fall protection methods may be diffi-
cult or expensive to implement. They may slow things down 

Fall restraint  In the photo on the left, Clements sets up an anchor and rope for a fall restraint system. With the rope length 
properly set, as shown on the right, Hazen can do conduit work at the edge of the roof without being exposed to fall hazards.

S
h

a
w

n
 S

c
h

re
in

e
r 

(2
)

https://solarprofessional.com/articles/design-installation/pv-installation-hazards-and-mitigation


84 S O L A R PR O   |   November/December 2012

and even create some extra work. However, they provide high 
levels of protection for workers. 

There are few reasonable excuses for not implementing 
robust passive or active fall protection methods at every 
jobsite. According to J.T. Parnell, an environmental health 
and safety professional with Boretti, a safety solutions firm: 
“The biggest misperception about fall protection is that it 
is expensive to integrate, slows down production and cuts 
into profits.” He continues: “In most situations, this is not 
the case. It is true that purchasing fall protection equip-
ment requires a substantial investment. However, when 
these costs are compared to the direct and hidden costs 
associated with an employee injury or fatality, the invest-
ment in fall protection equipment seems reasonable and 
worthwhile. In addition, most studies show that produc-
tion increases and employees are more efficient when they 
use fall protection. Instead of worrying about what might 
happen if they slip or fall, they can concentrate on doing 
their job.”

When planning solar installations, one of the priorities 
should be to find ways to minimize worker exposure to haz-
ards. For example, time on the roof can be minimized by per-
forming as many tasks as possible on the ground, which likely 
increases efficiency while reducing exposure to fall hazards. 

While hazards are always present with rooftop PV instal-
lations, a 100% fall protection policy assures workers and 
employers that fall injuries are reduced and lives are saved. 

Wear and tear  A traffic cone base is used in the foreground 
to protect the roof and the self-retracting lanyard (aka 
“yoyo”) against mutual wear and tear while Clements moves 
up, down and around the roof. In the background, a fall 
restraint system protects Hazen while he cuts rail ends near 
the roof edge.
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Job Hazard Analysis, OSHA Publication #3071, US Department of Labor, 

2002 (revised)

US Department of Labor Occupational Safety and Health Administration / 

osha.gov

Manufacturers and suppliers

Capital Safety / en.capitalsafety.us / 800.328.6146

Fastenal / fastenal.com / 507.454.5374

Fall Protection Distributors / standingseamroofanchor.com / 863.703.4522

FallTech / falltech.com / 800.719.4619

Grainger / grainger.com / 800.323.0620

Gravitec Systems / gravitec.com / 800.755.8455

Guardian Fall Protection / guardianfall.com / 800.466.6385

Miller Fall Protection / millerfallprotection.com / 800.873.5242

Ropeworks Center of Excellence / ropeworks.com / 800.730.5622

White Cap / whitecap.com / 800.944.8322

g R E S O U R C E S

Waterproofing  After removing the temporary anchors, Clements  
seals and flashes all of the associated roof penetrations. 
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http://www.osha.gov
https://www.3m.com/3M/en_US/worker-health-safety-us/solutions/fall-protection/
http://www.fastenal.com
http://www.standingseamroofanchor.com
http://www.falltech.com
http://www.grainger.com
http://www.gravitec.com
http://www.guardianfall.com
http://www.millerfallprotection.com
http://www.ropeworks.com
http://www.whitecap.com
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T
he ac collection system in a utility-interactive PV 
system includes all of the wiring and components 
from the inverter output circuit(s) to the intercon-
nection point with the utility. Commercial-scale 
PV plants are generally interconnected to the 

utility via building wiring systems at common building utili-
zation voltages, such as 208 Vac or 480 Vac. However, as the 
rated capacity of these interactive systems increases, so does 
the physical footprint of the PV power plant and the distances 
between wiring points. Based on the site layout, the desired 
PV generating capacity and other project-specific variables, 
system designers working on commercial-scale projects may 
find a practical need to use medium-voltage (MV) wiring for 
ac collection systems. 

In this article, I provide an introduction to some common 
components used in MV circuits in PV systems and discuss 
basic design considerations for their application. I cover MV 
components for use in ac collection systems, including dis-
tribution transformers, overhead and underground feeders, 
pad-mounted switchgear, and metal-enclosed and metal-
clad switchgear. I also provide example single-line diagrams 
(see p. 92) showing three representative uses of MV wiring 
methods and components in commercial- and utility-scale 
PV systems. 

SYSTEM VOLTAGE CLASSES AND WORKER SAFETY 
I use the term MV here to describe electrical system compo-
nents rated between 5 kV and 38 kV. This definition corre-
sponds to common US utility-distribution voltages. 

In practice, voltage class definitions are somewhat tricky 
to pin down. They vary from industry to industry and from 
one set of codes or product standards to another. On one 
hand, The Authoritative Dictionary of IEEE Standards Terms 
(IEEE 100) defines medium voltage as “a class of nominal sys-
tem voltages greater than 1,000 V but less than 100,000 V.” On 
the other, Article 490 of the National Electrical Code defines 
high voltage as “more than 600 volts, nominal.” While the 
NEC does not include a stand-alone definition of medium 
voltage, Article 328 details the Code requirements related to 
medium-voltage or Type MV cable. As described in NEC Sec-
tions 328.2 and 328.10, MV cable is rated at “2001 volts or 
higher” and is “permitted for use on power systems rated up 
to and including 35,000 volts, nominal.” 

While the exact definition of MV may vary by context, the 
implications for worker safety are indisputable. The voltage 
and potential fault energy levels of MV wiring systems pose 
significant safety hazards. In addition to electric shock and 
arc-flash burn hazards, blunt force and projectile injuries 
are also possible due to arc-blast hazard. While it is beyond 
the scope of this article to go into the details of MV elec-
trical safety, personnel must always be trained to recognize C
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Medium-voltage wiring is typically 
used for ac collection systems in utility-
scale PV power plants. Depending upon  

project capacity and site complexity,  
it can also be a useful design option in 

commercial-scale PV applications. 
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the particular hazards associated with the specific class of 
system voltage they will be working with and understand 
how to mitigate those hazards through safe work practices. 
Workers must have the proper tools and PPE, and be trained 
in their use. 

In addition to applicable city, state and county require-
ments, work in PV power plants may fall under one or both of 
the following OSHA standards: 

• CFR 1910.269—Electrical Power Generation, Transmis- 
 sion and Distribution

• CFR 1910 Subpart S—Electrical

GENERAL DESIGN CONSIDERATIONS
The design goals for a MV ac collection system are essen-
tially the same as those for other power distribution sys-
tems—or any electrical system, for that matter. According 
to Eaton Corporation’s Consulting Application Guide (see 
Resources), “The best distribution system is one that will, 
cost-effectively and safely, supply adequate electric service 
to both present and future probable loads.” The only dis-
tinction is that the MV wiring in a utility-interactive PV 
application does not supply loads, but rather is designed to 
supply adequate service to interconnected electric power 
production sources. 

The Consulting Application Guide goes on to list seven elec-
trical distribution design goals, the most important of which 

is a safe installation that does not present any electrical haz-
ards to people or equipment. The other six design goals can be 
summarized as follows:

• Minimize initial investment
• Maximize service continuity
• Maximize flexibility and expandability
• Maximize electrical efficiency and minimize  

 operating costs
• Minimize maintenance costs
• Maximize power quality

These objectives are not only laudable, but also famil-
iar to anyone who spends time optimizing PV power plant 
designs according to levelized cost of energy, initial cost or 
some other metric. Based on these general goals, an engi-
neer can create a list of tangible project requirements, and 
then proceed to develop a MV ac collection system design 
that meets those requirements. One additional design con-
sideration that I find often applies to PV systems is the need 
to identify a design that can be constructed within the allot-
ted project time frame. 

In the interest of safety, most PV projects are required 
by law to comply with the requirements found in the locally 
adopted version of the National Electrical Code. The follow-
ing is a partial list of NEC content pertinent to the design 
and construction of MV ac collection systems.

2013: Medium-Voltage Wiring
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Eaton 1.5 MW 
Power Xpert Solar
utility-scale inverter 

Inverter output to
low-voltage windings

of pad-mounted transformer

Cooper Power Systems
1.5 MVA loop-feed,
pad-mounted transformer 

12.47kV loop-feed
ac collection circuit
to next inverter skid

12.47 kV collection circuit 
to plant MV switchgear

15 kV metal-clad 
main plant switchgear

Pole riser

12.47 kV plant 
main output 
feeder circuit

Fused
cutout

12.47 kV overhead plant output feeder

Collection system components  This SketchUp diagram shows the major MV components and wiring methods used in a 
PV power plant’s ac collection system. 
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• Article 110: Requirements for Electrical Installations,  
 Part III Over 600 Volts, Nominal

• Article 240: Overcurrent Protection, Part IX  
 Overcurrent Protection Over 600 Volts, Nominal

• Article 300: Wiring Methods and Materials,  
 Part II Requirements for Over 600 Volts, Nominal

• Section 310.60: Conductors for General Wiring,  
 Conductors Rated 2,001 to 35,000 Volts

• Article 314: Outlet, Device, Pull and Junction Boxes,  
 Part IV Systems over 600 Volts, Nominal

• Article 328: Medium Voltage Cable, Type MV
• Article 399: Outdoor Overhead Conductors over  

 600 Volts
• Article 490: Equipment, Over 600 Volts, Nominal

Designers can identify other NEC sections that may apply 
specifically to MV wiring by referring to the entries under the 
term Over 600 volts in the index for the NEC. 

When reviewing NEC requirements, remember that the 
Code outlines minimum requirements for an electrical system 
that is free of hazards. According to Section 90.1(B), NEC com-
pliance is no guarantee of adequacy. As explained in Section 
90.1(B), a hazard-free installation may not be “efficient, conve-
nient, or adequate for good service.”

Don Wagner, vice president of engineering at Delta 
Diversified Enterprises, a full-service electrical contractor 
serving the Western US, provides a relevant example. He 
points out that simply meeting Code-minimum working 
clearance requirements for MV equipment does not neces-
sarily ensure constructability. Wagner advises: “To provide 
sufficient space for installation and maintenance, it is often 
necessary to provide more working space than is required 
in the NEC.”

DISTRIBUTION TRANSFORMERS 
A step-up transformer is required in a MV ac collection sys-
tem to match the source voltage (the inverter output voltage) 
to the 3-phase distribution voltage. Ideally, the ac output volt-
age is in its native form, meaning direct from the semiconduc-
tor switching devices prior to any isolation transformer. Note 
that many inverters in the online “2013 Central Inverter Speci-
fications: 600 Vdc Models” are matched to common 3-phase 
utilization voltages—such as 208 Vac, 240 Vac, 480 Vac or 600 
Vac—generally by means of an internal or external isolation 
transformer sold with the inverter. Meanwhile, the ac out-
put voltages for products in the online “2013 Central Inverter 
Specifications: 1,000 Vdc Models” are in the same general volt-
age range (300 Vac to 700 Vac), but do not necessarily match 
common utilization voltages. That is because the latter are 
native inverter ac output voltages. 

Pad-mounted, 3-phase distribution transformers—here-
after referred to simply as PM transformers—are typically 

used in the MV ac collection system of a PV power plant. 
This type of transformer is commonplace. It is used wher-
ever 3-phase building loads are served by an underground 
MV distribution system. 

Transformer location often varies based on system capac-
ity. In commercial-scale PV systems that are interconnected 
using a single inverter—typically in the 100 kW to 500 kW 
range—a transformer is usually installed at each inverter 
location. On larger commercial- and utility-scale systems, 
integrators normally install one to four inverters on a com-
mon skid or within an enclosure along with a MV transformer. 
These integrated inverter blocks often carry nameplate rat-
ings in the 500 kW to 2 MW range. 

When these packaged systems are specified, the inverter 
manufacturer usually provides a step-up transformer for each 
block of inverters that matches the rated power output of the 
inverter skid. One benefit of these packaged solutions is that 
the low-voltage wiring between the inverter outputs and the 
low-voltage bushings on the transformer is factory installed, 
which reduces construction labor costs. Another benefit is that 
the specified step-up transformer should work optimally with 
the inverters as a system. Since ensuring proper performance 
is critical, I recommend having the inverter manufacturer pro-
vide the MV step-up transformer as part of its inverter package 
whenever possible. 

While it is beyond the scope of this article to detail all of the 
considerations applicable to the selection and specification of 
a MV distribution transformer for a MV ac collection system, 
some of the main criteria include:

• Power rating
• Primary and secondary voltage ratings
• Winding configuration

  

Dead-front MV 
termination   
The electrical 
connections to 
the high-voltage 
bushings inside 
this distribution 
transformer  
are made with  
15 kV class fused 
load-break elbow 
connectors. 
Separable con-
nectors like these 
are common in 
underground dis-
tribution systems. 
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• Dielectric fluid class
• High-voltage connection type
• Number of high-voltage bushings per phase
• Optional accessories

Power rating. The unit of measurement used to identify the 
power rating of a transformer is the kilovolt-ampere (kVA). 
The PM transformers used in a PV plant’s MV ac collection 
system are commonly rated at 500 kVA, 750 kVA, 1,000 kVA, 
1,500 kVA, 2,000 kVA or 2,500 kVA. 

According to Kleber Facchini, solar inverter product man-
ager at Eaton, “Transformers are usually sized at the same 
power rating as the inverters.” However, there are other consid-
erations. He continues: “Be sure to let the transformer supplier 
know that the end use is an inverter application, as it is impor-
tant to understand the inverter harmonics. Site temperature is 
another important consideration, since the supplier needs to 
size the transformer so that the transformer winding hot spot 
does not exceed ANSI limits. While transformers are usually 
designed to operate 24 hours per day and 7 days per week, in 
solar applications they typically operate 12 hours per day and 7 

days per week. This load profile is one more reason to match the 
transformer capacity to the inverter nameplate power rating.”

Voltage ratings. By definition, the primary winding of a 
transformer is the winding that power is applied to, and the 
secondary winding is the winding that voltage is induced on. 
In the case of a MV ac collection system, the inverter applies 
power to the low-voltage side of the transformer, and MV is 
induced on the high-voltage side of the transformer. How-
ever, in practice, it is conventional to refer to the high-voltage 
windings as the primary and the low-voltage windings as the 
secondary. Both on the equipment itself and in electrical sche-
matics, low-voltage connections to the transformer are often 
labeled X1,  X 2,  X3 and so on, whereas high-voltage connec-
tions are labeled H1,  H 2,  H3 and so on. 

The ratio of the number of primary winding turns to sec-
ondary winding turns is known as the turns ratio, which is 
proportional to the ratio of the primary voltage to the second-
ary voltage. A transformer used in a MV ac collection system 
is referred to as a step-up transformer, indicating that in this 
application there are more turns in the high-voltage winding 
than in the low-voltage winding, resulting in, for example, a 
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Figure 1  The major features inside a 3-phase, pad-mounted compartmental distribution transformer are labeled above. 
The two sets of high-voltage bushings indicate that this is a loop-feed transformer.
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1:10 or 1:30 turns ratio. Note that in a conventional power 
distribution application—in which a MV utility-distribution 
network supplies 3-phase power to a commercial facility—
the same device could be used as a step-down transformer. 

Standard PM transformers are manufactured with turns 
ratios matched to common distribution and utilization volt-
age combinations, such as 13.8 kV to 480 V. While these stan-
dard winding configurations may work in some PV power 
plant applications, native inverter output voltages do not nec-
essarily match common utilization voltages. Therefore, cus-
tom turns ratios are often specified for PM transformers used 
in utility-scale MV collection systems. 

Winding configuration. While the system engineer may have a 
design preference with regard to transformer winding configu-
ration, in practice the choice of inverter on the one hand, and 
the utility interconnection requirements on the other, signifi-
cantly impact this decision. Therefore, it is important to coordi-
nate carefully with both the inverter manufacturer and the AHJ 
when specifying transformers for a MV collection system.

Chris Thompson is the solar business unit manager for 
Eaton. He notes that three types of MV transformers are used 
in solar applications, depending upon the inverter manufac-
turer’s requirements. Thompson elaborates: “Some inverter 
manufacturers use the transformer like an inductor to provide 
filtering and therefore require a special PWM-capable trans-
former, one that is designed to operate with a pulsed inverter. 
Then there are multi-winding transformers, which have mul-
tiple isolated low-voltage windings and are used for inverters 
that cannot be connected in parallel. As an example, a 3 MW 
multi-winding transformer might have two separate 1.5 MW 
low-voltage windings, each of which would be dedicated to a 
separate 1.5 MW inverter. The third type of transformer used 
in solar applications is the simplest solution, with one low-
voltage winding and one medium-voltage winding.”

Transformer manufacturers can provide both low- and 
high-voltage windings in either a delta or a wye configu-
ration. In PV applications, it is common to use a wye con-
figuration for low-voltage windings—either grounded or 
ungrounded, as directed by the inverter manufacturer—and 
a delta configuration for high-voltage windings. 

Dielectric fluid. Liquid-type PM transformers are often 
used in PV power plant applications. These are also referred 
to as liquid-filled or liquid-immersion transformers because 
the steel enclosure is filled with a dielectric fluid, a fluid that 
is not conductive under normal circumstances. The primary 
and secondary windings are installed around a common 
core and immersed within this fluid. In addition to electri-
cally insulating the internal components, the dielectric fluid 
helps keep them cool. As waste heat is generated in the core 
and windings, the dielectric fluid circulates via natural con-
vection within the transformer tank, facilitating heat trans-
fer to the environment. 

Engineers specifying liquid-type PM transformers for MV 
collection systems typically have two basic dielectric fluid 
options: mineral oil or vegetable oil. Mineral oil has been 
used as a dielectric fluid for many decades and is a proven 
and cost-effective option. Vegetable-based dielectric fluids 
are less flammable than mineral oil and more environmen-
tally friendly. Vegetable oil not only is biodegradable, simpli-
fying disposal, but also is made from a renewable resource. 
Examples of vegetable-based dielectric fluids include Enviro-
temp FR3, which Cargill recently acquired from Cooper Power 
Systems, and BIOTEMP, which ABB developed. Both of these 
vegetable-based dielectric fluids are available from major 
transformer manufacturers.

Adam Peterson is an applications engineer at Cooper 
Power Systems who specializes in solar energy applications. 
According to Peterson, seed oil–based Envirotemp FR3 dielec-
tric fluid is broadly specified in renewable energy generation 
projects for several reasons: “It has been specifically formu-
lated to be biodegradable and nontoxic; it has an extremely 
high flash point; and because of its thermal characteristics, 
the transformer can be design-optimized to the solar load 
profile in terms of cost, footprint and insulation life.” 

High-voltage connection type. Engineers effectively determine 
the type of high-voltage connection based on the transformer 
construction type they specify. A live-front transformer uses 
electrically exposed high-voltage connections, such as porce-
lain bushings with eyebolts or spade terminals. Alternatively, 
a dead-front transformer provides electrically insulated and 
shielded high-voltage connection points. Applications engi-
neers typically recommend dead-front transformers and con-
nectors for PV power plants. Dead-front construction provides 
an additional level of safety in comparison to live-front con-
struction, and the vast majority of PM transformers employ it.

The epoxy bushings in the high-voltage transformer 
compartment in Figure 1 are typical dead-front transformer 
termination points. This is where installers make connec-
tions to the MV ac collections system wiring. In the opposite 
compartment, inverter output conductors can be connected 
to the low-voltage bushings of a PM transformer using  
standard compression-type spade connectors with NEMA 
hole patterns. 

Number of high-voltage bushings per phase. Depending 
upon the application, PM transformers can be specified 
with either one or two high-voltage bushings per phase. A 
radial feed transformer has one bushing per phase; a loop-
feed transformer has two high-voltage bushings per phase. 
The transformer in Figure 1 is a loop-feed transformer. 

According to Peterson at Cooper Power Systems, loop-
feed transformer configurations are popular in PV power 
plant applications because they allow several transformers 
to be paralleled together on a common MV collection cir-
cuit. However, increasing the capacity C O N T I N U E D  O N  PA G E  9 3 
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EXAMPLE 1: MV Wiring Used for  
Long-Distance Interconnection 
This is a single-line diagram of a 300 kW PV 
system installed at an agricultural site. The array 
and inverter are located approximately 2,000 
feet from the 3-phase 240 Vac premises wiring. 
Because of the long distance and the low  
interconnection voltage, MV wiring is used in  
the inverter output circuit. The inverter produces 
a 480 Vac output, which is stepped up to  
12.47 kV via a pad-mounted distribution trans-
former. A 12.47 kV feeder is run underground via 
MV cable to the interconnect point, where it is 
stepped down via a second pad-mounted distri-
bution transformer to the interconnect voltage 
of 240 Vac. 

EXAMPLE 2: Simple MV AC Collection System 
This is a single-line diagram for a 2 MW PV sys-
tem at a university campus. A pad-mounted 
transformer is installed adjacent to each of the 
six inverters to step the inverter output voltage 
up to 12.47 kV. Two MV collection circuits are 
used, each with three loop-feed transformers. The 
feeder circuits are collected at a lineup of 12.47 
kV metal-enclosed switchgear that provides fused 
disconnecting means for the collection circuits and 
energy metering for the PV power plant. A single 
PV plant output feeder is routed from the switch-
gear to the point of common coupling, which 
in this case is the campus’s primary metered 
12.47 kV distribution system.

EXAMPLE 3: Utility-Scale MV  
AC Collection System 
This is a theoretical example of a MV collec-
tion system for a 20 MW utility-scale PV power 
plant. Twenty 1 MW inverter skids are distrib-
uted throughout the array field, each with a MV 
distribution transformer that steps the inverter 
output voltage up to 34.5 kV. Three ac collec-
tion circuits are routed back to the MV metal- 
clad switchgear. A single output feeder is routed 
to a substation transformer that steps the inter-
connection voltage up to 69 kV. {
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Three Examples of MV Wiring in PV Power Systems
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connected to the collection circuit means 
that the engineer must account for higher 
design currents. Peterson cautions, “When-
ever multiple transformers are paralleled on 
a single collection circuit, the engineer must 
consider the effect this has on the required 
ratings for the transformer bushings and 
cable terminations—for example, 600 A 
bushings may be required in lieu of 200 A 
bushings based on the total connected kVA.” 

Optional accessories. I recommend that 
engineers specifying PM transformers for 
collection circuits include the following 
items, which are typically available from 
the manufacturer as optional accessories: 
tap changer, overcurrent protection, load-
break–rated switch and surge protection.

