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Get Tested Products from  
a Leading Distributor
When you buy from AEE Solar, you  
can be confident you are getting the  
best products the industry has to offer.  
With 30 years of solar experience, we  
know which products deliver the best  
value for your money.

Plug Your Business into  
30 Years of Solar Expertise

I’m Plugged  
into AEE Solar

YVONNE KENDRICK
Axium Solar

 ”AEE Solar consistently delivers quality 
products, on time at competitive 
prices. Snap n Rack and REC Modules 
are the best of the best. AEE sales 
representatives are professional, 
responsive, and courteous.  Together 
we win!” 

The Only Wholesale  
Distributor You’ll Ever Need

800-777-6609
www.aeesolar.com
sales@aeesolar.com
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• Best in test for five out of 12 months
• Second highest overall
• 6.1% more power produced than  
   test average

REC Shines in 2010 Photon ModuleTest



Like the butter�y e�ect, where a small change at one place 
can result in large di�erences in another state, we can save 
the planet one Jinko solar system at a time.
Find out more at:  www.jinkosolar.com



Solectria Renewables, LLC is the leading U.S. based grid-tied photovoltaic 

inverter manufacturer for residential, commercial and utility-scale solar 

installations. Our versatile line of high efficiency products provide power 

solutions ranging from 1 kW residential systems to multi-megawatt 

solar farms. Solectria Renewables’ products are backed by more than 20 

years of experience in the power electronic and inverter industries and 

supported by world class warranties. All of our commercial and utility-

scale PV inverters are manufactured in the USA, ARRA compliant, Ontario 

FIT Content Compliant, and listed to UL 1741/IEEE 1547.

SMART GRID UTILITY-SCALE 
INDUSTRY LEADING INVERTERS 

real world solution: 

Size: 1.01 MW

Installer:     

Location: Haverhill, MA

Products: 2, SGI 500; String 
Combiners; SolrenView Monitoring

Date commissioned: November 2010

“We have partnered with Solectria 
Renewables on various utility-scale 
projects – we value our long term 
relationship and chose the SGI series 
inverters due to their durability, 
reliability, and high efficiencies.”

– Steve Hopkins, Project Manager, 
Fischbach & Moore

www.solren.com    |    inverters@solren.com    |    978.683.9700      



Rick Lavezzo 

Arraycon Founder and President 
Former Commander, International  
Construction with SunEdison

        the most reliable 
utility-scale tracker 
under the sun.

sales@arraytechinc.com    505.881.7567    arraytechinc.com   

Rick Lavezzo knows a thing or two about utility scale solar and trackers.  With more than 120 installed 
MWs under his belt, Rick knows the best tracker is the one that provides reliable service even in the 
harshest conditions. That’s why he prefers Array Technologies’ DuraTrack™HZ tracking system. 
“When you combine ease of installation and high field density with proven reliability, you get the 
highest ROI — making the DuraTrack the best tracker on the market.”

DuraTrackHZ™



 Made in  
   America.

Now you have the freedom of choice with 
Perlight’s American-made, USA Series.

Solar energy is about more than sustainable energy, 
it’s also about sustainable jobs. Perlight is proud to

give you the freedom to choose from the best, 
high-quality modules produced in either 

our international or American facilities.

With 3 decades of history & growth, 
our 25 year warranty really means something.

Introducing our new,
all black, American- made

250w solar module.

PERLIGHT SOLAR
For more info contact us today at: 

PerlightUSA.com
424.242.8068 Powering Possibilities

PERLIGHT SOLAR
Powering Possibilities

Celebrating Our

30th ANNIVERSARY
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36 Storage Strategies for Commercial 
  Solar Water Heating Systems 

Delving into the intricacies of SWH storage can be an onerous 
exercise, due to the wide variety of available products and the 
infinite variations in how storage tanks can be integrated with 
systems in use at the client’s facility. We examine the factors that  
go into determining an optimal storage strategy, as well as 
installation considerations for commercial systems.
By Justin Weil and Patrick O’BOyle 

58 Alternating Current PV Modules 
  in the NEC

Many solar professionals consider ac modules to be among the 
latest and greatest PV product innovations. What they may not 
realize is that the NEC has long had clear guidelines for their 
deployment. This article provides a detailed analysis of NEC 2011 
requirements for installations that utilize ac modules.
By JasOn Fisher 
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58

72

36

72 Wind Load Analysis for Commercial 
  Roof-Mounted Arrays

PV arrays should be designed to withstand wind forces  
as prescribed in the building codes. However, there is a 
significant challenge in applying existing codes to commercial 
and industrial roof-mounted PV systems. We present an 
analytical approach for determining wind loads on sloped PV 
arrays mounted on low-slope roofs.
By cOlleen O’Brien and david Banks 



Why I switched to SunWize

A Subsidiary of Mitsui & Co. (USA)
Delivering Sustainable Energy

©2011 SunWize • 800.817.6527 • www.sunwize.com

Visit www.sunwize.com/difference or call us at 800.817.6527 and  
find out how switching to SunWize can help your business be successful.