Tap changer: As explained in the Coo-
per Power Systems document S210-12-1, 
“Three-Phase Pad-Mounted Compartmen-
tal Type Installation and Maintenance 
Instructions” (see Resources), “Transformers equipped 
with a tap changer can be changed from one operating 
voltage to another.” To safely use the tap changer, a worker 
first needs to de-energize and ground the transformer. An 
electrician can then operate the tap-changer handle with a 
hot stick, an insulated pole that electric utility workers use 
as a standard service tool. 

A hot-stick–operable five-position tap-changer switch is 
shown inside the high-voltage transformer compartment in 
Figure 1 (p. 90). The available operating voltages are indicated 
to the right of the switch. Based on the location of the lock 
screw, the tap changer in this photo is set to position C, which 
in this case corresponds to 24,320 volts. If this transformer  
were used in a PV application, the four additional tap set-
tings—ranging from 25,570 to 23,070 volts—would provide the 
plant operator with some flexibility for dealing with inverter-
input–voltage tolerance issues that might arise. 

Overcurrent protection: If multiple transformers are con-
nected in parallel on a common circuit, then overcurrent pro-
tection is likely required. Since a variety of schemes can provide 
the necessary protection, I recommend consulting an applica-
tions engineer to get advice for your specific project. 

In a PM transformer, Bay-O-Net fuse assemblies are used. 
Three Bay-O-Net fuse housings are visible above the drip 
shield in Figure 1. A hot stick can be used according to the 
transformer manufacturer’s instructions to safely install or 
remove these fuse assemblies.

Load-break–rated switch: If a load-break–rated switch is 
included in a PM transformer, then it is possible to use a hot 
stick to manually open or close the connection between the 
loop-feed conductors and the primary transformer windings. 

This option is useful whenever service needs to be performed 
on the low-voltage side of the device. The PM transformer in 
Figure 1 includes a two-position load-break–rated switch.

Surge protection: The purpose of surge arresters in a PM 
transformer application is to protect against overvoltage 
surges due to lightning or other transients. Consult a prod-
uct applications engineer for help selecting the proper surge 
arrester for your application.

Other considerations. While some basic requirements can 
be self-evident, like transformer capacity and voltage rat-
ings, more-nuanced design decisions require careful consul-
tation with applications engineers. For example, Peterson 
points out, “Transformer impedance needs to be matched 
with that of the associated inverters, as specified by the 
inverter manufacturer.” He continues, “There are harmonic 
and shielding requirements to consider, as well as gauge 
package options to specify.”

MV WIRING 
MV wiring is necessary to carry PV plant power from the PM 
transformers to the point of common coupling, where the 
power production equipment connects to the utility distribu-
tion network. The MV wiring components utilized in PV plants 
are essentially the same as those found in power company dis-
tribution systems and in industrial power systems. The two 
basic categories of MV wiring are overhead and underground.

Overhead wiring. Uninsulated conductors attached to 
wood or steel poles via porcelain insulators are representative 
of overhead MV wiring methods. Installers place anchored 
guy wires in specific locations as required to offset lateral 
forces on the structures. Where overhead wiring transitions 
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Figure 2  Several major components comprise the transition between under-
ground and overhead MV wiring.
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to underground wiring, a MV cable riser extends up the pole 
and terminates there. Fused cutouts at the MV cable termi-
nation point provide overcurrent protection. In addition, 
installers often place surge arrestors at the overhead-to- 
underground transition point. Figure 2 (p. 93) identifies the 
components used to transition between underground and 
overhead MV wiring systems.

In MV collection systems, overhead wiring methods are 
less common than underground methods. This is due in part 
to the fact that pole-mounted overhead wiring is problem-
atic when crossing an array field, since shading can adversely 
impact PV performance. Nevertheless, in some instances 
overhead wiring methods provide an opportunity for cost sav-
ings. One example is when a PV plant’s main output feeder 
needs to run for some distance to a remote interconnection 
point. Overhead wiring will likely prove more cost effective 
than underground wiring in this situation. 

Underground wiring. Type MV cable, in one of its many 
forms, is used in underground MV wiring applications. Type 
MV cable is available in both single-conductor (single-core) 
and three-conductor (three-core) variations. 

As shown in Figure 3, six distinct layers, each performing  
a unique function, are used in the construction of a single-
conductor Type MV cable. Moving from the inside to the 
outside, these layers are: conductor, strand shield, insulation, 
insulation shield, metallic shield and cable jacket. 

Conductor: This layer can be made of copper or aluminum 
and carries current. Aluminum conductors are commonly 
used in utility-distribution applications, whereas copper 

conductors are commonly used in industrial applications. 
While either material is acceptable in PV plant installations, 
aluminum is generally more cost effective.

Strand shield: Made of a semiconducting material, this 
layer separates the conductor and the insulation. Its function 
is to shield the insulation from air pockets between the con-
ductor and insulator. Without the strand shield, this air would 
ionize and cause partial discharges that could deteriorate the 
insulation and lead to cable failure. 

Insulation: This layer contains the voltage within the 
cable. Common MV cable insulation materials  include 
water-tree retardant, cross-linked polyethylene (TR-XLPE) 
and ethylene propylene rubber (EPR). MV cables are typically 
available with two basic insulation thickness options: 100% 
level or the thicker 133% level. According to the Engineer-
ing Handbook published by electrical cable manufacturer 
the Okonite Company (see Resources), 100% level cables 
are generally intended for applications in which ground 
faults are cleared within 1 minute or less; 133% level cables 
should be applied when fault clearing times in the 1 minute 
to 1 hour range are expected, or when increased insulation 
strength is desired.

Insulation shield: Made of a semiconductor material, the 
function of this layer is similar to that of the strand shield. 
The insulation shield protects the insulation  from air pockets 
between the metallic shield and insulator material. 

Metallic shield: This layer serves several purposes. It con-
fines the cable’s electric field, equalizes electrical stress within 
the cable, limits radio interference and reduces shock hazard. 

2013: Medium-Voltage Wiring
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Figure 3  These photos show the six layers that make up a single-conductor Type MV cable, in cross-section and side views.
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Various types are available, including tape shield, wire shield 
and concentric neutral shield. 

Cable jacket: The jacket layer provides mechani-
cal protection for the cable. PVC is commonly used as  
a jacket material, but some Type MV cable is available  
with PVC-jacketed aluminum armor for enhanced mechan-
ical protection. 

MV cable terminations. MV cables must be properly termi-
nated for reliable service. In addition to facilitating the cable’s 
electrical connection, MV cable terminations perform several 
other important functions, such as relieving voltage stress 
that would otherwise build up at the insulation shield termi-
nation point; sealing the termination against moisture and 
environmental contaminates; and preventing electrical tree-
ing or tracking at the termination point.

Various materials and methods are available for MV 
cable terminations, including separable insulated connec-
tors, cold shrink, heat shrink, tape and porcelain. Separable 
insulated connectors, also known as elbows, are typically 
used where separable dead-front construction is desired. 
Common separable elbows include 200 A load-break and 
600 A dead-break connectors. Load-break elbow connectors 
with a 200 A rating can be removed with a hot stick, whereas 
600 A dead-break elbows are bolted connectors. Where 
non-elbow–type connectors are used, molded-rubber cold-
shrink terminations are generally preferred because they 
require less technical skill to install than tape terminations 
and they do not require a torch. Porcelain bushings are com-
monly used where MV cables transition to overhead wiring.

Properly terminating MV cables requires specialized 
skills and tools. It is essential that installers receive product-
specific training and follow the manufacturer’s instructions. 
Since MV cable termination methods and procedures vary 
by manufacturer, the best resource for installers is always the 
specific product manufacturer.

MV SWITCHGEAR  
In a PV plant with a MV collection system, it is often necessary 
to use MV switchgear to collect the various MV feeder circuits. 
In addition, the MV switchgear often serves as the demarcation 
point between the PV power plant and the utility distribution 
system. The switchgear serves multiple purposes. It provides 
both disconnecting means and overcurrent protection for the 
MV feeders that make up the collection system. In addition, it 
provides a location for the utility and the facility owner to mea-
sure the total energy output of the PV plant. In some cases, the 
switchgear also provides the utility with remote supervisory 
and control capabilities. 

The concepts that govern the use of MV switchgear are 
similar to those governing the use of equivalent 600 V–
rated devices. MV switchgear is specified according to basic 
parameters such as voltage class, continuous current rating, 

momentary current rating, interrupting rating and enclosure 
type (indoor or outdoor). To properly use MV switchgear in an 
ac collection system, the engineer must consider specific PV 
power plant parameters and information about the intercon-
necting utility grid, such as the available fault current. 

MV switchgear differs considerably from 600 V–rated 
devices in its construction. In PV applications, three different 
types of MV switchgear construction are common: metal clad, 
metal enclosed and pad mounted. In many cases, the design 
engineer tasked with specifying the MV switchgear can choose 
between MV circuit breakers or MV fused switches to provide 
the required disconnecting and overcurrent protection means.

Metal-clad and metal-enclosed switchgear. Historically, 
metal-clad and metal-enclosed switchgear are used primar-
ily in large commercial, institutional and industrial applica-
tions. However, in PV plants with MV ac collection circuits, 
a single lineup of metal-clad or metal-enclosed equipment is 
often used as the plant’s primary switchgear. 

Metal-clad switchgear is built to ANSI Standard C37.20.2 
and uses draw-out circuit-breaker devices. Metal-enclosed 
switchgear is built to ANSI Standard C37.20.3 and can accom-
modate draw-out circuit breakers, fixed-mounted circuit 
breakers or load-break switches and fuses. By the nature of its 
construction, metal-clad switchgear offers superior fault iso-
lation properties compared to the metal-enclosed type; how-
ever, it costs significantly more. 

Scott Brady, a district applications engineer for Eaton, 
describes the differences in construction between metal-
clad and metal-enclosed switchgear: “Metal-clad switch-
gear is constructed using draw-out overcurrent devices 
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Live-front MV termination  The MV bus (top left) inside this 
GE substation is insulated using porcelain bushings. The MV 
cables bolted to this bus are terminated with compression-
type spade connectors and molded-rubber cold-shrink seal-
ing assemblies.
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only and insulated primary bus connections; 
it is available with voltages up to 38 kV, high 
fault-current ratings and automatic shut-
ters that close when draw-out devices are 
removed. In contrast, metal-enclosed switch-
gear can use fixed-mounted devices, such as 
vacuum breakers or fuses; live parts are not 
individually isolated; and bus connections can 
be uninsulated. Metal-enclosed switchgear is 
voltage range limited to 15 kV with vacuum 
breakers or to 38 kV with fused switches. Since 
the breakers or fuses are front accessible only, 
shutters are not required.”

While the type of MV switchgear used in 
PV applications varies according to system 
size, Brady notes that the interconnection volt-
age and utility requirements also drives this 
choice. “For the main interconnect switchgear,” 
says Brady, “if the distribution voltage is 15 kV 
and below, metal-enclosed switch and breaker 
switchgear typically provides the best value for 
the project. This type of switchgear incorporates 
a switch and fixed breaker in a single structure 
and can be provided with the type of metering 
compartments required by Western utilities. The 
switch portion of the switchgear provides a vis-
ible means of disconnect, which utilities some-
times require, while the vacuum circuit breaker 
incorporates adjustable 3-phase overcurrent 
protection, remote operation if required, and 
arc-flash reduction safety features not available 
with a fuse. If the distribution voltage is above 
15 kV, then metal-clad switchgear is typically 
required to meet utility interconnection require-
ments. Metal-enclosed fused switches do not provide the 
relay protection required to coordinate with the utility protec-
tive devices, and remote operation is complex with switches 
versus stored-energy vacuum circuit breakers.”

Pad-mounted switchgear. Electric utilities commonly use pad-
mounted switchgear in their distribution systems throughout 
cities and neighborhoods. It has the advantage of being much 
more compact than metal-clad or metal-enclosed switchgear, 
with the trade-off of providing fewer features. Unlike metal-
clad or metal-enclosed switchgear, pad-mounted switchgear is 
typically limited to three distribution circuits. Fused switching 
means are generally for circuit protection and isolation; how-
ever, other design options are available. Pad-mounted switch-
gear is typically hot-stick operated and is available in live-front 
and dead-front construction.

The simplest form of a PV plant MV ac collection system 
involves one or more collection feeder circuits extending from 
loop-feed transformers directly back to the plant’s primary 

MV switchgear. However, in larger PV plants, pad-mounted 
switchgear is sometimes used in the array field to further sec-
tionalize MV feeder collection circuits. In this scenario, MV 
ac collection circuits extend from the plant’s main switchgear 
to one or more pad-mounted switch locations, at which point 
they separate into several smaller collection feeder circuits. 
When used this way, pad-mounted switchgear can reduce the 
number of main ac collection feeder circuits and therefore cut 
down on the number of distribution cubicles required in the 
main MV switchgear. 

The use of pad-mounted switchgear in strategic loca-
tions in the array field offers reliability and maintenance 
benefits by allowing the main ac collection circuits to be 
broken into smaller radial circuits that can be individually 
fused and switched. This practice also allows for the use of 
smaller feeder conductors downstream from the switch loca-
tions. Disadvantages associated with the use of pad-mounted 
switchgear include increased ac collection system complexity, 

2013: Medium-Voltage Wiring

Metal-enclosed switchgear  Two separate 15 kV–rated, 1,200 A metal-
enclosed switchgear assemblies, manufactured by Myers Power Prod-
ucts, are delivered to PG&E’s 15 MWac solar farm in Five Points, CA. Blue 
Oak Energy provided engineering and construction management services 
on the project to the EPC contractor, SOLON USA.
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higher cost for the pad-mounted switches and additional 
space requirements for the switches. 

MV circuit breakers. MV circuit breaker systems consist of 
two parts: the circuit breaker and one or more relays. The cir-
cuit breaker component is essentially a set of contacts that 
open or close the circuit. The primary difference between 
the various MV circuit breaker technologies available is the 
medium used to extinguish the arc that develops when the 
breaker is operated under load. Depending on the design of 
the MV circuit breaker, the insulation medium could be air, 
oil, SF6 gas or vacuum. Modern vacuum circuit breakers are 
the most common choice for new installations.

MV circuit breakers are available for either draw-out 
mounting or fixed mounting. A draw-out breaker consists of 
two parts: the base, which is bolted to the MV cubicle frame, 
and the actual breaker itself. This two-part construction 
allows the breaker to be racked in or racked out of the cubi-
cle for maintenance or replacement. In addition to being 
easier to service than fixed breakers, draw-out breakers have 
the advantage of providing visual confirmation whenever a 
circuit is disconnected from the switchgear.

Since most circuit breakers do not contain any internal 
operational logic, a separate relay is required to operate the 
breaker. This relay senses the circuit-fault condition and 
sends a signal to the MV breaker that causes it to open. His-
torically, relays were electromechanical devices that each 
performed only one protective function. If a single circuit 
breaker required multiple circuit-protection features, that 
also necessitated several electromechanical relays. In mod-
ern circuit breakers, solid-state relays, which provide mul-
tiple circuit-protection functions in a single package, have 
replaced electromechanical relays. 

Each of the circuit-protection functions available in a solid-
state relay has a unique ANSI device number. For example,  
Schweitzer Engineering Laboratories’ SEL-351, which is 
commonly used as a feeder-protection relay in utility and 
industrial electrical systems, includes the following circuit- 
protection functions: overcurrent (ANSI device numbers 50 
and 51), undervoltage (27), overvoltage (59) and frequency (81).  
The relays sense voltage and current using instrument  
transformers. If circuit breaker switching is required during  
a power outage, then battery-backup systems can provide  
control power to the relays. 

In addition to facilitating many modes of circuit protection, 
solid-state relays also offer flexibility with regard to selective 
coordination, which refers to the ability to localize the effects 
of an outage. The 2008 cycle of revisions added this concept 
of coordination to the NEC; see the definition in Article 100. As 
described in the explanatory text in the NEC Handbook, “The 
main goal of selective coordination is to isolate the faulted 
portion of the electrical circuit quickly while at the same time 
maintaining power to the remainder of the electrical system.”

MV switches and fuses. The switches used in MV gear 
for load-break switching operations are classified as load- 
interrupter switches. These switches are gang operated and 
can be fused or nonfused. They are generally provided with 
viewing windows that allow operators to verify switch blade 
position without exposure to live parts.

MV fuses utilized in MV switchgear are broadly classi-
fied as either the expulsion type or the current-limiting type. 
Expulsion fuses are vented and use hot gases to facilitate 
the mechanical interruption of the circuit. Current-limiting 
fuses are sealed and do not expel heated gas during opera-
tion. As the name implies, current-limiting fuses limit the 
magnitude of the fault current, and do so within a quarter 
of a cycle provided that the impedance of the fault is low 
enough. Expulsion fuses are generally available with higher 
voltage ratings than current-limiting fuses, while current-
limiting fuses are generally available with higher interrupt-
ing ratings than expulsion fuses.

Circuit breakers vs. fused switches. MV circuit breakers and MV 
fused switches each have their unique advantages. The advan-
tages of MV fused switches include lower cost, simplicity and the 
possibility of providing current-limiting circuit protection. The 
advantages of MV circuit breakers include higher available con-
tinuous current ratings, the ability to relatively easily incorporate 

MV cable pull  Workers at PG&E’s Five Points solar farm 
use an electric winch to pull MV cables into one of the site’s 
metal-enclosed switchgear assemblies. The distribution volt-
age around the 100-acre site is 12.47 kV.
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remote switching, and the benefits 
associated with the use of solid-
state relays, which include multiple  
circuit-protection functions and sel- 
ective coordination. 

PLANNING FOR SUCCESS 
Given the considerable expense 
and long lead times associated with 
PM transformers and MV switch-
gear, it is critical to ensure that the 
products specified meet everyone’s 
criteria. This includes the owner’s 
specifications, the technical needs 
of the project, the inverter manu-
facturer’s guidelines, the terms of 
the utility interconnection agree-
ment and the AHJ’s requirements. 

Bryan Grogan, senior project 
superintendent for Delta Diversified 
Enterprises, notes, “Effective coor-
dination with the interconnecting utility company will reduce 
costly delays and equipment changes.” He explains, “This com-
munication needs to happen at various stages of the project—
including design, construction and acceptance phases. During 
the design phase, it is important to verify the utility company’s 
requirements for metering and distribution equipment, as each 
utility typically has its own specific requirements. You need to 
understand what is important to that utility and to make sure 
this is incorporated early in the design process. To smooth the 
final utility acceptance process, it is advisable to submit equip-
ment shop drawings for approval before ordering any equip-
ment and to request a courtesy inspection of the metering 
equipment when it arrives on-site.”

Until there is greater equipment standardization, the most 
effective way of dealing with long product lead times is to 
determine the application requirements as soon as possible 
and order the equipment as early as possible. Grogan warns: 
“The long lead times required for MV switchgear often prove 
challenging during construction.” 

These logistical challenges are not limited to PM trans-
formers and MV switchgear. Jeff Schilling, Phoenix district 
office sales manager for Okonite, observes, “Renewable proj-
ects go at lightning speed compared to industrial or utility 
construction projects, which makes component delivery a 
critical issue.” Strategic design decisions can ameliorate some 
of these issues. Schilling encourages designers to specify cable 
sizes that are commonly stocked (2 AWG, 1/0 AWG, 4/0 AWG, 
350-kcmil, 500-kcmil, 750-kcmil and 1,000-kcmil), and notes 
that 15 kV cables are commonly available with 133% level 
insulation, whereas 35 kV cable is typically available with 
100% level insulation. 

When product lead times do not 
fit within the project construction 
schedule, the specifying engineer 
can consider making substitutions.  
According to Schilling, “While alu-
minum conductor cables with a tape 
shield are commonly requested for 
a solar project, they are not a com-
monly stocked item and may not be 
available in time to meet the proj-
ect’s schedule.  In these instances, 
higher-cost copper cables with tape 
shield or aluminum conductors with  
concentric neutral, which are com-
monly used by electric utilities, can 
be considered as a substitute to meet 
scheduling requirements.”

Schilling continues, “While direct-
burial jacketed cable is commonly used 
in solar field applications, armored 
cable and jacketed cable installed in 

conduit are other options to consider. Cable installed in con-
duit has the benefit of being relatively easy to replace should 
a fault occur. However, there are cost and reliability trade-offs 
associated with each approach.”

For Grogan at Delta Diversified Enterprises, the higher 
up-front costs associated with cable in conduit are not neces-
sarily a deal breaker. He explains, “We generally prefer cable 
installed in conduit as opposed to direct-bury installations. The 
use of conduit eliminates many of the concerns associated with 
direct-bury cable. This approach can even cost less than direct-
bury cable, in some cases, if it can eliminate the need for sifting 
or importing trench bedding material to the site.”

2013: Medium-Voltage Wiring
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Engineering Handbook: Engineering Data for Copper and Aluminum  

 Conductor Electrical Cables, The Okonite Company, 2010

“Three-Phase Pad-Mounted Compartmental Type Installation and  

 Maintenance Instructions,” Cooper Power Systems, Service  

 Information S210-12-1, August 2012

Draw-out breaker  This photo shows a 
Square D metal-clad draw-out vacuum circuit 
breaker from Schneider Electric. Typical break-
ers in this equipment class weigh in at 350 
pounds–480 pounds and are rated for up to  
15 kV and 1,200 A–3,000 A.
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By Paul Hernday

Interpreting I-V Curve Deviations
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A s PV arrays age, there are many potential causes of 
system underperformance. Some may be expected, 
such as soiling losses or long-term array degrada-
tion. Some may be unexpected, such as bypass diode 

failure, cracked modules and so forth. 
Because I-V curve tracers capture all of the current and 

voltage operating points of a PV source, they are uniquely 
capable of identifying symptoms of underperformance in PV 
systems. As I describe in “Field Applications for I-V Curve 
Tracers” (SolarPro, August/September 2011), every module 
datasheet provides a model I-V curve that represents all the 
current and voltage combinations at which you can operate 
or load the module under Standard Test Conditions (STC). 
When a measured I-V curve differs significantly in height, 
width or shape from the predicted I-V curve—which is based 
on the model I-V curve, but adjusted for actual irradiance and 
temperature conditions—the nature of the deviation provides 
clues about potential performance problems.

Here I provide an overview of the process used to gather 
I-V curves and identify normal traces associated with healthy 
modules and source circuits. I then explain how to interpret 
differences between measured and predicted I-V curves. I dis-
cuss basic types of I-V curve deviations, all of which indicate 
that PV power is reduced, and consider possible causes. The 
discussion of I-V curve deviations is organized according to a 
troubleshooting flowchart process that is designed for opti-
mal workflow efficiency (see pp. 108–109). I present strategies 
for identifying PV modules with performance problems. I also 
cover best practices for taking irradiance and temperature 
measurements, which can improve the accuracy of measured 
and predicted I-V curves.

Getting Started 
Safety is the first consideration when performing any type of 
electrical work. Before beginning to troubleshoot a PV sys-
tem, make sure that you know how the system is constructed 
and how it operates. Verify that the test equipment is properly 

rated for the current and voltage you will expose it to. Use the 
necessary tools, procedures and personal protective equip-
ment detailed in NFPA 70E, known as the Standard for Electri-
cal Safety in the Workplace. 

While PV systems present unique electrical hazards, using 
I-V curve tracers can improve safety relative to other testing 
methods. PV circuits do not need to be under inverter load 
for you to use an I-V tracer to look for a bad source circuit. 
Wade Webb, the vice president of quality assurance at Mar-
tifer Solar, explains, “To use a current clamp to test for bad 
strings, the technician has to work in a combiner box that 
is connected to an operating inverter, perhaps via a down-
stream recombiner. This is the main reason we prefer to look 
for bad strings using an I-V curve tracer. Beside the fact that 
an I-V curve tracer provides more detailed information than 
you can get using a clamp meter, it may also provide an addi-
tional level of safety by reducing the arc-flash hazard that the 
technician is exposed to.”

Basic test procedure. In commercial and utility-scale PV 
systems, I-V curve traces are generally measured in combiner 
boxes that are electrically isolated from the rest of the PV 
system. For example, perhaps zone-level monitoring in the 
inverter indicates that a particular combiner box is underper-
forming. Unless immediate action is required, asset manag-
ers will likely flag that combiner box for inspection during a 
regularly scheduled site maintenance visit. Once on-site, you 
can electrically isolate the combiner box by locking out and 
tagging out an equipment disconnecting means. If a visual 
inspection of the PV modules does not point to a likely cause, 
you can use an I-V curve tracer to identify underperforming 
source circuits.

For calibrated performance measurements, install an irra-
diance sensor in the plane of the array and stick a temperature 
sensor to the backside of a thermally representative module. 
After ensuring that the PV source circuits are not under load, 
open each touch-safe fuseholder in the combiner box. Using 
an alligator clip or similar connector, connect one test lead to 
the positive busbar and another to the negative busbar. You 
can now test each of the PV source circuits one at a time by 

Interpreting I-V Curve Deviations
When a measured I-V curve differs substantially from the predicted curve,  

commissioning agents or service technicians can use the nature  
of the deviation to screen for potential performance problems.

Originally published: August/September 2014
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closing the appropriate fuseholder and initiating an I-V curve 
trace. The test process can take as little as 10 to 15 seconds per 
source circuit, and the data are saved electronically. (While 
the process described here represents a scenario commonly 
encountered in the field, test procedures and measurement 
times may vary somewhat in practice depending on the spe-
cifics of the PV system, the BOS equipment, the I-V curve 
tracer or the test goals.) 

The Troubleshooting Flowchart
The “PV Array Troubleshooting Flowchart” (pp. 
108–109) is based on extensive field experience, 
reviews of PV module reliability literature and input 
from subject matter experts at the National Renew-
able Energy Laboratory (NREL). I-V curve tracers 
provide an abundance of detail that is potentially 
useful for tracking down hardware performance 
issues. However, shading, soiling, irradiance, tem-
perature or measurement technique can muddle 
any type of PV performance measurement. To 
reveal actual hardware performance issues—prob-
lems with PV modules or BOS components—you 
must peel away like layers of an onion any potential 
environmental or measurement impacts. 

Here I describe the 2-step process of capturing 
a useful I-V curve and determining whether it indi-
cates that the test circuit is performing normally. 
Since a normal curve is not always returned, I 
describe six types of I-V curve deviations, as shown 
in Figure 1, and elaborate on the process of identi-
fying the most likely causes of each. I identify these 
according to descriptive terms that are useful for 

communicating how a curve deviates and for narrowing the 
range of possible physical causes. Each deviation has more 
than one possible cause, and multiple deviations may be pres-
ent at the same time. 

USEFUL I-V CURVE
First, verify that the test returns a useful I-V curve. If it does 
not, make sure the test lead connections are intact. If they are, 
then the source circuit may not be complete. Check to make 
sure a series fuse is installed; if it is, check the fuse for conti-
nuity. If the series fuse checks out, then the problem may be 
in the source-circuit wiring. Before testing for failed modules, 
you may want to check for open module interconnections and 
look for signs of damage, such as burn marks.  

In rare cases, tests return an I-V curve that exhibits narrow 
vertical dropouts or downward spikes. The cause may be an 
intermittent electrical interconnection, such as a jostled test 
lead or an improperly crimped butt splice. If the intermittent 
connection is in the PV source circuit, isolate it and perform 
the necessary repairs. 

NORMAL SHAPE & PERFORMANCE
To identify performance problems in the field, you must have 
a standard for comparison. In troubleshooting situations, 
you may use measurements taken on neighboring PV source 
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Figure 1 Each of the six types of I-V curve deviations dis-
cussed in this article is shown here. The deviations are num-
bered according to the order in which we consider them in the 
“PV Array Troubleshooting Flowchart” (pp. 108–109).
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Figure 2  This I-V curve trace has a normal shape and a performance 
factor greater than 90%, which indicates that the test circuit is perform-
ing as expected. In this case, the technician will save the data and test 
the next circuit.
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circuits for comparison. However, module nameplate data 
are generally the basis of comparison, especially when you are 
benchmarking performance over time. 

Prior to performing I-V curve testing, you specify which 
module you are testing and how many modules are con-
nected in series or parallel. Based on these and other setup 
inputs, the software calculates expected performance 
characteristics—such as ISC, IMP, VOC, VMP, and PMP—at stan-
dard test conditions. Since conditions in the field invari-
ably differ from factory test conditions, I-V curve tracers 
use mathematical models to account for actual irradiance 
and temperature conditions in the field and generate a 
predicted I-V curve and maximum power value for the PV 
source circuit or module under test. 

If a PV source circuit or module is performing normally, its 
I-V curve has a normal shape, like the one in Figure 2. Further, 
the maximum output power rating, which the curve tracer 
calculates from the I-V data, will closely approximate the pre-
dicted maximum power. We use the  performance factor (PF) in 
this context to quantify how well a measured I-V curve agrees 
with a predicted curve. It is reported as a percentage and cal-
culated using the measured and predicted maximum power 
(PMP) as shown in Equation 1:

PF = (measured PMP ÷ predicted PMP) × 100 (1)

Generally speaking, a normal curve shape and a per-
formance factor between 90% and 100% indicate that a PV 
source circuit or module is operating correctly and is not seri-
ously shaded or soiled. If the measured I-V curve has a normal 
shape and the performance factor is greater than 90%, you 
can save the I-V data and proceed to test the next string.

STEPPED I-V CURVE 
Notches or steps in the I-V curve, the first type of deviation, 
are associated with current mismatch in the test circuit. The 
steps in the curve occur when bypass diodes activate and pass 
current around cells that are weaker or are receiving less light. 
The number and width of the steps vary according to the den-
sity and extent of the shade. Many conditions cause current 
mismatch, including nonuniform soiling, partial shade, dam-
aged cells or cell strings, or shorted bypass diodes.

Non-hardware issues. A shaded PV cell has a reduced cur-
rent capacity, which in turn reduces the maximum current 
that the cell string can produce. If the PV source circuit’s 
operating current exceeds the current that the shaded cell can 
supply, the bypass diode begins passing current around the 
shaded cell string to prevent hot-spot failures due to reverse 
bias in the shaded cell. 

If the issue impacts more than one cell or cell string, 
an I-V curve may show multiple steps, as shown in Figure 
3. For example, tree shade tends to impact cell strings in 

multiple modules, and the density of the shade may vary, 
causing bypass diodes to turn on at different current levels. 
This type of shade produces a broadly deviated I-V curve 
that rolls randomly on the descent, with or without discrete 
steps. Swirled patterns of accumulated dirt also produce this 
type of deviation. In contrast, localized shading produces 
very distinct steps. The narrowest step corresponds to an 
obstruction impacting a single cell string. If a single narrow 
step appears in an otherwise normal curve, localized soiling 
is a likely cause, but the step could also indicate localized 
shading, typically along the edge of a perimeter module.

Leaf litter, bird droppings or spot shading can also cause 
current-mismatch deviations that tend to obscure other 
deviations. Since these issues make it difficult to assess per-
formance, you want to remedy them—assuming it is pos-
sible and economically feasible to do so—prior to doing 
additional performance testing. For example, clear bird 
droppings from the PV modules or cut back tree branches. 
If shade is the issue, wait until the shade has cleared to con-
duct performance tests.

Hardware issues. Several hardware problems may return a 
stepped I-V curve. In a circuit that includes parallel-connected 
PV source circuits, a shorted bypass diode or shorted cell string 
shows up as a step in the I-V curve. Significant current mis-
match between modules in the test circuit is another possible 
cause. Cracked cells are the most common cause, however.

Microcracks are present in PV cells even as the modules 
come off the production line. Since a typical crystalline-silicon 
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Figure 3  You need to screen for shade or soiling when an 
I-V curve is returned with steps or notches. The red I-V curve 
is typical of spot shading that impacts a few cell strings. The 
dark blue curve may indicate that several modules in the 
source circuit are shaded. The green curve is representative of 
a source circuit subject to widespread and irregular shading 
or soiling. The light blue curve is the result of a wedge-shaped 
band of shade sloping across the bottom of several portrait-
oriented modules.
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(c-Si) PV cell is 400–800 times wider than 
it is thick, some degree of microcrack-
ing is probably inevitable. Shipping, 
handling and installation—especially 
torquing down or standing on mod-
ules—potentially create more micro-
cracks. Though microcracks are nearly 
impossible to see, in some cases they are 
serious enough to stretch or separate  
the contact fingers, which increases 
series resistance and may lead to heat-
induced discoloration or damage. Cor-
rosion and discoloration effects known 
as snail trails often follow microcracks.

Although microcracks do not usu-
ally cause performance problems, they 
can become full-fledged cracks under 
stress. A crack that electrically isolates 
a portion of a cell creates a current 
bottleneck similar in effect to that from 
localized shading or soiling. Cell perfor-
mance suffers most when a severe crack 
runs parallel to the cell’s busbars and 
severs the contact fingers. In such cases, the bypass diode 
passes current around the cell string and produces a narrow 
step in the I-V curve.   

Generally speaking, a shorted bypass diode or cell string 
uniformly reduces the width of an I-V curve, as shown in Fig-
ure 4. (See “Low open-circuit voltage” on p. 105.) However, if 
you are measuring two or more strings in parallel, a step along 
the vertical leg of the I-V curve may indicate voltage mismatch 
caused by unequal numbers of modules in the source circuits 
or by one or more shorted bypass diodes. Consider taking an 
I-V curve trace on a prefabricated wire harness that connects 
a pair of 72-cell c-Si PV module source circuits in parallel; a 
single shorted bypass diode in the test circuit will show up as 
a step that is 10 V–12 V wide halfway up the vertical leg of the 
I-V curve.

LOW SHORT-CIRCUIT CURRENT 
In an otherwise normal I-V curve, a lower-than-expected 
value of ISC can result from operator error, poor irradiance 
measurement, shading or soiling, or module performance 
issues. Since you may be able to remedy some of these issues, 
the troubleshooting flowchart addresses this second type of 
deviation early.

Operator error. If you are not careful, it is easy to select the 
wrong module from the I-V curve tracer’s database. When 
this happens, the nameplate specifications for the test circuit 
will not match those that the I-V curve tracer uses to model 
predicted performance. In some cases, EPCs install large PV 
arrays using modules from different batches, in which case 

the nameplate specifications for one source circuit could be 
slightly different from those for the next.

Irradiance measurement issues. Irradiance measurement 
error can also cause reduced ISC. It is probably the most com-
mon source of error when making any type of PV system 
performance measurement. Failure to mount the irradiance 
sensor in the plane of the array, which can cause the model 
to over- or underpredict the value of the ISC, is the most likely 
cause of measurement error. You can also introduce mea-
surement error by using an irradiance sensor with a spec-
tral and angular response that does not match that of the 
PV modules.

Non-hardware issues. Uniform soiling, dirt dams and strip 
shade are also likely causes. Uniform soiling is by far the most 
common cause of this I-V curve deviation.

If PV modules are coated with an even layer of dirt, the 
overall shape of the I-V curve will be correct, but the current 
at each measurement point will be reduced because the mod-
ules see a lower irradiance than the sensor does.

You typically encounter dirt dams on low-slope roofs 
where portrait-oriented modules are mounted at a slope of 5° 
or less. Water pools behind the module frame, at the lowest 
edge of the inclined plane, and a narrow band of sediment is 
left behind on the module when the water evaporates. When 
this band of dirt reaches the bottom row of cells, it begins to 
limit current. The wider the dirt band, the lower the current. 
If the dirt bands are similar enough from cell string to cell 
string and module to module, the effect resembles that of 
uniform soiling, which reduces each module’s ISC uniformly. 
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Figure 4  We took these I-V curves back-to-back on nominally identical PV source 
circuits under stable environmental conditions. They show the 10 V–12 V reductions in 
VOC that are typical of shorted bypass diodes in 72-cell, 3-diode PV modules.
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You can eliminate the effects of soiling by cleaning the mod-
ules and retesting.

Strip shade is common in tilt-up arrays with closely spaced 
rows of modules mounted in portrait orientation. A parapet 
wall or the upper edge of a preceding row of modules casts 
a wide, thin strip of shade across the lower edge of the next 
row. If the shading is uniform in height, it reduces the current 
in all modules in proportion to the amount of the cell that is 
shaded, and none of the bypass diodes turn on. The remedy 
from the measurement standpoint is to test the array close 
to midday. 

Hardware issues. Module degradation such as encapsulant 
browning or delamination can slightly reduce the height of 
the I-V curve. Since performance degradation of this type is 
a very slow process, you will need to monitor the system over 
time, look for trends in the data and compare these long-term 
trends to the manufacturer’s power warranty terms. It is ideal 
to have established a performance baseline when you put the 
system into service. 

Low ISC may also be associated with an uncommon but 
potentially dangerous module failure mode. If a bypass diode 
has failed in the open-circuit mode and one of the cells it was 
intended to protect is shaded, soiled or severely cracked, the 
curve trace generally indicates reduced ISC. It may also show 
an abnormally steep slope in the horizontal leg of the curve. 
This condition is hazardous, because the rest of the PV mod-
ules treat the current bottleneck as a load, which causes the 
temperature of the obstructed cell to rise rapidly. This process 
could destroy a module or even initiate a fire. 

LOW OPEN-CIRCUIT VOLTAGE 
The third type of deviation in the troubleshooting flowchart 
is low VOC. An erroneous cell temperature measurement 
most likely causes low VOC. In addition, shade can appear 
to reduce VOC under certain test circumstances. Hardware 
problems are also possibilities. However, since open-circuit 
voltage has one of the lowest aging rates of all the PV module 
parameters, you should consider other causes before con-
cluding that there is a causal relationship between cell deg-
radation and low VOC. 

Measurement error. When performance tests return an 
I-V curve with low VOC, check the quality of the thermal con-
nection between the temperature measurement device and 
the back of the PV module. There is an inverse relationship 
between cell temperature and module voltage. If the thermal 
connection is not good, the reported temperature will be low, 
and the predicted I-V curve will have a higher VOC than the 
measured curve. 

Typically, c-Si PV cell temperature is several degrees Cel-
sius higher than a thermocouple reading taken on the back of 
the PV module indicates. When you take curve traces on mul-
tiple PV source circuits, you also see some variation in the VOC 

measurements, even if the modules themselves are perfectly 
matched. Wind, variable irradiance and nonuniform ventila-
tion can all cause VOC variation. 

Non-hardware issues. Hard shade covering one or more 
cells causes the bypass diode associated with the cell string 
to begin conducting. This may show up on an I-V curve as a 
lower-than-expected VOC, simply because the curve trace runs 
out of measurement points before it reaches the actual VOC 
on the horizontal axis of the curve. Some curve tracers mea-
sure VOC separately with a high-impedance voltmeter circuit 
before initiating an I-V curve trace; focus on this value if you 
suspect that a bypass diode is shorted.

Hardware issues. Shorted bypass diodes, missing modules, 
potential induced degradation (PID) and pinched PV source-
circuit conductors are all possible issues. Pinched conductors 
typically show up during insulation resistance testing but can 
also develop over time. A hard ground fault in a grounded 
PV source circuit essentially shortens the length of the series 
string; therefore, a curve trace of the circuit returns a curve 
with low VOC. (Note that I-V curve tracing is not a substitute 
for insulation resistance testing.)

Shorted bypass diode. If one or more diodes in the test cir-
cuit are shorted, the I-V curve also shows low VOC. This is a 
relatively common module failure mode. Electrical transients 
can damage diodes; they can also fail from electrical and 
thermal stresses. Some module manufacturers have even had 
batch failures due to undersized bypass diodes.

It is relatively easy to identify a PV source circuit with one 
or more shorted bypass diodes by paying close attention to 
the distribution of VOC values within the same combiner box, 
as shown in Figure 4. A typical 72-cell PV module has three 
bypass diodes, each one associated with one of three cell 
strings. If one bypass diode is shorted and one cell string is 
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Figure 5  This chart shows the effects of potential induced 
degradation on the I-V curves of modules. All the modules are 
from the same source circuit, and we captured all the traces 
within minutes of one another.
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lost, that reduces the module’s voltage by roughly 10 Vdc– 
12 Vdc. You can easily detect this VOC measurement differ-
ence with an I-V curve tracer or a digital multimeter. These 
test results are most accurate when average cell temperature 
remains constant, which requires stable irradiance, no wind, 
and short measurement intervals. If cell temperature varies 
from one test circuit to the next, then VOC will vary, making 
it difficult to identify a discrete 10 V–12 V shift in VOC for one 
source circuit relative to the others.

In some cases, you can use infrared (IR) imaging to identify 
a shorted bypass diode while the system is online. A bypassed 
cell string is slightly warmer than its neighbors because more 
of its incident solar energy converts to heat. The module’s 
junction box may also be slightly warmer than that of other 
modules due to power dissipation in the conducting bypass 
diode. While this approach works well on a small scale, scan-
ning a large array is quite time consuming.

The selective shading troubleshooting method discussed 
on p. 110 is also useful for identifying a module with a shorted 
bypass diode.

Potential induced degradation. PID is another possible 
cause of an I-V curve with low VOC. The irreversible form 
of PID is the result of electrochemical reactions driven by 
voltage stress and facilitated by an electrolyte comprised of 
water and metal ions. Decreased shunt resistance character-
izes initial stages of PID; as the degradation continues, VOC 
decreases, as shown in Figure 5 (p. 105). Therefore, the likeli-
hood that PID is the root cause of the problem increases if 
both of these conditions are present.

Mani Tamizhmani, the director of the PV test laboratory 
at TÜV Rheinland, elaborates, “Although PID can occur in any 
array, it occurs with greater frequency in arrays with high sys-
tem voltages that are located in regions with high and variable 

temperature and humidity. In ungrounded arrays, it is more 
likely to occur in modules toward the negative end of the string.”  

ROUNDER KNEE 
A rounder-than-expected knee characterizes the fourth type 
of I-V curve deviation. It is often difficult to tell whether a 
rounder knee region is a distinct I-V curve impairment or 
whether it is an illusion caused by changes in the slope of the 
curve. Knee rounding by itself is likely a manifestation of the 
aging process. You will have to retest and monitor the circuit 
over time to identify and track trends.

LOW VOLTAGE RATIO
A lower-than-expected slope in the vertical leg of the I-V curve 
distinguishes the fifth I-V curve deviation. You can detect this 
condition by visually comparing the measured and predicted 
curves, or by comparing voltage ratio values across the popu-
lation of string measurements, with the prerequisite that the 
curves be free of steps from mismatch effects. The voltage ratio 
is calculated according to Equation 2:

Voltage ratio = VMP ÷ VOC     (2)

As shown in Figure 6, voltage ratio is an excellent metric 
for identifying a string with an atypical slope in the vertical leg 
of the I-V curve.

Inaccurate data. The homerun conductors add external 
resistance in series with the PV modules themselves. The 
smaller the cross-sectional area of the wire or the longer the 
wire run, the higher the excess series resistance is. To avoid 
attributing the excess resistance to the modules themselves, 
some curve tracers compensate for it—or back it out of the 
calculation—when generating the predicted I-V curve shape. 

2014: Interpret ing I-V Curve Deviat ions

Voltage (V)

C
ur

re
nt

 (A
)

6

8

4

2

0
0 5 10 15 20 3025

Low voltage ratio  The brown spot shown in the photo on the left is the result of a failing solder bond between the module’s 
busbar ribbon and output conductor. This bad connection results in excess series resistance, which reduces the module’s  
output voltage linearly in proportion to current and causes the vertical leg of the curve to pivot counterclockwise around VOC.

C
o

u
rt

e
sy

 S
o

lm
e

tr
ic

 (
2

)



 solarprofessional.com  |  S O L A R PR O                 107

For best test results, enter reasonable estimates of the home-
run wire length and gauge. Assuming the system is properly 
designed with respect to voltage drop, there is no need to cal-
culate the exact wire length per source circuit.

Hardware issues. If the model reasonably accounts for 
homerun conductor resistance, several potential causes of 
excessive series resistance can result in an I-V curve with 
a low voltage ratio. These include undersized PV source-
circuit conductors, resistive interconnections or module 
degradation. PV interconnections, terminal blocks and 
modules are the most likely places to find increased resis-
tance. For example, leaks in moisture seals in connectors, 
junction boxes and combiner boxes can lead to corrosion 
and increased series resistance.

The modules themselves may also be the source of the 
problem. Paul Jette, the vice president of operations at True 
South Renewables, explains, “Increased series resistance is 
the most common I-V curve deviation we have come across 
in the field. While the problem is occasionally associated with 
poorly made module-to-module interconnections, bad mod-
ule solder joints are the most common cause. When this is 
the case, we use IR imaging to find the hot spots that are the 
source of the loss.”