12.7 kW grid-tied system, Monroe, OR

“Like many PV installers, my time is spent on a variety of priorities.  
The biggest priority, however, is my customers. They have placed their 
trust in me to fulfill their solar hopes and dreams. When I buy equipment, 
it makes no sense to try and save a few cents by using suppliers that were 
not here yesterday and may not be here tomorrow. SunWize provides me 
with product variety, great customer service, and very competitive pricing.  
Most of all, SunWize provides me with a stable business relationship that  
I can place my trust in.” Matthew Henderson

Solar Sales Consultant 
Benton Electric

SunWize HmPwr-SolarPro_3-12.indd   1 4/3/12   3:14 PM
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Inverter type,  
size and voltage

Voltage range  
(V)

Clearing time(s) 
(seconds)

Residential  
240 Vac

V < 211.2 2.00

211.2 < V < 264 operational

264 < V 1.00

Commercial,  
3-phase 208 Vac,  
<30 kW inverter

V < 104 0.16

104 < V < 183 2.00

183 < V < 228.8 operational

228.8 < V < 249.6 1.00

249.6 < V 0.16

Commercial,  
3-phase 480 Vac,  
>30 kW inverter

V < 240   0.16 1

240 < V < 422.4   2.00 1

422.4 < V < 528 operational

528 < V < 576   1.00 1

576 < V   0.16 1
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f  O n  t h e  C O v e r  Justin Weil, 

president of sunWater solar, is a leading 

authority on commercial solar water heating. 

the 100-unit station district Family housing 

development in union city, california, utilizes 

two unpressurized 2,100-gallon storage 

tanks manufactured by haase tank usa to 

store the heat produced by a 2,800-square-

foot heliodyne collector array.  
Photo by Shawn Schreiner 
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Your Best Rooftop Protection Policy – Quick Mount PV

Justin McComas, Baker Electric Solar

 I learned the hard way at my last employer. Now I trust every 
job I can to Quick Mount PV.  ”“ 

When licensed electrician and veteran PV installer Justin 
McComas became general foreman with Baker Electric Solar  
in 2011, he selected Quick Mount PV as the preferred mount 
on every solar installation where they could be used. “At my 
previous employer we used a cheaper mount, and one of our 
installs developed a leak that led to mold,” Justin said. “The cost 
in money, reputation, and cancelled jobs was enormous.”

Baker Electric Solar crews use Quick Mount PV’s Classic Composition 
and Universal Tile Mounts on about 20 jobs each month. “We love 
the installation speed of the Classic Comp, and its clean sleek 
look,” said Justin. “What sold me on the Universal Tile Mount was 
its reinforced base. Superior shear strength is critical on arrays 
sitting seven inches above a tile roof.”
Justin also appreciates saving labor and avoiding mistakes by 
getting all parts, hardware and instructions in a single box. “Now I 
walk away from every Quick Mount job with 100% con� dence that 
it won’t leak,” Justin said. “Quick Mount PV is the best protection 
I can buy.”  

INDUSTRY LEADING TECHNOLOGY

QBase: Where the Roof Meets the Load
Our Low Slope, New Roof & Universal 
Tile Mounts use our QBase: the world’s 
strongest o� -the-shelf mounting base.

QBlock: Patented Elevated Water Seal
Our Classic Comp & Shake Mounts 
install watertight, code-compliant 
attachments with a single bolt.

925-687-6686   
products@quickmountpv.com
www.quickmountpv.com

M
ADE IN THE USA

            
■  100% IBC compliant
■  Patented elevated water seal
■  All aluminum � ashing
■  All hardware included
■  Works with all leading racks
■  10-year warranty; 50-year expected life
■  Live tech support, year-round training

QUICK MOUNT PV ADVANTAGES:

           CLASSIC COMP                     CLASSIC  SHAKE                   NEW ROOF COMP

                LOW SLOPE                                                  UNIVERSAL TILE

See us at 

Intersolar
in San Francisco! 