Series resistance increases gradually as modules age. 
However, certain module failure modes also cause exces-
sive series resistance. For example, in salty environments, 
connections may corrode inside module junction boxes. 
Manufacturing defects may result in a cracked tab or rib-
bon bus inside a PV module. In some cases, you can see 
burn marks within a PV module. Using an IR camera can 
help you identify problems and provide documentation for 
warranty claims. 

Jenya Meydbray, the CEO of PV Evolution Labs, notes, 
“Solder-joint failures are the number one cause of module 
quality assurance and quality control failures in the factory, 
and weak solder joints in the factory invariably lead to solder 
joint issues in the field.” These joint failures can cause cata-
strophic module failures. For example, repeated temperature 
cycling can cause a poor-quality ribbon bond to degrade, 
which might eventually lead to a series arc fault that could 
potentially start a fire. 

LOW CURRENT RATIO
A higher-than-expected slope in the horizontal leg of the I-V 
curve distinguishes the sixth and final I-V curve deviation. 
You can detect this condition by visually comparing the mea-
sured and predicted curves, or by comparing the current ratio 
values across the population of string measurements, so long 
as the curves are free of steps from mismatch effects. You cal-
culate the current ratio according to Equation 3:

Current ratio = IMP ÷ ISC   (3)

As shown in Figure 6, current ratio is an excellent metric for 
identifying a string with atypical slopes in the horizontal leg of 
its I-V curve. Before looking for hardware issues, rule out shade, 
soiling and irradiance measurement error. 

Non-hardware issues. If irradiance changes significantly 
during the I-V curve measurement cycle, that may affect 
the horizontal leg of the curve. The longer the data acquisi-
tion time and the more rapid the change in irradiance, the 
greater the slope error. For best results, use a curve tracer 
capable of acquiring I-V data in less than 1 second. (Note 
that high-efficiency modules may require longer trace 
times.) Repeat the test and note any change in the I-V curve 
to determine whether changes in irradiance are causing a 
horizontal slope deviation.

Unique shade or soiling conditions can also cause an 
I-V curve to have a low current ratio. The typical situation 
is a thin wedge of shade or dirt along the bottom edge of 
a portrait-oriented PV source circuit. If the magnitude of 
the change in obstruction is slight from one cell string to 
the next, the I-V curve will not show the visible steps asso-
ciated with nonuniform shading or the low ISC associated 
with strip shade.

Hardware issues. I-V curves always show a slight slope in 
their horizontal leg, caused by current leakage across the 
semiconductor junction at defects in the crystal lattice in the 
cell body or edges of the cell. The lower the leakage, the higher 
the shunt resistance.

Shunt resistance decreases as modules age. If the decrease 
is relatively uniform across all the cells in a string, the net 
effect is that the slope in the horizontal leg of the I-V curve 
pivots downward around the point labeled ISC. However, if 
the degradation is present in only some of the modules in 
the source circuit, the increase in the horizontal slope of the 
curve starts closer to the knee. Because the industry is rela-
tively new, we do not yet know how uniformly shunt resis-
tance will age.
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Document mixed 

module types. 

YES

Indicates 
possible need 
for PV module 
replacement

Possibly shorted bypass 
diode(s). Locate the 

module using selective 
shading method. 

Replace affected modules. 

No I-V curve? NO Dropouts in I-V curve?

Check for a missing or blown fuse, 
and for an open circuit in external 
string conductors. Check for burn 

marks on module ribbon conductors, 
overheated module J-boxes 

or bad PV connectors. 
Replace affected modules. 

YES

Intermittent electrical connections 
in the PV source circuit may be 

causing narrow vertical dropouts 
(downward spikes) in the I-V curve. 

Troubleshoot to locations and repair.  

YES

Are the test leads connected?
Are PV modules interconnected?

NO NO

2
Uniform 
soiling?

Is the irradiance sensor oriented in the plane of the array?
Does it have the same view of the sky as the strings under test?
Is the sensor free of reflections?
Is the correct module selected for the PV model?

Dirt 
dams?

Strip 
shade?

Clean modules
and retest

YES

A strip of shade or soiling that is 
consistent across the string can 
reduce current without causing 
steps in the curve. Retest after 
cleaning or removing shade.

YES YES

Possible 
performance 
degradation. 

Retest in 
future to

reveal trend. 

NO NO NO

NO NO

For best performance measurement accuracy, 
measure with irradiance > 700W/m2 in the plane 
of the array.

You can often identify a  bad PV module without 
disconnecting modules from one another, using 
the selective shading method. For a string of N 
modules, measure the I-V curve N times, applying 
hard shade to a different module each time. Cover 
at least two cells in each cell string. Shading the 
bad module bypasses it and returns a normal 
curve shape. In the case of a shorted bypass 
diode, shading the bad module causes a smaller 
drop in Voc.

TRO
U

BLESH
O

O
TIN

G

TIPS

PF = performance factor

=
PMP (measured)
PMP (predicted)

× 100

PV Array Troubleshooting Flowchart  This workflow, proceeding from top to bottom, is designed to 
help you take advantage of the detailed information contained in I-V curve traces without allowing the 
effects of shading, soiling or measurement errors to sidetrack you. Those effects may cause deviant I-V 
curve traces that you may misread as hardware problems.
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Smooth curve 
but low 

fill factor?

YES

YES

YES

1

NO

NO

Random soiling, debris
or snow?

Cracked cells?

Check again for shade. Diffuse shade is hard to detect 
by eye. Look for more-distinct shadows alongside 

the array. Light reflected from nearby objects can also 
cause steps. When you′re testing strings in parallel, a 

shorted bypass diode can also cause a step in the curve.

Clear modules and retest.

YES

Mismatched 
modules?

A string of modules 
with significantly 

mismatched currents 
will show slight steps 
along the I-V curve. 

YES

Cracked cells may not 
be visible to the eye. 
Find the bad module 
using the selective 

shading method. May 
be cause for module 

replacement if the 
cracked segment is 
electrically isolated. 

Cracked glass is 
always a cause for 

replacement.

YES

Burn marks?

Replace
module

YES

Shading?

Remove obstructions or 
retest when unshaded.

NONO

YES

NO

Save data 
and test 

next string

4

Possible cell 
degradation. 

Retest in future to 
reveal trend.

YES

5
Possible high series 
resistance. Check modules 
and string wiring for bad 
connections or overheating. 
Replace affected modules. 

Are the homerun wire length and gauge correctly accounted for in the PV model?

START

Does measurement 
return a useful

I-V curve?

PF > 90%
and normal shape?

Steps in the I-V curve?

Low ISC?

Low VOC?

Low voltage ratio?
(VMP ÷ VOC)

Low current ratio?
(IMP ÷ ISC)

YES

NO

NO

NO

NO

Rounder knee?

NO

NO

NO

YES

YES

YES

3

Low by multiple of cell 
string VOC?

Combined with other 
deviations?

Replace 
module or 
retest in 
future to 

reveal trend.

Tip: Voc normally ages very slowly 
(adjusted for temperature). Check for 
other causes before concluding that 
VOC has degraded.

YES

Possibly potential induced 
degradation (PID), especially 

if combined with
reduced fill factor. 

Replace affected modules.  

YES

Is the thermocouple attached at a 
typical temperature location, and is it 
contacting the module backside?
Is the irradiance high enough for a 
reliable Voc test?

6

Tapered shade or soiling 
across modules?

Slightly
current-

mismatched 
modules?

Possible degradation 
of cell shunt 

resistance. Serious 
shunts may be visible 
to an IR imager or to 
the eye. May also be 
a symptom of PID. 

May require module 
replacement.

Retest clean and 
unshaded.

YES

I-V curve may 
show increased 

slope in the 
horizontal leg, 
with or without 

slight steps. 
Document mixed 

module types. 

YES

Indicates 
possible need 
for PV module 
replacement

Possibly shorted bypass 
diode(s). Locate the 

module using selective 
shading method. 

Replace affected modules. 

No I-V curve? NO Dropouts in I-V curve?

Check for a missing or blown fuse, 
and for an open circuit in external 
string conductors. Check for burn 

marks on module ribbon conductors, 
overheated module J-boxes 

or bad PV connectors. 
Replace affected modules. 

YES

Intermittent electrical connections 
in the PV source circuit may be 

causing narrow vertical dropouts 
(downward spikes) in the I-V curve. 

Troubleshoot to locations and repair.  

YES

Are the test leads connected?
Are PV modules interconnected?

NO NO

2
Uniform 
soiling?

Is the irradiance sensor oriented in the plane of the array?
Does it have the same view of the sky as the strings under test?
Is the sensor free of reflections?
Is the correct module selected for the PV model?

Dirt 
dams?

Strip 
shade?

Clean modules
and retest

YES

A strip of shade or soiling that is 
consistent across the string can 
reduce current without causing 
steps in the curve. Retest after 
cleaning or removing shade.

YES YES

Possible 
performance 
degradation. 

Retest in 
future to

reveal trend. 

NO NO NO

NO NO

For best performance measurement accuracy, 
measure with irradiance > 700W/m2 in the plane 
of the array.

You can often identify a  bad PV module without 
disconnecting modules from one another, using 
the selective shading method. For a string of N 
modules, measure the I-V curve N times, applying 
hard shade to a different module each time. Cover 
at least two cells in each cell string. Shading the 
bad module bypasses it and returns a normal 
curve shape. In the case of a shorted bypass 
diode, shading the bad module causes a smaller 
drop in Voc.
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More severe, localized shunts sometimes develop in the 
field. These can concentrate relatively high currents, damage 
the cell and even destroy the module. An IR camera can detect 
serious localized shunts.  

Identifying the Source of a Problem
Identifying a PV source circuit with a specific I-V curve devia-
tion is often the start of a more detailed investigation. While 
module-by-module testing is sometimes necessary, you may 
be able to zero in on a bad module by using less invasive meth-
ods such as half splitting or selective shading. These labor-
saving strategies are especially useful when you are dealing 
with multiple PV source circuits connected in parallel using 
wiring harnesses. 

Module by module. One widely used troubleshooting 
method is to disconnect and test individual modules, starting 
at one end of a PV source circuit and moving to the other end. 
One benefit of module-by-module testing is that you can com-
pare I-V curves and pick out any abnormal modules. While 
this method is comprehensive and straightforward, it is also 
potentially time consuming. It is best used selectively, such as 
when screening for PID, which may appear in multiple mod-
ules in a source circuit. 

Module-by-module testing is especially problematic when 
PV wire whips are not readily accessible and you have to lift 
modules to test them. In some cases, it may be necessary to 
remove and reinstall 15 good modules to identify and replace 
one bad module. This process can compromise the installa-
tion’s quality and safety.

Half splitting. This electrical troubleshooting method 
involves splitting the PV source circuit into two parts and 
testing each half. You repeat this process as many times as 

necessary to home in on a bad module. On average, identify-
ing a single bad module should require about one-third the 
time compared to a module-by-module approach. The draw-
back is that you may overlook small problems in the “good 
half ” of the test circuit because stronger modules may mask 
performance problems.

Selective shading. This method takes advantage of bypass 
diode behavior to identify a problem module. The process 
involves shading one module at a time in the test circuit 
and measuring the effect this has on the performance of 
the PV source circuit. In effect, this allows you to remove 
one module from the test circuit without unplugging  
any of the source-circuit interconnections. Selective shad-
ing is most effective when there is a distinct difference 
between the I-V curve of the problem module and those of 
the other modules.

For example, selective shading is the simplest way to iden-
tify a module with a shorted bypass diode. Without discon-
necting the modules, you apply hard shade to a PV module, 
shading at least two cells in each of the module’s cell strings, 
and capture an I-V curve. You then repeat this process for 
every module in the test circuit and compare the resulting I-V 
curves for each shaded module. If a shaded module is work-
ing properly, the VOC for the source circuit drops by an amount 
approximately equal to the expected VOC for one PV module. 
However, when you shade a module with a shorted bypass 
diode, the VOC for the source circuit drops by an amount less 
than predicted, as shown in Figure 8. 

If the selective shading test method returns inconclusive 
performance measurements, you can justify module-by- 
module testing. 

Harnessed PV circuits. Large-scale PV systems some-
times use prefabricated dc wire harnesses to connect 
two or more PV source circuits in parallel. When dc wire 

2014: Interpret ing I-V Curve Deviat ions

Figure 8  Technicians can use the selective shading method 
to identify a bad PV module without opening any intercon-
nections. In this example, when properly performing modules 
are shaded, the deviation in the I-V curve remains unaffected 
(dashed red curve). However, when the bad module is shaded, 
the source circuit returns an I-V curve with a normal shape 
(dashed blue curve).
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Irradiance sensor  For accurate array performance measure-
ments, mount the irradiance sensor in the plane of the array 
and make sure that the sensor’s spectral response matches 
that of the PV modules. The wireless unit shown here contains 
a spectrally corrected silicon photodiode irradiance sensor, 
and also measures backside temperature and module tilt.
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For manufacturers and researchers, fill factor is a critical met-
ric for characterizing the efficiency of a PV power source 

relative to ISC and VOC, as shown in Figure 6 (p. 107). Since 
PMP is itself a function of IMP and VMP, you calculate fill factor 
according to Equation 4:

FF = (IMP × VMP) ÷ (ISC × VOC)  (4)

Fill factor varies according to cell type and efficiency. For 
example, new c-Si PV modules should have fill factors in the 
70%–80% range. Typical fill factors for thin-film technologies 
are lower, ranging from the upper 60% range for cadmium 
telluride to the lower 60% range for amorphous silicon, with 
copper indium selenide and copper indium gallium (di)selenide 
falling somewhere in the middle. 

As shown in Figures 7a and 7b, fill factor is a quick way to 
identify and flag test circuits with potential performance problems. 
This screen is an especially effective way to identify underperform-
ing test circuits that otherwise return a smooth-shaped I-V curve, 
such as circuits with a rounder knee or a lower voltage or current 
ratio. Once underperforming circuits are identified, study the shape 
of the I-V curve for clues about the likely or possible cause of the 
impairment. Note that series resistance in homerun conductors 
slightly reduces fill factor in PV source circuits. 

Assuming irradiance levels are high, fill factor is relatively 
insensitive to irradiance. Therefore, it is an excellent means 
of comparing curves measured at dissimilar irradiance levels, 
without the need to translate results to STC. 

Fill factor degrades over time, mainly due to increased 
series resistance and reduced shunt resistance. Given its inti-
mate relationship to module efficiency, fill factor is an impor-
tant parameter to monitor over time, and can be a vital piece 
of evidence in a module warranty claim. {

Using Fill Factor to Jump the Curve
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harnesses are used in a c-Si PV array, they typically con-
nect two or three source circuits in parallel. In a thin-film 
array, wire harnesses may connect as many as eight source 
circuits in parallel. Series fuses located in molded inline 
fuseholders provide the required source-circuit protection, 
and you route only two conductors per wire harness back 
to a dc combiner box. 

While the use of dc wire harnesses cuts down up-front 
costs in large, uniform PV arrays—reducing the required 
number of dc combiners and standardizing the array wir-
ing—it can impede troubleshooting. It is more complicated 
to isolate and test a single PV source circuit when systems 
are deployed using dc wire harnesses. For example, if a 

measurement at the combiner identifies an underperform-
ing wire harness, you must take clamp meter readings on 
the individual source circuits in the array and compare the 
results. If you identify an underperforming source circuit, 
you can unplug and troubleshoot that string. 

With a bit of practice, you can identify certain types of per-
formance problems in harnessed PV circuits by studying the 
width or depth of a step or notch in a deviant I-V curve. How-
ever, when troubleshooting PV systems with prefabricated 
dc wire harnesses, you must make sure that the test equip-
ment is rated for the combined short-circuit current under 

Figures 7a and 7b  These histograms show the distribution 
of fill factor—an indicator of the fullness and consistency 
of I-V curve shapes—as measured in the field on nominally 
identical source circuits. On the one hand, the outlier in Fig-
ure 7a (top) points to an isolated performance problem; on 
the other, the cluster of low fill factors in Figure 7b (bottom) is 
typical of the effects of potential induced degradation.
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the maximum expected irradiance conditions. While 
a 20 A–rated I-V curve tracer is typically sufficient, Sol-
metric recently released a 30 A–rated model that accom-
modates the higher currents occasionally encountered in 
harnessed PV circuits.

Best Practices for Performance 
Measurements 

You must know the plane of array irradiance and cell 
temperature to evaluate PV circuit performance, regard-
less of test method. To assure that you can interpret your 
I-V curves with accuracy, pay attention to environmen-
tal conditions, as rapid changes in plane of array irradi-
ance or cell temperature can introduce errors. Also take 
care to use proper sensor types and test methods.

Environmental conditions. Ideally, carry out perfor-
mance tests under relatively stable weather conditions 
when the irradiance is above 700 W/m2. This is most critical 
when establishing a performance baseline at commission-
ing or recommissioning, but is also relevant to troubleshoot-
ing scenarios. The module data used to predict the I-V curve 
shape are based on standard test conditions. The closer the 
field test conditions are to standard test conditions, the less 
error is introduced when the software translates data to or 
from STC. Good test conditions are most likely to occur dur-
ing the 4-hour window around solar noon. 

Irradiance measurements. Irradiance measurement is 
typically the greatest source of error in PV performance 
measurements. For example, a 1% or 2% irradiance error 
can dwarf the current and voltage measurement inaccu-
racy inherent in a quality I-V curve tracer, and significantly 
reduce the accuracy of the performance test results. Fast-
moving clouds near the sun and high-elevation cirrus clouds 
are particularly problematic. One of the benefits of using I-V 
curve tracers for performance test measurements is that you 
may be able to save critical environmental data along with 
the I-V data. This eliminates manual data entry errors that 
can cause trouble later, and minimizes the opportunity for 
errors associated with rapid changes in test conditions.

True pyranometers are not a good choice for I-V curve 
testing, as they have a wide, flat spectral response that dif-
fers from that of crystalline and thin-film technologies. 
Hand-held irradiance sensors are also not a good choice, 
as it can be difficult to orient them reliably and repeatedly 
in the plane of the array. Hand-held irradiance sensors may 
also have an angular response that differs substantially from 
that of fielded PV modules. Angular response is especially 
important early and late in the day, and on days when cloud 
cover scatters a significant amount of the sunlight. Under 

these test conditions, the array and sensor must have an 
equally wide view of the sky.

Strong optical reflections must not influence irradiance 
sensor measurements. If the irradiance sensor picks up signif-
icantly more reflected light than the PV modules under test, 
the model will overpredict ISC and the module will appear to 
be underperforming. Under certain circumstances, sunlight 
reflected from metal surfaces can greatly exaggerate the irra-
diance reading. You can usually remedy this by changing the 
sensor mounting location.

Temperature measurements.  PV module performance is 
inherently less sensitive to temperature changes than to irra-
diance variations. However, temperature impacts are still 
very significant, and weather conditions and measurement 
technique deserve attention. Wind and rapidly changing 
irradiance complicate the picture by making cell tempera-
ture a rapidly moving target. 

The best way to obtain cell temperature, especially under 
variable environmental conditions, is to use a light-gauge 
thermocouple—such as 24- or 30-gauge wire—that will track 
cell temperature more closely than a larger sensor. If you have 
access only to a more massive sensor, allow time for thermo-
couple temperature to stabilize as heat transfers from the PV 
cell to the thermocouple through the encapsulant and back-
sheet material, which have low thermal conductivity. 

Since array and module edges tend to run cool, position 
the thermocouple between the corner and the center of a 
module located away from the cooler array perimeter. The 
aim of this practice is to select a sensor attachment point 
that approximates the average backside temperature. Stick 
the thermocouple in place using high-temperature tape, 
such as the specialty products manufactured by Kapton or 
those used in the HVAC industry. The tip of the thermocouple 

Data outlier  This screen capture shows how easy it is to spot a 
single poorly performing PV source circuit. After troubleshooting 
reveals the source of the problem, these data may prove helpful in 
expediting a warranty claim. 
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must make good contact with the back of the PV module, as 
air gaps interrupt heat transfer, resulting in low temperature 
readings. When moving the thermocouple between identi-
cal array sections, place it at the same relative location each 
time to avoid introducing artificial temperature shifts.

While testers sometimes use digital IR thermometers to 
characterize cell temperature, their accuracy depends on sur-
face emissivity. IR thermometers measure glass temperature 
rather than cell temperature. Calibrate an IR thermometer 
reading by taking a side-by-side measurement of the same PV 
cell using the IR device and a thermocouple, and then adjust-
ing the emissivity control on the IR device until the two tem-
perature readings match. 

Some I-V curve testers can also calculate module tem-
perature from the measured I-V curve. This method achieves 
its best accuracy at high irradiance values where the relation-
ship between VOC and cell temperature is well known. When 
irradiance is low, the temperature differential between the PV 
cells and the module backsheet is much smaller, and backside 
temperature sensing is more accurate.

Warranty Returns and Remedies
I-V curve tracers can ease the warranty claim process by 
making it possible to identify system performance problems 
caused by isolated failures, systemic degradation or poor 
installation practices. Jeff Gilbert, the director of O&M ser-
vices at Vigilant Energy Management, notes, “We are currently 
pursuing a warranty claim for modules that show numerous 
hot cells, and the most useful field diagnostic tool has been 
our I-V curve tracer.”

You do not have to be an expert in PV module failure 
mechanisms to use an I-V curve tracer to identify an under-
performing module. However, you may need to document a 
problem expertly to get a manufacturer to process a warranty 
claim. I-V curve tracers are unique in their ability to detail and 
monitor the rate of change in key performance metrics over a 
period of years. 

According to Meydbray of PV Evolution Labs, “PV module 
manufacturers rarely accept field measurements as the sole 
evidence required for PV module replacement. But even if 
they want the suspect modules sent to the factory or an inde-
pendent laboratory for additional testing, I-V curve data gath-
ered in the field is a good way to get the process started.”

We are all still learning about module aging characteris-
tics and failure modes. However, our knowledge base will grow 
as fielded systems age, especially when actual performance 
diverges from expected. As this knowledge base grows, our 
troubleshooting techniques will advance. The process outlined 
in the troubleshooting flowchart is dynamic, one that we will 
update over time with the help of industry stakeholders. 
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On the evening of June 19,  2015, 
a KOB 4 Eyewitness News anchor in 
an Albuquerque, New Mexico, stu-
dio teased a developing story with a 
video montage running behind his 
back. “This video shows smoke pour-
ing from the roof of a community 
center,” he explained, as the footage 
cross-faded from fire engines with flashing lights to firefight-
ers hosing down the roof of a broad building from an aerial 
ladder. Before the video cut to helicopter footage showing a 
smoldering and blackened roof, the anchor intoned: “Tonight 
a fire there is blamed on solar panels.” 

One bad news report like this can counterbalance a 
hundred positive stories. News of the Solyndra bankruptcy, 
after all, made more of an impression on the public than two 
decades’ worth of sustained solar market growth and job 

creation. For the solar industry to 
continue to enjoy broad public and 
political support, we must do every-
thing in our power to eliminate fires 
in PV systems. 

In this article, I provide a brief 
history of PV-involved fires, explor-
ing both their causes and effects. I 

describe specific design and installation practices that can 
help prevent PV-initiated fires by minimizing ground faults and 
series arc faults. I summarize efforts to improve fault detec-
tion in fielded PV systems with new codes and standards, and 
provide troubleshooting tips for identifying and remedying 
detected faults. Lastly, I consider some actions integrators and 
asset managers can take to limit liability and financial exposure 
associated with possible future fires in legacy PV systems that 
are not built to the latest codes and standards.

By Bill Brooks, PE

Could PV-involved  
fires dampen a  

hot solar market?

The Heat Is On: 
Fault Detection and Fire Prevention

Originally published: November/December 2015
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Brief History of PV-Involved Fires 
Though fires involving PV systems are very rare, they 
occur on a continual basis. In April 2009, for example, a 
fire began with a PV array on the roof of a big box store in 
Bakersfield, California. When I subsequently analyzed this 
fire in SolarPro, I foresaw that the same type of event could 
happen again unless the industry changed the ground-fault 
detectors used in these systems. (See “The Bakersfield Fire: A 
Lesson in Ground-Fault Protection,” February/March 2011.) 
Approximately 2 years later, in April 2011, a fire originating 
within an array on the roof of a manufacturing facility in 
Mount Holly, North Carolina, damaged 20 PV modules, two 
combiner boxes and portions of the roof.

In May 2013, a PV-involved fire occurred at the headquar-
ters of a dairy co-op in La Forge, Wisconsin, causing roughly 
$12 million in damages. The local fire department classified 

the cause as undetermined. However, a fire investigator for 
the National Fire Protection Association (NFPA) wrote an 
article (see Resources) contending that the site’s green build-
ing technologies and construction materials—including the 
PV array on the roof and recycled cotton-based insulation in 
the wall cavities—contributed to the spread of the fire and 
presented safety issues for firefighters.

Perhaps the most publicized PV-involved fire occurred 
in September 2013 at a 300,000-square-foot food warehouse 
in Delanco, New Jersey. While the origin of this fire is still 
under investigation, the fire was linked closely with the PV 
system. Media outlets reported that firefighters did not fight 
the blaze more aggressively because they were afraid that 
the PV system would injure them. 

The Heat Is On: 
Fault Detection and Fire Prevention

6abc Action News  “With all that power and that energy 
up there, I can’t jeopardize a guy’s life for that.”—Ron Holt, 
chief at Delanco Fire Department
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https://solarprofessional.com/articles/design-installation/the-bakersfield-fire-a-lesson-in-ground-fault-protection
https://solarprofessional.com/articles/design-installation/the-bakersfield-fire-a-lesson-in-ground-fault-protection
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While the community center in 
Albuquerque is perhaps the most recent 
PV-involved fire to make the news, a 
similar event occurred in May 2015 on 
the roof of a large industrial facility in 
Mesa, Arizona. Though investigators 
are still determining their causes, it is 
likely that both were PV-initiated fires. 
Further, both resulted in severe dam-
age, with the Mesa fire creating mil-
lions of dollars of fire loss.

Causes. Until recently, the manner 
in which PV systems started fires was 
subject to speculation and hypoth-
esis. Now, however, after dozens of 
examples of PV-initiated fires in fielded 
systems, there is general consensus 
regarding the primary causes. We can 
categorize the vast majority of fires 
originating within PV arrays as either 
ground-fault detection blind spot fires 
on the one hand or series arc-fault fires 
on the other. 

The Bakersfield and Mount Holly 
fires, for instance, are examples of fires 
caused by a blind spot in a ground-fault 
detection system. While ground-fault detection blind spot 
fires are unique to certain PV systems, fires caused by arc 

faults are not. An arcing fault can 
cause a fire in a dc circuit even more 
easily than it can in an ac circuit. 
Common causes of series arc faults 
in PV circuits are loose or separated 
connections in modules, connec-
tors or combiner boxes. 

Effects. Both the Bakersfield and 
Mount Holly fires received a lot of 
attention from solar industry stake-
holders. The Solar America Board for 
Codes and Standards (Solar ABCs), 
for example, launched an investiga-
tion to determine and mitigate the 
cause of these well-publicized fires. 
Between January 2012 and June 
2013, the Solar ABCs published mul-
tiple reports based on its research 

and findings (see Resources). Recent changes to codes and 
standards, which I address in detail later, have closed the 
ground-fault detection blind spot and added series arc-fault 
protection requirements for PV systems. However, hundreds 
of thousands of PV systems are deployed in the US with older-
style ground-fault detectors and no arc-fault detectors. 

The Delanco fire, meanwhile, is infamous because the 
fire losses may exceed $100,000,000, making it the largest 
insured loss worldwide related to a building with a PV sys-
tem. As a result of this fire, insurance companies have begun 
to more systematically scrutinize the underwriting of PV 
systems and the buildings on which they are mounted. 

Prevention
The fundamental basis for preventing fires within PV systems 
is basic attention to detail when terminating conductors and 
managing cables. However, these measures alone are not 
sufficient to prevent PV-initiated fires. To better understand 
what we should or should not do, it would be ideal if we could 
analyze specific fire incidents related to PV systems over the 
last decade. Unfortunately, the origins of most PV fires remain 
shrouded behind a curtain of nondisclosure agreements. 
Several themes, however, have emerged from fire investiga-
tions that we can use to help prevent PV fires. 

REDUCING GROUND FAULTS
The following are some key design and installation tips—
largely intended to minimize opportunities for conduc-
tor damage—that will reduce the occurrence of PV system 
ground faults. 

2015: Fire Prevention

C
o

u
rt

e
sy

 N
F

P
A

 F
ir

e
 R

e
p

o
rt

Blind spot fire  Ground-fault detection blind spot fires are characterized by two 
sources of ignition, often in completely different sections of the array. In the case of 
the Bakersfield fire, shown here, a latent ground fault in a PV source circuit started 
within the array when a conduit joint failed some 200 feet away (inset), cutting 
through the insulation on a PV output-circuit conductor.  
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P Use shorter circuit lengths. Both copper 
and aluminum conductors expand and con-
tract at different rates than steel raceways. 
Long-distance circuit runs magnify this dif-
ference and can cause significant problems at 
turns and terminations. 

P Avoid conduit bodies for 90° turns. 
Where possible, use alternatives to LB-, LL- 
or LR-type conduit bodies for making turns 
in conduit. When coupled with dissimilar 
expansion and contraction rates, the tight 
turns associated with these fittings are a com-
mon cause of conductor damage.

P Avoid the need for expansion fittings. Whenever cir-
cuit runs exceed a distance of 100 feet, consider using cable 
tray rather than conduit to eliminate the need for expan-
sion fittings. 

P Use aluminum for large circuits. To eliminate dissimi-
lar expansion rates, use aluminum cable trays or raceways 
with aluminum conductors, which are also much lighter and 
cheaper than copper. 

P Terminate aluminum with care. Extra attention is war-
ranted when terminating aluminum to ensure quality, long-
lasting circuits. Verify that the terminals are rated for use with 
aluminum conductors and use antioxidant on all terminations. 

REDUCING ARC FAULTS
The following are some key design and installation tips—
largely intended to ensure high-quality electrical connec-
tions—that will reduce the occurrence of series arc faults in 
PV system circuits. 

P Engage both clips on connectors. Engaging only a single 
safety-locking clip on an MC4 or MC4-style connector dramati-
cally increases the likelihood of the connection coming apart. 

P Assemble connectors per manufacturer’s instruc-
tions. Follow the connector manufacturer’s assembly 
instructions when preparing and assembling connectors 
in the field. Use the manufacturer-specified crimp tool and 
ensure that it is set appropriately for the conductor gauge 
and type. 

P Check the connector assembly. After assembling con-
nectors, perform a pull test of about 30 pounds. The connec-
tors should never yield to this amount of pull tension. This 
test can verify the mechanical integrity of both field- and 
factory-assembled crimp connections. Conductors slipping 

out of connector fittings are a common cause 
of arc faults.

P Use connectors from the same manu-
facturer. There is no connector standard for 
interoperability. Though manufacturers of MC4-
style connectors often claim that their connec-
tors are compatible with Multi-Contact’s MC4 
connectors, it is unclear whether these com-
panies—even those that are quite large—will 
back up the contractor in the event of an arc-
fault fire. The simple rule, therefore, is to never 
mate connectors from different manufacturers, 
as this eliminates connector mixing as a poten-
tial contributing cause to a fire. 

P Do not strain junction box conductors. Fires have resulted 
from strain at module terminations compromising the electri-
cal connection to the module. Conductor thermal cycling can 
exacerbate the tension on the terminations and increase the 
stress at these connections. This is particularly problematic 
for homeruns to combiner boxes, as longer conductor lengths 
increase the probability of cable tensioning strain.

P Torque, retorque and mark terminations. Terminations 
can loosen over time due to thermal cycling, vibrations and 
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High-resistance connection  Connectors that are improperly 
engaged or assembled can cause arc faults. In this case, the 
crimp connector was not fully seated within the plastic hous-
ing. Though the connection  may not have started to arc, it 
generated enough heat to melt the connector housing. 

The simple rule 
is to never mate 
connectors 
from different 
manufacturers, 
as this eliminates 
connector mixing 
as a potential 
contributing 
cause to a fire.
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other strand movement. To minimize loose terminations in 
conductors smaller than 250-kcmil, torque the connection 
to the specified value and then move the conductor two or 
three inches side to side a few times. Moving the conduc-
tor in this manner while it is under stress can reposition the 
strands so that the conductor better fills the terminal cavity. 
Afterward, retorque the connection to the proper value and 
mark the terminal with a permanent marker.

P Avoid using fine-stranded conductors. Whenever pos-
sible, use standard Class B rather than fine-stranded con-
ductors and cables. Where fine-stranded conductors are 
required, never assume that a terminal is rated for these 
conductors without referring to supporting documentation. 
Few larger-diameter pressure terminals are listed and rated 
for use with fine-stranded conductors. The weight of a large, 
heavy conductor alone can cause an improper connection 
to work loose over time. Do not use flexible, fine-stranded 
cables with setscrew-type terminals or lugs. 

Detection
No one ever builds a PV system expecting it to catch fire. 
However, PV-involved fires can and do occur, even when 
everyone involved observes the best design, installation 

and maintenance practices. 
Detecting faults before they 
have an opportunity to start 
a fire is therefore a top pri-
ority for the stakeholders 
involved in the process of 
developing codes and stan-
dards pertaining to PV sys-
tems. These efforts involve 
both electrical and building 
codes, as well as product 
safety standards.

Electrical code require-
ments. The National Electrical 
Code is the most logical 
place to address arc-fault 
and ground-fault detec-
tion, the two main causes 
of PV-originated fires. To 
this end, the Code-making 
panel responsible for Article 
690 added dc arc-fault pro-
tection requirements in 
Section 690.11 as part of 
the 2011 cycle of revisions. 
As published in NEC 2011, 

690.11 applies to PV systems with dc circuits “on or penetrat-
ing a building.” NEC 2014 effectively expands these require-
ments to all PV systems operating above 80 Vdc. As part of 
the 2014 revision cycle, the Code-making panel also added 
enhanced ground-fault detection requirements to Section 
690.5. Specifically, 690.5(A)(1) requires ground-fault detectors 
capable of detecting a ground fault in “intentionally grounded 
conductors.” 

Without dc arc-fault detectors, an event that might hap-
pen one time out of every 10,000—such as a module failure, 
a loose connector or an inadequate termination—can lead to 
an arcing fault. If that arc fault occurs in the presence of fuel, 
it has the potential to start a fire. If that fire becomes self-
propagating, it will stop only when it is suppressed or runs 
out of fuel. In a worst-case scenario, “running out of fuel” may 
mean that the fire has completely destroyed the building.

Without highly sensitive 
ground-fault detectors, an 
overlooked pinched wire can 
become a latent ground fault 
that goes undetected. In the 
event that another ground 
fault occurs elsewhere in the 
system, current can now flow 
in the equipment-grounding 
system and grounded metal 

Perfect storm?  “The incident commander ordered firefighters to stay off the roof due to the 
presence of the energized PV arrays and the unknown condition of the wood truss support 
system beneath.”—Robert Duval, senior fire investigator for NFPA
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Managing or limiting 
fuel in proximity 
to a PV system is 
a key —and often 
overlooked —safety 
consideration.
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components. These inadvertent current-carrying con-
nections can get extremely hot and often progress 
into an arcing fault to ground, as was the case with the 
Bakersfield and Mount Holly fires. Once again, fuel avail-
ability can dictate the extent of these fires in the absence 
of fire suppression.

Building code requirements. Managing or limiting fuel 
in proximity to a PV system is a key—and often over-
looked—safety consideration. However, the results of 5 
years of PV fire performance testing have shown that roof 
fire performance ratings are also extremely important. 

A wood shake roof, for instance, presents many 
PV installation challenges: Installation activities eas-
ily damage the roofing system, the roof penetrations 
are difficult to waterproof, and the roofing material 
is highly flammable. This all adds up to a highly unfa-
vorable roof condition for a PV installation. If an arc 
occurs within a PV array on a shake roof and that  
arc is cable of generating enough energy to start a 

fire, the results could be 
catastrophic. It would be ill 
advised, therefore, to install a 
PV system without advanced 
ground-fault and arc-fault 
protection on a shake roof. Given 
the other installation challenges, it 
is probably wise to avoid installing 
any PV system over a wood shake 
roof. Most large installation com-
panies will install a PV system at a 
residence with a shake roof only if 
a roofing contractor removes and 
replaces the wood material in the 
vicinity of the array.

Many commercial roofs likewise 
have very poor fire ratings. It is the 
building owner’s responsibility to 

ensure that these roofs are properly rated in accordance with 
applicable building codes, which require a minimum Class C 
roof fire rating for most buildings. However, the codes require 
a Class B fire rating for roofs on all assembly occupancy build-
ings. California and other Western states, meanwhile, have 
Class A fire rating requirements for high fire severity areas, 
wildland-urban interface areas and other areas. 

The 2012 editions of both the International Building Code  
and the International Residential Code require that PV sys-
tems meet the same fire classification rating as is required 
for the roof. Therefore, to put a PV system on the roof of a 
church or synagogue anywhere in the US, installers must 
ensure that the PV system has a Class B or better fire clas-
sification rating. Since Class A or B modules are not read-
ily available, only PV systems evaluated to the new versions 

of the UL 1703 and UL 2703 product safety standards can 
meet these requirements. (See “Fire Classification for Roof-
Mounted PV Systems,” SolarPro, November/December 2014.) 
This is a significant change as failure to meet these require-
ments could place a contractor at risk. In the event that a fire 
occurs within a roof-mounted PV array subject to the 2012 
building  codes, fire investigators will likely scrutinize the 
installation for fire classification compliance.

Product safety standards. Insofar as they define require-
ments for the evaluation and certification of PV system com-
ponents, product safety standards are an essential part of 
fire prevention and fault detection. Without product safety 
standards, the codes would have to define not only practical 
safeguards but also specific verification test requirements. 
The intent of the codes is simply to dictate what safeguards 
are required in practice. The role of standards is to provide 
details about how to test and evaluate a product to prove 
that it meets the intent of the codes. 

UL 1703 and UL 1741 are the primary PV industry product 
safety standards. The former governs the safety of flat-plate 
PV modules and includes fire performance test requirements. 
The latter governs the safety of inverters and other specialty 
electrical or electronic components used in PV systems. UL 
1741 includes ground-fault detection test requirements and 
references UL 1699B for arc-fault detection test requirements. 

While UL 1699B is still very much a work in progress, 
Nationally Recognized Testing Laboratories (NRTLs) 
are evaluating products to this standard. Nuisance trip-
ping and nondetection remain an issue with dc arc-fault 

Fire classification  The 2012 editions of the building code require 
that PV systems carry a fire classification that meets or exceeds 
that of the roof assembly. This requires mounting systems evalu-
ated and certified to UL 2703. 
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What happens 
if you install a 
PV system to 
the latest code 
requirements, 
perform all 
the correct 
installation and 
maintenance 
procedures—
and it still 
catches on fire?

https://solarprofessional.com/articles/design-installation/fire-classification-for-roof-mounted-pv-systems
https://solarprofessional.com/articles/design-installation/fire-classification-for-roof-mounted-pv-systems
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detectors, as was the case when ac arc-fault detectors 
first came to market (see “Troubleshooting Arc Faults and 
Ground Faults,” at right). However, these products are a 
great leap forward for the PV industry. They have already 
prevented several fires.

Of the remaining product safety standards relevant to the 
solar industry, the standard pertaining to mounting systems 
is perhaps most pertinent to fire prevention and fault detec-
tion. UL 2703 is the product safety standard that defines fire 
performance test requirements for PV modules in combina-
tion with mounting systems. This standard also contains test 
requirements for grounding and bonding devices, which are 
critical to ground-fault detection.

Liability
The above inventory of codes and standards is not simply inter-
esting trivia. Product standards allow PV system designers and 
installers to select properly evaluated equipment that meet the 
required codes. Installing listed and labeled equipment in a 
code-compliant manner not only makes PV systems safer, but 
also limits contractor liability.

Imagine what happens if you install a PV system to the 
latest code requirements, and perform all the correct instal-
lation and maintenance procedures—and it still catches on 
fire. Since PV systems built to the latest codes are far less 
likely to start a fire than systems installed only a few years 
ago, the likelihood of this happening is extremely small. 
However, it is impossible to foresee or prevent 
every possible event that will befall fielded PV 
systems. In the unlikely event of a fire, an impor-
tant benefit of the codes and standards process 
is that following these construction norms pro-
tects the contractor. 

In the one in 100,000 chance that a PV system 
your company installed initiates a fire, codes and 
standards are the measure by which fire investi-
gators and insurance companies will judge the 
installation. If the installation meets all the appli-
cable requirements, then the fire must have been 
unpreventable given the available products and 
technologies. This legal concept is known as the 
standard of care.  Contractors are not required 
to employ every available safeguard; rather, they 
must follow the safeguards that are standard to 
the industry. 

Failure to follow these codes and standards 
leaves contractors exposed. If investigators find 
deficiencies in an electrical system that caused 
a fire, they could find the contractor at fault. If 
so, lawyers may try to pin a negligence charge 

on the contractor for not following the standard of care. 
This has implications for new installations as well as 
fielded systems.

New installations. The vast majority of properly installed PV 
systems should never need to use their arc-fault or ground-fault 
detectors throughout the life of the system. This is especially 
true if these systems are part of an effective O&M program 
implemented by a competent asset manager. However, stake-
holders have adopted new ground- and arc-fault protection 
safeguards precisely because even the most careful and con-
scientious system installer, with the aid of a competent asset 
manager, cannot prevent all PV system fire events.

To limit liability, it is incumbent on integrators and 
installers to implement advanced ground-fault and dc arc-
fault detectors in all new PV systems—regardless of the 
version of the NEC that the local AHJ is enforcing. Both of 
these safeguards are codified in NEC 2014. However, some 
jurisdictions are enforcing NEC 2011, which requires dc arc-
fault detectors only, and others are still on NEC 2008, which 
requires neither. Though some jurisdictions do not yet man-
date advanced ground-fault or dc arc-fault detectors, con-
tractors should still install systems to this standard of care. 
The good news is that most PV systems designed to meet 
the requirements of NEC 2011—such as commercial roof-
mounted PV systems using 20 kW–50 kW 3-phase string 
inverters—will meet industry best practices for fire preven-
tion and fault detection within PV arrays. 

Fielded systems. High-profile fires involving PV systems 
have captured the attention of the 

2015: Fire Prevention

Evolving design practices  Designers are deploying more non-isolated 
3-phase string inverters on commercial roofs to meet arc-fault require-
ments in NEC 2011. These inverters also meet the enhanced ground-
fault detection requirements in NEC 2014. 
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Implementing advanced fault-detection technologies in 
the field impacts system integrators, installers and ser-
vice technicians in a variety of ways. Contractors need 

to spend time qualifying new equipment. Installers and service 
technicians have to troubleshoot more faults in the field. 

Product qualification. Qualifying products is not yet as 
simple as verifying that an inverter is capable of detecting 
dc arc faults and ground faults on all conductors. As is often 
the case when manufacturers implement new safeguards, 
nuisance tripping has plagued some products. The same 
thing happened 20 or more years ago with early ground-
fault detection systems. Manufacturers do need time and 
experience to perfect detection systems. 
This initial learning curve is not fun or 
inexpensive. Unfortunately, these early 
glitches are a necessary and painful part 
of the evolution of safety equipment.

The best way to minimize problems 
with new detection technologies—or any 
new equipment—is to do your homework 
and find out as much as possible about 
the product’s field performance. In the 
event that you have to make purchasing 
decisions while the jury is still out on a 
product or technology, choose a ven-
dor that has proven to be responsive to 
requests for warranty or service support 
in the past. At least that way you know 
the vendor will work closely with you to 
resolve any potential problems. It is also 
wise to resist the temptation to jump  
from one vendor to another, hoping for a 
different result. 

Locating ground faults. The advent 
of advanced ground-fault detectors does 
not require new troubleshooting skills or 
tools. However, the number of detected 
ground faults will increase because  
new ground-fault detectors are much more 
sensitive than traditional fuse-based detec-
tors. To trip the 1 A ground-fault detection 
fuse in a 3-year-old string inverter, fault 
currents must exceed 1,350 mA for an hour or about 3,000 mA 
for a few seconds. By contrast, non-isolated string inverters 
under 30 kW in capacity are roughly 100 times as sensitive, 
with a detection threshold of 30 mA. 

Since installers and service technicians will clearly be 
chasing many ground faults previously invisible to detectors, 

companies need to update internal work procedures to make 
sure they are as safe and efficient as possible. The most 
detailed resource for this purpose is a report I prepared for 
the National Renewable Energy Laboratory (NREL), “Field 
Guide for Testing Existing Photovoltaic Systems for Ground 
Faults and Installing Equipment to Mitigate Fire Hazards” 
(see Resources). Based on my own field experiences and 
materials published by other subject matter experts, this 
report provides ground-fault testing procedures for arrays 
where a ground-fault is indicated, as well as arrays with no 
known ground faults. (See also “PV System Ground Faults,” 
SolarPro, August/September 2009.)

Locating arc faults. While procedures 
for troubleshooting ground faults are reason-
ably well established, arc-fault troubleshoot-
ing is very much in its infancy. The simplest 
arc faults to find are those that result in an 
open circuit. Especially in smaller PV sys-
tems, technicians should have no problem 
finding an open-circuit arc fault using tradi-
tional troubleshooting practices and tools. 

The challenge for technicians is finding 
intermittent faults, such as a loose or  
high-resistance connection that is slowly 
getting worse over time. In some cases, 
technicians can locate intermittent faults 
using an infrared camera, as a loose 
connection often generates a significant 
amount of heat. While this approach 
works well in combiner boxes or invert-
ers, it is less effective if the fault occurs in 
a source-circuit connector. Especially on 
rooftop systems, it can be difficult for  
technicians to get an unobstructed view  
of module interconnects.

Since module and homerun connectors 
are common arc-fault locations, the industry 
will need new troubleshooting tools for this 
application. I envision some type of signal 
generator with a receiver where a bad con-
nection attenuates the signal. The electrical 
industry commonly uses these types of 

devices, and the solar field could perhaps repurpose them 
for arc-fault detection in PV source circuits. Until technicians 
have access to these new tools, the hardest part of arc-
fault troubleshooting is to not give up in exasperation. Never 
assume that an inverter or detection unit is nuisance tripping 
until you confirm that no faults are present in the system. {

Troubleshooting Arc Faults and Ground Faults

Improved fault sensitivity  Non-
isolated string inverters, such as 
the Solectria PVI 36TL shown 
here, include arc-fault detectors 
and are far more sensitive to 
ground faults—and will therefore 
detect more faults—than earlier 
string inverter products. 

https://solarprofessional.com/articles/operations-maintenance/pv-system-ground-faults
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insurance industry. Greater 
scrutiny by insurance car-
riers is almost guaranteed 
to increase premiums or  
deductibles unless compan- 
ies take measures to improve 
system safety. Providing or 
offering upgrades for fielded 
systems is one option avail-
able to PV system owners 
as a means of controlling  
insurance costs while improv-
ing safety. 

Increased insurance 
costs are not the only issue 
these fires raise. Another 
issue to consider is whether 
ignorance is still a viable 
defense in the event of a 
PV-initiated fire. The 2009 
Bakersfield fire, for example, 
initiated a well-documented  
multiyear investigation that eventually led to revised 
ground-fault protection requirements in NEC 2014. An effort 
is now under way to revise the product safety standard in 
light of these new Code requirements. 

Prior to these developments, 
contractors could reasonably 
claim that ground-fault detection 
blind spot fires were unforeseeable 
and that no solutions to the prob-
lem were available. These days, it is 
increasingly difficult for installers 
or asset managers to claim igno-
rance—in part because of articles 
like this one. Further, non-isolated 
inverters with highly sensitive 
ground-fault detectors are readily 
available and widely used. 

Today, ignorance is no lon-
ger a reasonable response to a 

PV-initiated fire, which leaves the door open for litigation. 
In the event of a fire, lawyers may have a viable legal case if 
they can reasonably prove that a contractor had knowledge of 
a potential safety problem—one for which a viable commer-
cial solution was available—and did not inform the customer. 
The legal concepts behind such a case include situations such 
as failure to warn, withholding of information or concealment. 
If the contractor informs the customer of a potential safety 
problem and the customer chooses to take no action, the cus-
tomer rather than the contractor bears responsibility in the 
event of a fire. Transfer of knowledge is the key.

So how can a contractor or asset manager inform cus-
tomers of a potential safety issue without alarming them 
unduly or winding up in a situation where customers insist 
on free system upgrades? The crux of the matter is how 
companies communicate with their existing customers. 
The project permitting date determines the Code require-
ments at the time of construction. Prior to the 2014 edi-
tion, the NEC did not require ground-fault detection on 
grounded conductors. Prior to the 2011 edition, the NEC 
did not require dc arc-fault protection; further, these arc-
fault detectors were not available commercially until 2013. 
Since the NEC is a construction document, not a mainte-
nance document, contractors or asset managers are not 
required to update existing systems as new technologies 
come to market. However, they can certainly offer custom-
ers these upgrades as options.

The following is an example script a contractor or asset 
manager might use to notify past customers about new safety 
technologies that are now available for existing PV systems:

The safety track record of PV systems is among the 
best in the electrical industry. In recent years, elec-
trical code revisions have further reduced PV system 
fire hazards. New technologies are now available that 
improve PV system safety. While these additional 
safeguards were not required or available when your 
PV system was installed, it is possible to upgrade 
your PV system to include these new safety technolo-
gies. Enclosed is information about safety upgrades 
and typical costs for installing these on PV systems 

2015: Fire Prevention

Legacy systems  The risk of ground and arc faults increases as systems age. The arc-fault fire on 
the right occurred after the system spent 17 years in the field. Regular inspection and maintenance 
can mitigate these risks. 

C
o

u
rt

e
sy

 N
R

E
L

The larger the 
material loss 
in a fire, the 
more likely it 
is that lawyers 
will attempt to 
use every legal 
tool available to 
assign blame to 
the contractor.



 solarprofessional.com  |  S O L A R PR O                 123

like yours. If you would like to receive a detailed cost 
estimate to have these upgrades installed on your sys-
tem, please contact us.

The benefit of notifying customers about PV system 
upgrade options is that it reduces exposure to lawsuits 
based on failure to warn, withholding of information, or 
misrepresentation and concealment. The larger the mate-
rial loss in a fire, the more likely it is that lawyers will 
attempt to use every legal tool available to assign blame 
to the contractor. Notifying customers helps alleviate 
potential exposure to liabilities. Ultimately, a contractor’s 
best defense against these allegations is to detail that it 
completed the PV installation in accordance with the 
codes enforced at the time of the installation. The NEC is 
one of the most universally adopted codes throughout the 
US and represents an authoritative standard of care for 
electrical installations. 

Companies that have experienced a PV-involved fire 
invariably take steps to ensure that fires will not recur on 
their projects. They become far more vigilant about O&M 
practices on existing systems as well as design and instal-
lation standards for future systems. This response emerges 

from a better understanding of the financial impacts of a 
fire. Good installation and asset management practices 
and implementation of new safety technologies based on 
improved codes and standards offer the cheapest insurance 
against these potential losses. 
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Soiling Assessment in Larg e-Scale PV Arrays

O
wners, developers, bankers and O&M providers all 
want to know when it makes sense to clean a PV 
array to recapture revenue that it would otherwise 
lose due to soiled modules. On the one hand, an 
overly soiled array represents a loss of money. On 

the other, a premature cleaning represents a waste of money. 
While you must consider many variables to reach a definitive 
washing decision, the economics of module washing are not 
complex: If having a clean array saves more money than it 
costs to wash the array, then washing it probably makes sense.

This article shares some of our analyses and observa-
tions on array soiling drawn from many years of opera-
tional experience. We have had successes and failures, 
which have led to interesting discoveries and some dead 
ends. We have based most of our research on utility-scale 
PV plants with high dc-to-ac ratios in sunny, arid locations. 
These plants are subject to a unique set of circumstances: 
They spend a lot of time at full power, have relatively steady 
soiling rates and are rarely exposed to enough rain to sig-
nificantly clean the modules. 

By Sanjay Shrestha and Mat Taylor 
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How much revenue is a soiled PV array losing, and 
at what point does it make sense to wash the array? 

Originally published: November/December 2016
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Energy Recapture
It is difficult to assess soiling and to determine when to 
wash an array because doing so requires a multi-variable 
equation. Every analysis is unique, based on a host of  
project-specific mitigating factors such as technology 
choices, racking configuration, inverter loading, PPA rates, 
time-of-day profiles, interconnection agreements and so 
forth. This means that there is no single right answer when 
it comes to the economics of washing. The methods for 
soiling analysis are as varied as the business model behind 
the PV plant, so each solution uses a unique combination 
of people, tools and number crunching. What all effective 
soiling analyses have in common, however, is that they dis-
tinguish between percent soiling and percent energy loss due 

to soiling. While the former is easier to 
quantify, it may not correlate to unreal-
ized revenue. 

For the purposes of this article, we 
define percent soiling as the reduction of 
expected output power between soiled 
dc source circuits (modules, strings, 
arrays) compared to the same source 
circuits under clean conditions. In field 
terms, percent soiling describes the ratio 
of dirty to clean IV-curve traces, extrapo-
lated to nameplate power under stan-
dard test conditions (STC). Meanwhile, 
we define percent energy loss due to soil-
ing as the difference between the metered 
energy for a given time period compared 
to the energy that could have been har-
vested over the same time period with a 
fully clean array. This term describes the 
energy that is available for recapture, 
which correlates directly to unrealized 
revenue. To differentiate between these 
two concepts, we need to quantify the 
amount of time that a PV power plant 
spends at or near full power.

Power limiting in PV arrays. It is com-
mon practice to deploy PV systems with 
a high array-to-inverter power ratio in 
an attempt to capture more energy and 
revenue. As a result of these high dc-to-
ac loading ratios, many inverters spend 
a lot of time operating at full power, 
which forces the array off its maximum 
power point. 

Extended periods of power limit-
ing result in a characteristic flat-topped 
power curve, which people commonly 

refer to as power clipping. The more time a PV system oper-
ates at full power, the less concern is warranted over soil-
ing. Soiling abatement is effective only if you can recapture 
the lost energy, which requires unused inverter capacity. 
The returns are diminished in PV systems with chronically 
clipped power profiles, because an inverter operating at full 
power cannot increase its output power based on an incre-
mental increase in irradiance. If soiling is viewed as an effec-
tive reduction in plane-of-array (POA) irradiance, then a 5% 
increase in irradiance can overcome a 5% soiling level. For 
example, if a given inverter hits maximum output at a POA 
irradiance of 800 W/m2 under clean array conditions, then 
it follows that power clipping will start at 840 W/m2 in the 
5% soiled case. Above 840 W/m2, the percent soiling literally 
becomes a moot point. 

Soiling Assessment in Larg e-Scale PV Arrays
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Figure 1 illustrates this point by comparing seasonal 
POA irradiance and plant production curves for the same 
PV system. The flat-topped curves on the left, labeled “Day 1 
(August),” illustrate how the plant operates at full power for 
extended periods of time under high POA irradiance typical of 
summer. The curves on the right, labeled “Day 2 (November),” 
illustrate how the array operates below full power all day long 
under partially overcast conditions in the autumn. To com-
pare the percent energy loss due to soiling for Day 1 versus 
Day 2, we first have to filter out the time spent at full power, as 
no energy is available for recapture during these hours.

Table 1 presents these filtered results. Compared to 
baseline values for a clean array, the percent soiling is 
roughly the same on Day 1 and Day 2 (3.7% versus 3.6%). 
However, we can recapture energy only during hours when 
the PV plant is not power limiting. This leads to a slightly 
counterintuitive result: Even though the incident energy 
on Day 1 is nearly twice that on Day 2 (10.4 kWh/m2 versus  
5.3 kWh/m2), the percent energy lost and the net energy lost 
due to soiling are greater on Day 2. This means that Day 2 
presents the better opportunity for revenue recapture via 
washing, even though the available 
solar resource value is lower. 

The challenge associated with 
soiling assessment is that we need to 
extrapolate this analysis to the near 
operational future for a PV power plant. 
The estimate concerning the future mix 
of clear, cloudy or overcast days is what 
determines the economics of module 
washing. A host of models and meth-
ods are available to predict and back- 
calculate the energy available for recap-
ture, including hourly energy models, 
exceedance probability calculations 
and regression analyses. Regardless of 

the methodology used, you must account for inverter power 
limiting and have an accurate estimate of percent soiling.

Direct Soiling Measurements 
The best way to estimate percent soiling is to measure it 
directly: Test the array, wash it, and test it again. While the 
process is time-consuming, there is no disputing the results. 
Soiling sensors and IV-curve tracers are proven tools for get-
ting an accurate answer to the question “How dirty are my 
modules?” It is also possible to use other devices, such as 
short-circuit testers, to get a general estimate of soiling lev-
els. Just keep in mind that additional data analysis and filter-
ing is required to extrapolate from percent soiling to percent 
energy loss due to soiling.

Soiling sensors. Soiling sensors are essentially stand-alone 
evaluation tools that compare the actual output of a naturally 
soiled PV reference module to the expected output of a clean 
PV reference device. Some soiling sensors use short-circuit 
current (Isc) as the basis of comparison; others incorporate a 

2016: Soi l ing Assessment
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Figure 1  This figure shows 
PV plant output (red) and 
irradiance (blue) for a typical 
sunny day in August versus 
a partially cloudy day in 
November. Though the inci-
dent energy is higher on  
Day 1, Table 1 indicates that 
more energy is available for 
recapture on Day 2.

Incident 
energy 

(kWh/m2)

Metered 
energy  
(MWh)

Energy 
produced 
at MPPT  
(MWh)

Energy 
produced  

at full power 
(MWh)

Ratio of 
energy 

produced at 
MPPT vs.  
full power 

Percent 
soiling 
(versus 

baseline)

Percent 
energy  

loss due  
to soiling

Net 
energy 
lost due 
to soiling  
(MWh)

Day 1 
(August)

10.4 193.1 66.5 126.6 65.5% 3.7 1.3 2.6

Day 2 
(November)

5.3 126.5 126.5 0 0.0% 3.6 3.5 4.8

Operational Data Comparison

Table 1  These values, derived from 5-minute–interval operational data, illustrate that 
more energy is available for recapture via array washing on days when the PV plant is 
not operating at full power for extended periods of time.
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microinverter and compare maximum 
power point values (Vmp, Imp, Pmp); 
some devices use a hybrid technique 
that compensates for temperature 
and normalizes results to STC. All of  
these approaches yield a high-quality 
data stream that you can easily use  
to assess the soiling level of the mod-
ules in the test rig.

IV-curve tracers. To get the best pos-
sible in situ soiling measurements, put 
a good IV-curve tracer in the hands of 
a competent technician. Curve tracing 
is slow but definitive. You can compare 
PV source-circuit curve traces to STC 
or use a dirty versus clean approach. 
As long as technicians capture a rep-
resentative set of IV-curve traces 
under roughly the same conditions, 
the results of the study will be accu-
rate and useful. While it is quick and 
easy to analyze these IV-curve data, 
it is incumbent on the technicians to 
choose representative strings to test 
in the field. 

Other devices. Another option 
that works well is to use instruments that measure short-
circuit current or operating current, or that can extrapolate 
measured data to a baseline condition—such as PVUSA 
Test Conditions (PTC) or STC—to estimate percent soiling. 
Since these devices are not explicitly intended to perform 
soiling measurements, the correlation process is left to 
you. However, the process does not need to be complex. A 
simple multimeter with a current loop sensor is sufficient 
to get a general idea of soiling conditions. If necessary, you 
can assess soiling with a Fluke meter, a few gallons of water 
and a squeegee.

SOILING TRANSFER FUNCTION 
Soiling stations, IV-curve traces and other assessments that 
compare “before” (dirty) and “after” (clean) conditions give 
an excellent indication of the soiling conditions on a spe-
cific set of modules or test array. The trick is to take data 
from these devices and extrapolate it twice: once to gen-
eralize the entire plant’s soiling condition, and once more 
to infer how much the measured soiling will affect energy 
production or performance. We call this the soiling transfer 
function. Direct soiling measurement is a great start, but 
it is a rare instance where the estimated percent soiling 
value will reflect an equal (or even proportional) percent 
decrease in production. As illustrated in Table 1, per- 
cent soiling does not correlate directly to energy lost due 

to soiling when PV plants spend a lot of time operating at 
maximum power.

To complete the soiling transfer function from percent 
soiling to percent energy loss due to soiling, you need to 
filter the operational data strategically. The data filter-
ing process can be as simple as removing power clipping 
points, which has the effect of constraining the evalua-
tion to periods of MPPT operation. You can also apply 
additional filters to remove spurious data points that may 
muddy the results, such as measurements associated with 
low POA irradiance, unstable irradiance or excessive wind 
speeds. Once you have obtained field measurements and 
filtered the operational data, you just need something with 
which to compare these to estimate percent energy loss 
due to soiling.

PLANT BASELINE
The best way to estimate the impact of soiling is to compare 
operational data to plant performance under clean condi-
tions, which we refer to as the plant baseline. Obtaining 
a performance baseline is a process of characterizing 
the electrical performance of source circuits, combiners, 
inverters or an entire plant and isolating these data for fre-
quent comparison. The goal of establishing a baseline is to 
understand how the system or subsystem performs under 
known operating conditions when the array is free of faults 
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Soiling sensor  One way to quantify the site-specific effects of soiling in PV power 
plants is to use a soiling measurement system such as this one from Atonometrics.
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and unsoiled. Generally speaking, a rough plant baseline is 
good enough.

Establishing a clean plant baseline is more of a process 
than an event. The logical opportunity to obtain a baseline 
for an entire plant is at the time of initial back-feed, testing 
and commissioning. If you want to get two detailed answers 
at once, you can perform a full-plant baseline characteriza-
tion in parallel with performance testing, which is ideal. 
However, you can establish a baseline at any system level, 
over any duration of time and under any operating condi-
tions. Nothing is lost if you are unable to characterize some 
parts and pieces at commissioning. You can always revisit 
and recalibrate these parts later and make sure that they fit 
the general performance trend once they are up and run-
ning. As long as you restore malfunctioning blocks to opera-
tion and characterize their performance using the same 
measurement methods, the baseline will be accurate and 
useful despite its piecemeal assembly.

There are various means of applying the baseline. The 
simplest form—comparing dirty versus clean perfor-
mance—is effective for both long- and short-term analyses. 
By characterizing the plant according to its big pieces, such 
as inverters, skids or ac collection circuits, you can compare 
these results to one another, normalize dirty results against 
the clean baseline and make informed decisions about soil 
abatement. You can express the baseline in whatever terms 
best suit your goals, such as specific yield (kWh/kW) or 
energy output in relation to POA irradiance. The latter is 
useful if you need to tie actual performance back to expected 
performance based on an energy model.

Since assumptions, data resolution and as-built condi-
tions constrain energy models, we strongly recommend that 

you use operational data rather than modeled plant behav-
ior as the basis of comparison. Whereas an energy model 
describes how the plant is supposed to behave, measured 
data describe how the plant actually behaves. In broad 
terms, energy modeling software applies soiling assump-
tions as an effective monthly reduction in POA irradiance 
and essentially stops there. One-month averages for soil-
ing levels can shore up production and revenue models, 
but they have little to say about soiling events, differential 
energy impacts or soiling rates in general. As a result, the 
input/output resolution for an energy model is far less pre-
cise than it is for most operational datasets.

ACCURACY 
End use and accuracy drive the baseline characterization 
method. Production losses can be very subtle, typically only 
a few percentage points, before they become noticeable, so 
accuracy is vitally important to tying production losses spe-
cifically to soiling.

The simplest characterization method is to catalog plant 
production at the meter as well as measured irradiance in 
the plane of array. Since this obviously ignores thermal dif-
ferences within the array, for increased accuracy you may 
need to apply a temperature compensation to account for 
deviations from weather station conditions. You also need to 
remove or ignore performance issues that are not related to 
soiling, such as module degradation, equipment failures and 
configuration differences. Soiling analysis has to quantify or 
transcend these factors to reach a reasonable conclusion. 

To illustrate the challenge: A POA irradiance sensor might 
have an accuracy of ±1.0%; ac power measurement transduc-
ers are typically accurate within ±0.2%; C O N T I N U E D  O N  PA G E  1 3 0
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Day Inv 1 Inv 2 Inv 3 Inv 4 Inv 5 Inv 6 Inv 7 Inv 8 Inv 9 Inv 10 Inv 11 Inv 12 Inv 13 Inv 14 Inv 15

8/22 88.4 96.4 84.8 85.6 94.9 86.8 87.8 87.7 89.3 90.5 90.3 88.8 88.4 89.3 92.0 93.1

8/23 88.2 97.3 85.3 86.1 95.6 86.9 87.1 86.4 89.0 90.5 90.4 88.9 88.5 89.6 91.5 91.6

8/24 87.7 101.2 100.4 100.0 99.9 88.8 86.7 85.6 88.3 90.0 89.8 88.4 100.8 100.8 90.9 91.9

8/25 99.0 100.0 99.1 99.2 98.8 98.4 98.9 87.7 87.3 88.8 88.7 87.2 99.9 99.7 90.0 90.9

8/26 100.9 102.3 101.8 101.6 101.4 100.7 100.9 98.0 99.4 100.2 93.4 92.5 101.9 101.7 97.9 101.4

8/27 100.8 101.6 101.6 101.5 101.1 100.7 100.8 100.8 100.5 101.1 101.5 100.8 101.8 101.6 101.2 102.5

8/28 99.3 100.0 100.2 100.4 99.6 99.4 99.5 99.5 99.4 100.0 100.3 99.8 100.7 100.5 100.2 101.6

Inv 16

Measured 
data before
the wash

Measured 
data during
the wash

Measured 
data after
the wash

Notes

Percent specific energy per inverter as compared to baseline

Differential Soiling Analysis

Table 2  This table details the daily performance of each inverter in a large-scale PV system relative to its baseline before, dur-
ing and after a full wash cycle. After washing, each inverter achieves its performance baseline. However, the baseline for some 
individual inverters—most notably Inverter 16—may need recalibration.
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dc transducers are rarely better than ±1.0% accurate; second-
ary measurements, such as temperature and wind speed, have 
±2% accuracies at best. These measurement errors typically 
compound rather than cancel one other. Compounded, these 
uncertainties suggest that isolating a few percentage points 
of performance loss using gear with measurement errors of a 
few percent can produce dubious results. 

The net result is that a thorough soiling analysis could 
very well estimate that modules are 4.5% soiled, plus or 
minus 2%. Given these uncertainties, module washing may 
or may not be cost effective. While no one likes this type of 
answer, it is often the case that soiling analysis results have a 
high degree of uncertainty. 

Practical Application
We recommend a relatively simple five-step approach for 
isolating the effects of soiling on energy production based 
on measured data from operating PV plants. The method-
ology uses a comparison to a baseline as a means of assess-
ing the production that the array might have achieved if 
it had been completely clean and operating perfectly. The 
specific implementation of this methodology depends on 
plant type, capacity and the monitoring solution. However, 

you can apply this method at almost any plant level using 
similar techniques.

Step 1: Catalog all IV-curve traces and other string-level 
commissioning tests to establish source-circuit behavior 
with respect to nameplate power. This step provides a con-
sistent reference dataset that you can revisit when using 
periodic string testing for performance assessments.

Step 2: When commissioning the array and conducting 
energy performance tests, establish plant-level and inverter-
level baselines using high-resolution data. These baselines 

should isolate trend data for clipping and nonclipping pro-
duction as a function of POA irradiance and should be nor-
malized to dc capacity by inverter. You can complete this step 
in pieces, if need be, updating the baselines as more data- 
sets become available. The key is to characterize a clean, fully 
operational plant.

Step 3: Track plant performance using trend data from 
the time of (clean) commissioning through operations. 
Using the same filters employed to establish the baseline, 
determine approximate soiling levels while the plant oper-
ates (as time, data and weather allow). 

Step 4: If you suspect excessive soiling, perform a series 
of string-level field measurements before and after washing, 
and compare these results to the commissioning data. Next, 
compare these measured results to the soiling estimates 
generated from trend data with the appropriate clipping 
filters applied. Establish the correlation between the mea-
sured and modeled results for future use.

Step 5: When field measurements and data analysis 
align—and when the comparison to baseline indicates that 
energy recapture will be cost effective—then it is time to 
schedule a wash. Over time, take advantage of these full-
array washing opportunities to recalibrate the baseline, the 
energy model and so forth.

EXAMPLE ANALYSES
The following examples illustrate how you 
can use baseline comparisons to isolate 
soiling conditions. We have taken all exam-
ples from utility-scale plants with multiple 
central inverters in sunny, arid locations. 
We have summarized and annotated each 
case to show how you can apply the same 
methodology at various scales.

Plant level. Figure 2 (p. 128) shows an 
example of a long-duration soiling anal-
ysis. We cataloged these data over an 
8-month period, and they capture a few 
isolated rain events as well as a complete 
array cleaning. We have filtered the data-
sets from each for clipping and reported 
them as percent of baseline. Although 

these daily values have quite a bit of variance and error, the 
soiling accumulation trend is undeniable. While the rain 
events mitigated soiling only marginally, the wash effec-
tively rehabilitated the arrays to full potential. 

With any macro-level assessment, especially on larger 
plants, you must level out or ignore some asymmetries and 
performance issues with strategic math. The end result is an 
accurate model of how the plant turns photons at the mod-
ules into energy at the meter. You can parse this type of base-
line into subsections, perhaps by combiner, inverter, skid or 

“On utility-scale solar power plants, a change in the  

soiling loss of a couple percent per year can easily 

mean a couple million in the price we pay for the  

project. It would be great to get enough on-site  

empirical data from soiling measurement stations 

to get a P50 soiling loss estimate for big projects.”

—Jon Previtali, VP of environmental finance, Wells Fargo

2016: Soi l ing Assessment
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ac collection circuit. Regardless of the scale, the concept is 
the same and provides an adequate assessment of perfor-
mance in an ongoing manner. You can employ and repeat 
this dirty versus clean comparison to baseline under any 
circumstance and recalibrate the whole process after a full 
array cleaning. 

Inverter level. Inverter-level assessments are a subset  
of whole-plant characterization but with higher data resolu-
tion. The key to this level of analysis is to establish a unique 
baseline for each inverter under clean and fully opera-
tional conditions. Inverter-level comparisons are useful for  
identifying the impacts of differential soiling across the 
whole plant. 

For example, Table 2 (p. 129) compares inverter-level 
data, reported as “percent inverter-specific energy com-
pared to baseline,” for a large-scale PV plant with differen-
tial soiling. Most, but not all, of the arrays at this site are 
subject to rapid soiling from an adjacent road and farm 
field. By tracking inverter-level data, we can isolate soiling 
by location or overall contribution to lost energy. In this 
particular case, the soiling was profound enough to trig-
ger a full wash cycle. If the differential soiling analysis had 
indicated that soiling affected less of the plant overall, we 
could have focused our maintenance activities more selec-
tively, perhaps electing to wash only arrays associated with 
specific inverters. 

Combiner level. We can further increase data granularity 
and resolution by evaluating dc input current at the subarray 
level, which effectively facilitates combiner-level assessments. 
While this approach makes it easy to diagnose the effects of 
differential soiling on an individual inverter, the real beauty 
of combiner analysis is that it provides a built-in method of 
validation. If all of the subarray inputs are showing the same 
thing, as in Figure 3, our confidence in soiling assessments 

improves. The increased 
granularity also makes it 
easier to track incremental 
changes from the baseline. 

String level. Because 
it provides the highest- 
resolution data possible, 
string-level analysis is the 
alpha and the omega—
the first step and  the  
final step—of an effective 
performance assessment. 
Since most large-scale PV 
systems do not have string-
level monitoring, cataloging 
source-circuit performance 
generally requires field 
tests. Though string-level 

testing demands high-quality tools and competent techni-
cians, the data produced are effective for establishing a base-
line or calibrating the energy metrics and assumptions used 
at all other levels of analysis. 

You can use these string-level data to calibrate indepen-
dent soiling sensors. You can also apply string-level dirty ver-
sus clean results, such as those shown in Figure 4 (p. 132), to 
historical data or to a before-and-after cleaning analysis. In 
this figure, the raw trace data, based on in situ irradiance, are 
shown in green; the curves in red correct these field measure-
ments to STC; the blue curves, meanwhile, show the ideal I-V 
curve for the source circuit at STC. These dirty versus clean 
traces provide a good indication of the energy available for 
recapture at the string level, which we can extrapolate to 
larger performance blocks. 

An ideal use for field measurements is to calibrate soil-
ing analyses in relation to operational data. This process 
involves comparing IV-curves to soiling station data and 
other soiling metrics. To the extent that we can draw corre-
lations, we can triangulate these datasets and better inform 
our washing decisions. This process of continuous improve-
ment is essential to effective soiling assessment.

SPECIAL CASES  
Dust storms, intermittent construction activity, unusu-
ally heavy traffic and sporadic agricultural activity are 
examples of event-based soiling. When soiling gets very 
bad—or when it gets a lot worse in a hurry due to a soil-
ing event—strange things start to happen in terms of plant 
behavior. Module soiling can reach a point where the fun-
damental electrical characteristics of the dc array change 
dramatically, so much so that it sometimes forces invert-
ers out of maximum power point tracking. These results 
are most common in neglected PV plants where extreme 
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Figure 3  This figure shows subarray performance in relation to combiner-level baselines 
before and after a cleaning. While the return to baseline after washing is inexact, the increase 
in production is measurable, which is what matters most. 
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soiling causes blocking diodes in 
the modules to engage, which can 
completely confuse the inverter. 

Really bad soiling almost pre-
cludes analysis. The electrical behav- 
ior of a PV plant becomes less pre-
dictable and performance suffers, but 
it can be difficult to quantify how bad 
the problem is and how much energy 
the plant is losing. Such conditions 
combine significant energy shortfall 
with chaotic behavior. While we can 
measure the lost energy, we cannot 
directly discern the reasons for the 
loss. This complicates the process of 
troubleshooting any problems not 
related to soiling. 

Soiling events are a constant 
source of panic. Everyone wants to 
know how bad the problem is, but 
making even a rough estimate takes 
at least a day. Rather than rushing to get a washing crew in 
place based on incomplete information, the best approach 
to soiling events is to send technicians to the site to assess 
the problem via dirty versus clean testing. These strategic 
test results will quickly provide the answers needed and fre-
quently trigger a wash cycle.

Soiling events can also be localized, a situation we call 
asymmetrical soiling. This occurs when some arrays get a lot 
dirtier than others. Exterior arrays next to dirt roads or agri-
cultural activity are the most common culprits. Differential 
soiling across the whole plant skews bulk numbers, especially 

when you take the soiling assessment measurements from a 
relatively clean or dirty array. 

Since soil detection is intended to generalize soiling con-
ditions, you cannot trust the numbers it yields when you are 
adapting a general model to an asymmetrical problem. We 
call this phenomenon forced mismatch, meaning that uneven 
soil deposition creates an imbalanced electrical condition. 
Here again, the best response is to send out a crew to assess 
the situation, and then back up the findings by comparing 
filtered operational data to a clean baseline. Asymmetrical 
soiling may make selective module washing a viable option.
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Figure 4  These I-V curve traces are for the same source circuit under dirty (left) versus clean (right) conditions. From an energy 
recapture perspective, we are particularly interested in the gap between the red and blue curves at the maximum power point, 
which is considerably larger under dirty conditions. 

Abjectly soiled arrays  Dust storms or agricultural activities can result in soiling so 
severe that the basic electrical characteristics of the array become unpredictable. In 
the case pictured here, an O&M technician reported that the tracker tables “looked 
like raised bed planters.”
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ANOMALOUS RESULTS 
The next case studies represent rigorous analyses using 
high-resolution data applied to fully operational plants that 
all ended up with dubious results. Some may call these war 
stories; we call them analytical head-scratchers. We present 
them here to illustrate the chaotic nature of soiling measure-
ments and the unpredictability of the results.

Case 1. After measuring overall soiling of a PV plant at 
around 4%, the owner scheduled washing. Before the wash, a 
short-duration rain event occurred, so the owner asked us to 
investigate to see whether the rain had cleaned the modules 
enough to justify delaying the capital expense of a full wash. 
By our calculations, the rain event actually increased soiling 
to more than 5%, calling the entire chain of decisions, as well 
as our analytical approach, into question.

Case 2. In an attempt to quantify soiling, we conducted a 
series of before-and-after IV-curve traces across a plant. Our 
strategic plan called for washing selected strings of modules 
across a representative set of arrays on assorted inverters to 
quantify a measurable difference. The curve traces showed 
less than 1% soiling on some strings and more than 7% on 
others, with a relatively even distribution between these 
extremes. We recommended a full cleaning, and the net per-
formance results after washing showed a similar distribu-
tion of results. However, the overall performance increase 
was only about 33% of the expected result, netting a 1.9% 
increase in production. We had a hard time trusting the 
results, the analysis approach and the wisdom of our recom-
mendation to wash.

Case 3. Cleaners fully washed a plant at night to prevent pro-
duction losses, which is a reasonable approach. The next morn-
ing, while the modules were still cool and wet, the farmer on 
the upwind side of the plant started tilling fields, which spread 
a thick dust cloud onto an otherwise clean array. In this case, 
unforeseen farmwork forced another wash cycle.

These case studies illustrate that attempts to isolate the 
effects of soiling can be elusive. Soiling effects are design 
dependent; geographically varied; simultaneously localized 
and vastly different between arrays; dependent on geometry, 
orientation and array racking configuration; and variable 
based on the weather or off-site activities. In addition, rain 
does not necessarily clean modules very well, if at all. These 
factors are not necessarily bad news. Rather, they are limiting 
assumptions that you need to categorize, isolate, quantify and 
remove from the analysis to begin a valid assessment. Once 
you accept that soiling is a chaotic phenomenon, you can 
begin to see patterns and to learn from the more predictable 
parts of the problem. 
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A radical energy transformation is under way 
today, one that we will likely fully appreciate 
only in hindsight. Auto manufacturers are 
transitioning to electric vehicles, which will 
enable new transportation paradigms and 

vehicle-to-grid services. Utility regulators and operators are 
beginning to rebuild the bulk power system to make it more 
resilient and better able to accommodate high-penetration 
levels of variable renewable generation. The prime mover in 
these transitions is the rapid advancement in electrochemi-
cal energy storage technologies. 

In this article, I briefly review grid applications for  
energy storage solutions, both in front of and behind the 
customer meter. I then provide a compendium of advanced 
energy storage solutions for stationary energy storage 
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applications, looking at representative technologies, ven-
dors and field deployments. Because there is much to cover 
here, this is less of a design guide for applications engineers 
than it is a snapshot of a very dynamic and exciting space, 
one that solar professionals would do well to keep tabs on. 

Grid Applications for Energy Storage 
It is with good reason that industry stakeholders, research-
ers and analysts often describe energy storage as the missing 
piece of the puzzle or the great enabler in the renewable energy 
revolution. Use cases for energy storage systems exist in front 
of the customer meter, at both the transmission and distri-
bution level of the bulk power system, as well as behind the 

customer meter, in commercial and even residential applica-
tions. Depending on how and where developers deploy energy 
storage systems, benefits might accrue to a utility, reliability 
coordinator, balancing authority, third-party system opera-
tor, community, commercial or residential customer, society 
at large or some combination of these. As shown in Figure 1, 
a 2015 report published by the Rocky Mountain Institute (see 
Resources) identifies 13 different services that energy storage 
systems can provide to three general stakeholder groups.

By  Dav i d  B rea r l ey 

Advanced Battery Technologies 
for Stationary Energy  
Storage Applications

Figure 1  The benefits of energy storage systems accrue to 
different stakeholder groups—utilities, system operators and 
end users—depending on location and application. In some 
cases, a system can provide multiple services to improve its 
value proposition, a practice known as application stacking. 

Originally published:  
November/December 2017
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Use cases for energy storage are generally built around 
opportunities to avoid incurring costs or opportunities to 
generate income. Examples of the former include energy stor-
age deployments that allow utilities to defer transmission or 
distribution system upgrades, or that enable commercial and 
industrial customers to avoid demand charges. Examples of 
the latter include energy storage systems that participate in 
markets for ancillary services, such as frequency regulation, 
voltage support or demand response. Energy storage systems 
can also improve grid resiliency, provide generation capacity 
or facilitate the integration of more wind and solar. Some of 
these applications have broad societal benefits, such as disas-
ter preparedness or greenhouse gas reductions, that are not 
easy to quantify in economic terms—at least not given today’s 
market structures. 

Though there are many opportunities to deploy grid-
interactive energy storage systems, it is important to rec-
ognize that different applications are not created equally. 
Frequency regulation is a relatively short-duration service, 
measured in seconds or minutes, intended to reconcile 
momentary differences in the generation-to-load balance; 
as such, it favors a fast response time but does not neces-
sarily require large amounts of energy, because the battery 
is alternately discharging and charging in rapid succession. 
Applications that shift electric energy in time, over a period 
of hours or even days, are comparatively more energy inten-
sive but may have more-modest power requirements. Other 
applications are potentially both energy and power inten-
sive. In demand management applications, for example, 
batteries store off-peak energy for a period of hours, then 
discharge stored energy during on-peak pricing periods as 
needed to offset the demands associated with heavy loads. 

These different application characteristics underscore 
the need for different batteries and battery technologies. 
Some chemistries or technologies are better suited for short- 
duration power applications, whereas others are better 
suited for long-duration energy applications. Since deploy-
ing an energy-optimized battery in a power application 
or vice versa can degrade system performance in the long 
term, some hybrid utility-scale applications actually utilize 
both power- and energy-type batteries. While it is tempt-
ing to describe grid-interactive energy storage systems in 
general as a Swiss Army knife, no one battery is the ideal 
tool for all applications.

Advanced Battery Technologies
Here I look specifically at those alternatives to conventional 
lead-acid energy storage technologies that are commercial-
ized in stationary grid applications or deployed in pilot proj-
ects. Though lead-acid batteries have been commercialized 

for nearly 160 years, they have ceded market share in recent 
decades to next-generation secondary (rechargeable) bat-
tery technologies. This is perhaps most apparent in por-
table tools and consumer electronics, but is equally true in 
automotive traction and stationary grid applications. Lead-
acid batteries have a long history in off-grid applications, 
but are seldom the technology of choice in emerging grid- 
interactive energy storage applications because of limita-
tions associated with round-trip efficiency, energy density, 
depth of discharge and cycle life. 

LITHIUM-ION BATTERIES
According to the most recent edition of the US Energy Storage 
Monitor (see Resources), lithium-ion (Li-ion) batteries are by 
far the dominant energy storage technology in today’s grid-
interactive applications. Continuing a trend that dates back 
to Q4 2014, Li-ion deployments accounted for 94.2% of the 
energy storage market in Q2 2017. The leading manufactur-
ers in this space are generally subsidiaries or divisions of 
well-known multinationals or specialty battery vendors.

Lithium has several characteristics that make it ideal for 
use in batteries. For one, it is the third chemical element on 
the periodic table, after hydrogen and helium, making it the 
lightest of all elemental metals. Additionally, it has the high-
est electrochemical potential (-3.02 volts) of any metal and is 
highly reactive. Inherent advantages and disadvantages are 
associated with these chemical properties. On the one hand, 
Li-ion batteries provide excellent energy and power density; 
on the other, they present potential issues with chemical 
and thermal stability. 

All Li-ion batteries have three basic parts: a positive 
electrode (cathode), a negative electrode (anode) and a 

2017: Advanced Battery Technologies

C O N T I N U E D  O N  PA G E  2 9

Building blocks  Each cell housing in this Kokam battery 
module contains a Li-ion pouch cell (inset). A battery rack 
integrates multiple modules.
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chemical compound (electrolyte) that allows the move-
ment of ions between the electrodes. The cathode mate-
rial is often a metal oxide, and the anode is usually porous 
graphite. When a Li-ion battery is charging, lithium ions 
migrate from the cathode to the anode; on discharge, the 
anode loses electrons and the cathode gains electrodes. 

Manufacturers package Li-ion cells individually, often 
in pouch or cylinder form, and integrate multiple cells 
into a battery module with a battery management system 
to keep each cell balanced. To scale systems up, compa-
nies integrate multiple battery modules into a battery rack.  
Container-scale solutions incorporate multiple battery  
racks. Li-ion energy storage systems at this scale have multiple 
layers of battery management and control—at module level, 
rack level and system level—as well as multiple layers of safety 
and protection such as fuses, software, containment, climate 
control and so forth. 

Li-ion batteries in general have relatively high intrin-
sic cell voltage and low self-discharge rates, and respond 
quickly when charging or discharging. Important differ-
ences exist between specific Li-ion chemistries, however, as 
each has different performance characteristics and a unique 
value proposition. In most cases, the name given to various 
Li-ion technologies refers to the chemistry of the cathode. 
Common Li-ion cathode chemistries in grid applications are 
lithium iron phosphate (LFP) and lithium nickel manganese 
cobalt oxide (NMC). 

LFP-type Li-ion. In 1996, a research team led by John 
Goodenough at the University of Texas first described lith-
ium ferro phosphate (LiFePO4) as a cathode material for 
rechargeable Li-ion batteries. Superior chemical and ther-
mal stability is one of the most compelling features of LFP-
type Li-ion batteries. Phosphate-based cathode materials 
release little heat and oxygen gas when exposed to high-
temperature or overvoltage conditions, which means they 
are not susceptible to thermal runaway. In addition to being 
chemically stable, LFP cells are not combustible, which fur-
ther improves their safety relative to Li-ion batteries with 
metal oxide cathodes. LFP batteries also offer an extended 
cycle life and lifespan compared to competing technologies. 
The tradeoff is that while LFP batteries can support high 
load currents and retain their power capabilities at a low 
state of charge, they have a relatively lower energy density 
and a higher self-discharge rate.

Notable grid-interactive LFP battery vendors 
include BYD, a Chinese manufacturer of automobiles 
and rechargeable batteries, and Murata. LFP-type bat-
teries are in use in a wide variety of stationary applica-
tions. At the grid scale, project developers or EPCs have 
deployed BYD’s LFP-based energy storage systems at 
multiple locations across the US and Canada in both 
microgrid and frequency regulation applications. For 

example, EDF Store & Forecast commissioned a 19.8 MW/ 
7.9 MWh battery storage project outside Chicago in January 
2016 that provides the grid operator, PJM, with ancillary 
services, including autonomous frequency regulation and 
dynamic power reserves. At the other end of the application 
spectrum, Blue Planet Energy uses Murata’s LFP-type bat-
teries in its residential energy storage platform to support 
nanogrid, backup power and self-supply applications. 

NMC-type Li-ion. In 2001, Zhonga Lu, a staff scientist 
for 3M, and Jeff Dahn, a physics and chemistry profes-
sor at Dalhousie University, filed international patents 
for lithium nickel manganese cobalt oxide (LiNiMnCoO2) 
as a cathode material. As an industrial research chair for 
the Natural Sciences and Engineering Research Council of 
Canada, Dahn specializes in materials for advanced bat-
teries. After completing a 20-year research agreement with 
3M in 2016, Dahn’s group began a 5-year research partner-
ship with Tesla. 

Cobalt is a common ingredient in many Li-ion battery 
cathodes because it provides a high energy density. The 

Safety first  Blue Planet Energy selected Sony’s battery 
modules for its Blue Ion 2.0 residential energy storage solution 
because LFP-type Li-ion cells offer a long lifespan and, even 
more important, excellent thermal and chemical stability.  
Murata acquired Sony’s battery business division in late 2016.
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downside is that cobalt is expensive, and the cobalt-based 
chemistries used for portable electronics have issues with 
thermal stability and capacity fade. Adding nickel and mag-
nesium to the mix not only reduces costs, because nickel is 
less expensive than cobalt, but also improves thermal stabil-
ity and cycle life. Li-ion batteries with NMC-type cathodes 
are increasingly popular in the market because they offer 
good all-around performance—in terms of cost, safety and 
lifespan—and can be tailored for energy or power applica-
tions. In its 2017 report, “Status of the Rechargeable Li-ion 
Battery Industry,” Yole Développement predicts that NMC 
materials will account for more than half of the global cath-
ode market by 2022.  

Notable grid-interactive NMC battery vendors include 
LG Chem; Kokam, a South Korean company that specializes 
in rechargeable Li-ion polymer batteries; Panasonic, which 
is Tesla’s primary business partner in its much-anticipated 
Gigafactory; and Samsung. Kokam’s Li-ion rack system, 
which is integral to its containerized energy storage systems, 
provides a good example of the flexibility of NMC batteries. 
With two battery racks in parallel, Kokam’s high power–
type NMC battery has a usable energy capacity of 211 kWh 
and a power rating of 888 kW when charging or discharg-
ing. By contrast, the same configuration of high energy–type 
NMC batteries provides 17% more usable energy (253 kWh),  
but only one-third as much power (266 kW). As a rule of 
thumb, high power–type NMC batteries are intended for 
short-duration (<1 hour) applications that require the rapid 
dispatch of large amounts of power; energy-type NMC bat-
teries are intended for longer-duration (>1 hour) applica-
tions with more-continuous loads.  

Project developers, utilities, EPCs and system integrators 
are deploying NMC-type batteries at every level of the elec-
tric power system, from grid-scale to customer-sited applica-
tions. For example, Tesla deployed a massive 20 MW/80 MWh  

energy storage system, consisting of roughly 400 Powerpack 
2s, at the Southern California Edison (SCE) Mira Loma 
substation. SCE will use the project to store low-cost off-
peak energy for dispatch as a means of reducing its reli-
ance on natural gas peaker plants. At the other end of 
the size spectrum, Tesla and Green Mountain Power are 
providing Tesla’s Powerwall 2 to residential customers in 
Vermont for a low monthly lease or up-front purchase price. 
Tesla is working with Green Mountain Power to aggregate 
these distributed residential energy storage resources and 
bundle them with Powerpack deployments located on  
utility-owned property for dispatch as a virtual power plant 
that can provide a variety of grid services.

FLOW BATTERIES 
According to GTM Research, flow batteries accounted for 
just 5% of the US energy storage market in Q2 2017. As the 
technology matures, flow batteries could capture more 
market share in niche applications. While most analysts 
believe it will be difficult to displace Li-ion batteries, at 
least over the short term, in applications with a sub–4-hour 
discharge duration, many think that an opportunity exists 
for new technologies in applications where discharge 
duration is on the order of 4–6 hours or more. Examples 
of applications that favor a long-discharge battery include 
electric energy time shift or energy arbitrage, transmission 
and distribution upgrade deferral, and microgrids with 
variable renewable resources. 

Flow batteries are constructed and scale up very dif-
ferently from Li-ion batteries. Most flow batteries con-
sist of two liquid electrolyte tanks and a cell stack area, 
like the vanadium-based flow battery in Figure 2 (p. 140). 
During operation, pumps circulate the electrolyte materials 
through porous electrodes in the cell stacks, which an ion-
specific membrane separates to allow 

Application stacking   In 2016, S&C 
developed the first municipal utility–
owned solar-plus-storage project in the 
US for the Village of Minster, Ohio. The 
project includes a 4.2 MW PV system 
and a 7 MW/3 MWh energy storage 
system with NMC-type Li-ion batteries 
from LG Chem. Stacked value streams 
associated with the energy storage 
system include frequency regulation, 
peak power shaving, voltage regula-
tion and reactive power compensation 
hardware deferral. C
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Anode: The negatively charged terminal of a battery, 
under discharge conditions, where chemical energy is stored. 
Chemicals at this terminal have a surplus of electrons available 
for donation.

Anolyte: The negatively charged liquid electrolyte on the 
anode side of a flow battery or an electrochemical cell that is 
divided into two compartments. 

Capacity: The nominal energy rating of an energy storage 
system as measured in kilowatt-hours. In the context of solar, 
capacity refers to the power (kilowatt) rating of a PV system under 
standard test conditions; in the context of batteries, it describes 
the amount of energy a system can deliver or absorb over the 
course of an hour, which will vary based on charge rate. Note that 
a battery’s nameplate capacity rating does not equal its usable 
capacity, which is a function of other characteristics, such as 
allowable depth of discharge and system efficiencies, including 
inverter, cabling and transformer losses.

Cathode: The positively charged terminal of a battery under 
discharge conditions that establishes an electromotive force. 
Chemicals at this terminal have a deficit of electrons. 

Catholyte: The positively charged liquid electrolyte on the 
cathode side of a flow battery or an electrochemical cell that is 
divided into two compartments.

Charge rate (or C-rate): 1. The rate at which a battery can 
charge; 2. The rate at which a battery discharges relative to its 
maximum capacity; 3. The maximum safe continuous dis-
charge rate for a battery. 

Cycle: One charge and discharge sequence. Note that all 
cycles are not created equally but vary in intensity based on 
C-rate and depth of discharge.

Cycle life: The rated number of charge-discharge cycles a 
battery supports based on a specific depth of discharge. 

Dendrite formation: Needlelike metal accumulations on the 
anode of a battery that, if uncontrolled, can cause a hazardous 
short-circuit condition.

Depth of discharge: The energy discharged from a bat-
tery, expressed as a percentage, relative to the total amount 

of stored energy. While some batteries support 100% depth 
of discharge, many do not.

Discharge duration: The length of time that a battery can 
discharge at its nominal power rating.

Energy density: The amount of energy that a battery stores 
in relation to its volume. (See also specific energy.) 

Electrolyte: A chemical medium that allows the flow of  
electrons between the cathode and anode of a battery. 

Oxidation: Chemical reactions that result in an electrode’s 
release of electrons. This reaction occurs simultaneously with a 
reduction reaction at the opposite electrode. 

Power density: The power level that a battery supports in 
relation to its volume. (See also specific power.)

Power rating: The kilowatt rating of an energy storage 
system, describing the amount of power that can flow instanta-
neously in or out of a battery.

Primary battery: A nonrechargeable battery constructed 
with cells whose electrochemical reaction is not reversible. 

Reduction: Chemical reactions whereby an electrode 
accepts electrons. This reaction occurs at the same time as an 
oxidation reaction at the opposite electrode. 

 Response time: The length of time it takes for a battery to 
transition from no discharge to full discharge. 

Secondary battery: A rechargeable battery constructed with 
cells whose electrical chemical reaction is reversible.

Specific energy: The amount of energy a battery delivers  
in relation to its mass. 

Specific power: The amount of power a battery delivers in 
relation to its mass. 

Thermal runaway. A potentially destructive positive feed-
back loop whereby an increase in temperature in a system 
generates heat, further increasing internal temperatures. 
Some types of batteries, including Li-ion cells, are susceptible 
to thermal runaway under abusive conditions during charg-
ing or discharging. Cascading thermal runaway occurs when 
the uncontrolled exothermic reaction in one cell spreads to 
adjacent cells.•

Energy Storage Glossary

I f you have been in the solar business for more than 15 years, you are likely somewhat familiar with the lexicon of batteries. 
Before SMA America introduced its high-voltage string inverter to North America in the early 2000s, most PV systems in the 
US and Canada included an energy storage component, even in grid-interactive applications. Just 5 or 10 years ago, inter-

active PV systems with energy storage were the exception rather than the rule, but the pendulum is showing signs of swinging 
back in the other direction. This glossary defines some foundational terms, many of which I use in this article, that point out some 
important differences between solar and storage ratings and describe some battery failure modes.
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electron exchange between the positively charged catholyte 
and the negatively charged anolyte. The cell stack structure 
of this battery type is similar to that of a fuel cell, except 
that a secondary flow battery can re-energize and reuse  
the electrolyte.

Generally speaking, flow batteries are categorized as 
either true redox flow batteries or hybrid redox flow bat-
teries. The term redox is a contraction of reduction and 
oxidation (see “Energy Storage Glossary”), which describes 
the ion exchange at the core of the flow battery. In a true 
redox flow battery, the electrolyte chemicals remain dis-
solved and in solution at all times; in a hybrid redox flow 
battery, some of the chemicals that store electrochemical 
energy are plated as a solid. 

One of the unique aspects of the true redox battery con-
figuration is that it effectively decouples the battery’s energy 
rating from its power rating. The battery stores energy in  
the electrolyte itself, meaning that its energy rating 
increases or decreases in relation to tank volume. The power 
rating, meanwhile, is a function of cell stack area, mean-
ing that it increases or decreases in relation to the number 
of cell stacks. By varying tank volume and the number of  
cell stacks, suppliers can tailor the energy and power  
ratings of a true redox flow battery to application- 
specific requirements.

While flow batteries do not provide the energy density 
of Li-ion devices, they have a much longer lifespan and 
present fewer safety concerns. Because the reactants are in 

the electrolyte, and the anode and cathode do not really 
participate in the chemical reaction, charge-discharge 
cycles do not age the electrodes, and battery capacity does 
not degrade. Because only a fraction of the electrolyte vol-
ume is in the battery cell stack at any one time, the short-
circuit potential of a flow battery is negligible, typically 
posing no danger to equipment or personnel. Flow batter-
ies also do not present a thermal runaway hazard, and the 
electrolyte is generally not flammable. Some flow batteries 
do not even require auxiliary cooling systems because the 
liquid electrolyte itself regulates temperatures inside the 
battery cell stack. 

Though the hardware that makes up a flow battery is 
capital intensive, the product itself is relatively simple. 
Instead of having thousands of battery cells and cell-level 
management systems, the flow battery is more monolithic 
and has a lower parts count. Of course, moving parts such 
as pumps need replacing over the life of the system. In addi-
tion, even if the electrolyte is designed to last the service life 
of the battery, periodic electrolyte maintenance is required 
to reestablish the proper chemical balance and optimal 
fluid characteristics.

As is the case with Li-ion batteries, different flow battery 
chemistries have different profiles in terms of performance, 
toxicity, cost and so forth. Examples of flow battery chem-
istries deployed in grid applications include all-iron hybrid 
redox, vanadium redox, zinc-bromine hybrid redox and zinc-
iron hybrid redox.

All-iron hybrid redox. In October 2012, Portland, Oregon–
based Energy Storage Systems (ESS) received a nearly $3M 
ARPA-E award to commercialize a 10 kW/80 kWh all-iron 
hybrid redox flow battery. Part of the value proposition of 
an iron-based flow battery is that it uses abundant, low-
cost materials that are environmentally benign. When 
charging, ferrous ions plate out as solid iron on the nega-
tive electrode; on discharge, the solid iron dissolves and 
releases two electrons to the positive electrode. The ben-
efit of using the same element on both sides of the bat-
tery is that this eliminates degradation issues associated 
with cross-contamination of the electrolyte materials.  
An inherent challenge of an all-iron design is finding  
ways to improve power density. ESS has fielded its  
all-iron flow batteries in a variety of grid applications, 
including a 60 kW/225 kWh microgrid demonstration  
project at Fort Leonard Wood in Missouri.

Vanadium redox. Among the various flow battery chem-
istries, vanadium redox is the current market leader. The 
vanadium redox flow battery is a true redox flow device that 
uses vanadium-based electrolytes on both the positive and 
negative sides of the battery. During the discharge cycle, 
vanadium2+ ions oxidize in the negative electrode to form 
vanadium3+, allowing an electron to migrate to the positive 
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electrode and reduce vanadium5+ ions to vanadium4+ ions, 
as shown in Figure 2. While vanadium is more expensive 
than iron, vanadium electrolytes provide a relatively higher 
cell voltage, which improves power and energy density. The 
downside of vanadium’s energetic nature is that the sulfu-
ric acid–based electrolytes are corrosive, which exposes 
battery subcomponents to chemical stresses. 

In the late 1980s, the University of New South Wales 
fielded the first vanadium redox battery. Companies have 
deployed the technology at scale globally in demonstra-
tion projects and in commercial applications for roughly 
a decade. Active vanadium redox flow battery companies 
include Sumitomo Electric, a large Japanese conglomer-
ate; Vionx Energy, a Massachusetts-based start-up founded 
in 2015; and UniEnergy Technologies (UET), a Seattle-
based company founded in 2012. In partnership with the 
US Department of Energy and a number of national lab-
oratories, EPB, a municipally owned utility serving the 
greater Chattanooga, Tennessee, area, recently deployed a  
100 kW/400 kWh vanadium redox flow battery from UET 
as part of a smart grid demonstration project. EPB will use 

the battery for renewables integration, voltage regulation, 
backup power and advanced microgrid operations and 
energy management. 

Zinc-bromine hybrid redox. Exxon developed the zinc- 
bromine hybrid redox flow battery in the early 1970s. During 
a charge, zinc is plated as a solid metal on the positive elec-
trode in the battery cell stack; upon discharge, the zinc 
metal releases two electrons and oxidizes to form zinc2+. 
This chemistry provides not only a high cell voltage, but 
also a very high energy density. Since 2012, Australia-based 
Redflow has deployed zinc-bromine hybrid redox flow bat-
teries in a variety of interactive applications, from the grid 
scale down to the residential scale. In the US, California-
based Primus Power recently released the EnergyPod 2, a 
second-generation zinc-bromine flow battery that is scal-
able in 25 kW/125 kWh increments up to 25 MW. The archi-
tecture that Primus Power uses is unique in that it features 
a single tank, a single pump and a single flow loop, elimi-
nating components and costs relative to other flow batter-
ies. The resulting battery has a 5-hour discharge duration 
and a small footprint.

SDG&E goes with the flow  In March 2017, Sumitomo commissioned this 2 MW/8 MWh vanadium redox flow battery system, 
the largest in the state of California, for San Diego Gas & Electric. Over a 4-year demonstration period, SDG&E will evaluate the 
technical and economic viability of using this battery technology and shift energy in time to tame the “duck curve.”
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Zinc-iron hybrid redox. Lockheed Martin pioneered the 
alkaline-based zinc-iron hybrid redox flow battery in  
the 1980s. In this battery, the catholyte is food-grade 
iron salt dissolved in an alkaline solution, and the  
anolyte is battery-grade zinc oxide suspended in an alka-
line solution. During charging, zinc plates out of the  
anolyte onto the anode. While these electrolytes are 
caustic, they are nontoxic and do not require any exotic 
materials. Because the electrolyte is not acid based, the 
battery does not require complex, corrosion-resistant 
materials for the subcomponents. The resulting battery 
is less energy dense than an acid-based hybrid redox  
flow battery, but is also safer and costs less. 

The highest-profile zinc-iron flow battery supplier is 
Austin, Texas–based ViZn Energy Systems. Founded in 
2009, the company started deploying its batteries in pilot 
projects 6 years later. The company has since developed a 
suite of containerized solutions for commercial, industrial 
and utility applications that scale up from 100 kW to more 
than 100 MW and has delivered solutions to customers 
in the US, Canada, Central America, Europe and India. In 
March 2017, the company announced that it was supply-
ing a 200 kW/800 kWh battery to a microgrid project at a 
luxury resort in Nicaragua that will include diesel backup 
and an 800 kW solar array. 

OTHER TECHNOLOGIES 
Though Li-ion and flow batteries account for the majority 
of the market in stationary applications, other technolo-
gies have some track record in the field or are beginning to 
come to market. Sodium-based chemistries, for example, 
had some market traction in the emerging grid-scale bat-
tery sector before the ascendance of Li-ion. In recent years, 

zinc-air batteries with aqueous electrolyte have made prog-
ress toward commercialization. 

Sodium-sulfur batteries. The sodium-sulfur (NaS) battery 
uses molten sodium as the negative electrode and molten 
sulfur as the cathode. During discharge, the sodium donates 
an electron. Advantages of the NaS battery include high 
energy density, excellent cycle life, affordable materials,  
high efficiencies and low self-discharge. Disadvantages are 
that NaS batteries require high internal temperatures to 
keep electrolytes in a molten state and are not well suited for 
power applications. This technology is best for applications 
that require a long (>6 hour) discharge duration.

Tokyo-based NGK Insulators is a century-old Japanese 
ceramics company known for its insulators and NaS bat-
teries. The company began developing molten-salt NaS  
batteries in 1984 and successfully commercialized 
large-scale products by 2002. NGK has deployed its NaS 
batteries at nearly 200 locations globally to provide a 
cumulative installation base of 530 MW/3,700 MWh for 
load leveling, renewables integration, transmission and 
distribution network management, and microgrid and 
ancillary services. 

Zinc-air batteries. Nonrechargeable zinc-air batteries 
have a long commercial history, dating back to the 1930s. 
In the 1970s, companies started building small button-type 
zinc-air batteries to power hearing aids and other medical 
devices. Because atmospheric air serves as one of the reac-
tants, these batteries offer excellent performance in terms of 
energy density and specific energy. Miro Zoric, a Slovenian 
inventor, produced the first rechargeable zinc-air battery 
in 1996 and began mass production in Singapore for trac-
tion applications the following year. Within the last 5 years, 
rechargeable zinc-air batteries have begun to make inroads 
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Sodium-sulfur batteries  This  
34 MW/224 MWh energy storage 
system in Japan uses NGK Insula-
tor’s NaS batteries for renewables 
integration. NaS batteries have lost 
market share in the US in recent 
years due to rapid price declines  
for Li-ion technologies.
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in stationary grid applications. While zinc-air batteries can-
not match Li-ion batteries for power delivery, they have the 
potential to be cost competitive and may be able to match 
the lifespan of flow batteries. 

The companies pioneering grid applications for zinc-air 
batteries are generally small start-ups. For example, Eos, 
an Edison, New Jersey–based supplier founded in 2008, 
has developed a 1 MW/4 MWh zinc-air battery system for 
grid applications. The Eos Aurora 1000|4000 uses a zinc-
hybrid cathode battery with an aqueous electrolyte. The 
company designed the product to provide 5,000 100% dis-
charge cycles, which equates to a 15-year calendar life, and 
claims that it can undercut the per-kWh cost of Li-ion by 
as much as 50%. Scottsdale, Arizona–based Fluidic Energy, 
meanwhile, has been deploying commercial-scale zinc-air 
batteries in long-duration applications in the developing 
world as an alternative to lead-acid batteries. Bloomberg 
New Energy Finance selected Fluidic Energy as one of its 
ten 2017 New Energy Pioneers. 

Market Maturation
The parallels between the nascent energy storage market and 
the early days of the solar market are striking. Promising and 
potentially disruptive technologies are moving from research 
and development to pilot projects and commercial applica-
tions. Venture capital–backed start-ups championing new 
technologies are going toe-to-toe with deep-pocketed mul-
tinational corporations heavily invested in somewhat more 
proven technologies. In spite of steep cost declines, viable 
business cases are few and far between. Though fielding proj-
ects is capital intensive, it is difficult to prove bankability and 

find financing. A few forward-looking states and utilities are 
developing and implementing goals, policies and incentives 
intended to jump-start the market. California and a handful 
of other states with high energy prices are leading the way in 
terms of field deployments. 

For solar industry veterans, it is déjà vu all over again. 
The energy storage industry is changing so quickly that tech-
nologies and vendors in the ascendance last year could be 
out of the game next year. As was true in the Wild West days 
of solar, some pioneers of storage will take arrows and many 
will fail in order for a few to succeed. The stakes are high, 
however, as those settlers who succeed in staking a claim 
will transform the energy industry for decades to come.

Fitzgerald, Garret, et al, The Economics of Battery Energy Storage: How 

Multi-Use, Customer-Sited Batteries Deliver the Most Services and Value 

to Customers and the Grid, Rocky Mountain Institute, October 2015

GTM Research and the Energy Storage Association, US Energy Storage 

Monitor: Q3 2017, September 2017

g R E S O U R C E S

Aqueous zinc-based 
battery  Eos manufactures 
a proprietary zinc hybrid 
cathode battery with a 
saltwater electrolyte. The 
basic building block is a 
sealed-off static cell sub-
module rated at 1 kW/ 
4 kWh, which the com-
pany aggregates into a  
1 MW/4 MWh utility-scale 
product, the Eos Aurora 
1000|4000.
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Sponsored
content

The solar industry has 
entered a new era, one 

of high-yield solar modules, 
improved system performance 
and a more competitive level-
ized cost of electricity (LCOE). 
Installers and developers are 
embracing best practices in 
module manufacturing and 
increasingly seeking mod-
ules with higher energy yield 
because of the advanced 
technology’s ripple effect on system 
performance. Within the industry, 
there is a race to the top in terms of 
performance and quality, and bifacial 
modules, which are 1,500-volt compat-
ible, make up the next frontier. Here we 
discuss the competitive advantages of 
bifacial modules for installers and the 
design strategies to take full advantage 
of the technology for ground-mount 
and tracking systems. 

The manufacturing costs of bifa-
cial modules—a key driver behind 
price—are similar to those of conven-
tional passivated emitter and rear cell 
(PERC) modules. The biggest cost dif-
ference between a 
PERC module and 
a bifacial module 
comes from add-
ing glass to the 
backside instead of 
a back sheet. 

The benefits of 
bifacial modules 
are multifold. The 
use of high-yield 
modules brings an 
economic advantage to a solar power 
plant: Using a higher power density 
product, installers can achieve the 
same system size and output with 
fewer modules compared to a con-
ventional system. Since less modules 
and system inputs are needed, bifacial 
modules provide savings on reduced 

BOS costs such as cabling, racking, 
labor and land. Additionally, a higher 
yield and higher quality product deliv-
ers improved system LCOE.

In some cases, utility-scale proj-
ects have more to gain from advanced 
solar technologies, such as trackers, 
given the systems’ greater economies 
of scale and subsequent returns. The 
market is responding to these benefits: 
LONGi Solar had 100 MW of bifacial 
orders in 2017. In 2018, LONGi expects 
that number to increase.

In 2017, LONGi supplied 20 MW of 
bifacial modules for a 100 MW ground-
mount installation in the Qinghai 
province of China—the world’s 

largest bifacial 
solar installa-
tion. This project 
was equipped 
with single-axis 
trackers with a 
post height at 2.2 
meters and an 
approximate 45% 
ratio of module 
area to land area, 
or ground cover-

age ratio (GCR). Let’s unpack what 
those design parameters mean.

As more developers look to 
include bifacial modules into their 
system design and are modeling their 
bifacial utility-scale systems within 
the local conditions and size param-
eters, they must consider several  

factors for optimized siting  
and installation. 

Selection of the background 
is a first consideration when 
understanding the system’s 
performance, as bifacial mod-
ules will capture more energy 
from more reflective surfaces. 
Reflective materials such as 
metals can reflect approxi-
mately 85% of solar radiation, 
while snow reflects approxi-

mately 70%.
For ground-mount systems, 

mounting considerations include GCR 
and racking height, since the higher 
the racking, the more irradiation the 
bifacial modules can capture. A lower 
GCR brings more light to the backside 
of the module and improves backside 
energy yield.

Tracking systems for PV power 
plants are another important factor 
for system optimization. In conven-
tional ground-mount systems, bifacial 
modules can offer 10%–15% higher 
energy yield before integration with 
advanced technologies such as trackers. 
Combining bifacial modules with single-
axis trackers can increase total energy 
yield by 20%–30%. In a study that used 
LONGi’s bifacial modules in the Kubuqi 
desert in China, the energy yield gain 
from the bifacial and tracker system was 
about 26.7% with the specific bifacial 
gain around 15.9%. LONGi is working 
with tracker companies to assess the 
pros and cons of each design and their 
impact on bifacial energy yield. 

As more and more projects inte-
grate bifacial modules and the returns 
on the technology is further proven for 
the market, we see bifacial modules as 
being a breakthrough technology in 
the utility space and the larger solar 
energy industry.

—LONGi Solar Technology / Shaanxi, 
China / longi-solar.com

An Installer’s Guide to Bifacial Modules

http://en.longi-solar.com
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