July 10-12

Booth #9135



Contributors
Experience + Expertise 

Colleen O’Brien has worked in the PV industry since 

1996. She managed the testing and reliability group at 

PowerLight (now SunPower), where she was responsible 

for the mechanical and electrical testing of PV modules 

and mounting hardware, including wind tunnel test 

programs. O’Brien now works as a principal engineer at 

BEW Engineering, a DNV company, where she conducts 

engineering reviews of PV systems. She is a California-

licensed mechanical engineer.

Justin Weil, the president of SunWater Solar, has been 

deeply involved in the solar industry for more than 11 years. 

Weil specializes in commercial-scale solar water heating 

applications and has sold, designed, built and commissioned 

countless projects. A well-respected industry expert,  

he advises several government entities on solar heating 

policy issues.

Jason Fisher has been earning his living in the PV industry 

for more than 15 years. From 1996 to 2006, he owned 

and operated the first fully licensed PV contracting firm in 

Maryland, where he designed and installed dozens of utility-

interconnected PV systems, including his first ac PV module 

in 1999. Fisher is a licensed master electrician, a NABCEP 

Certified Solar PV Installer, a UL Certified PV System Installer 

and an ISPQ Certified Master Trainer with SunPower’s ISPQ-

accredited PV training program.

Patrick O’Boyle is the director of communications at 

SunWater Solar, where he manages public relations and 

marketing efforts, and assists with project management 

and sales. Previously, O’Boyle managed corporate 

communications at a Fortune 100 company and worked 

for several public relations firms in the US and Hong Kong. 

O’Boyle strives to increase public awareness of commercial 

solar water heating technology while also attracting new 

clients to SunWater Solar.

Sean White is a traveling instructor who has been teaching 

PV design and installation since 2008 for a variety of 

institutions, including Diablo Valley College in Pleasant Hill, 

California; Solar University in Livermore, California; Krannich 

Solar in Mount Laurel, New Jersey; and the Solar Education 

Center at various locations. He also teaches in Canada and 

China. In his spare time, White helps private clients install 

and design PV systems.

No worries.

Now the 

Magnum 

MS-PAE 

Inverter/

Charger 

comes with 

a three-year 

warranty 

standard.

www.magnumenergy.com

Don’t need 

a full MP or 

MMP system?



The PV150 Solarlink™ Test Kit contains more than simply the tools to meet all the commissioning test
requirements of NABCEP and other international standards. It holds the secret to making it more efficient,
easier and safer.

Solarlink™ connectivity between the PV150 tester and Solar Survey 200R
irradiance meter, allows irradiance, module and ambient temperature results
from the 200R to be transmitted over a wireless link and be recorded in real
time in the PV150.This is the only PV installation tester with all of the PV
electrical test functions in one hand-held unit. And now, you can improve
speed and traceability by downloading all results via USB.

The solution to gaining the competitive edge? It’s in the bag.

Available now, contact us for full details 813-886-8775
www.seawardsolar.com/solarpro or email enquiry@seawardsolar.com

See us at: Intersolar North America, Booth 8638

SOLAR
F r o m S e a w a r d

Faster, safer, traceable solar PV testing.
It’s in thebag.

Photovoltaic Commissioning
and Testing guidance book

Visit seawardsolar.com/solarpro
FREE

NEW

4117 Solar Pro (US) Jun-Junl 12 FP Ad v2:4117 206x276  2/4/12  17:30  Page 1
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INNOVATIVE  SOLAR MOUNTING SOLUTIONS

 Simplifi ed components for fast roof and

  ground mount installations

 Custom solutions for unique applications

 Proven quality and durability

 Exceptional value, expert support

The support system for 
your solar installation business.

For more 
information, 

or product details, 
call today

1-248-322-8444

 www.levelonesolar.com

1-248-322-84441-248-322-8444

information, 
or product details, 

call today

1-248-322-84441-248-322-8444

Proven quality and durability

Exceptional value, expert support

For more 

  ground mount installations

Custom solutions for unique applications

Proven quality and durability

Exceptional value, expert support

For more For more 

Proven quality and durability

Exceptional value, expert support

For more 



KACO new energy is a global leader in solar power electronics with over 60 years of 
industrial experience. The first transformerless solar inverters were invented by KACO in 
1999 with immediate benefits for solar electric system performance and economics.  

Transformerless solar inverters offer less complexity for a longer design life, while 
also providing the highest possible energy yields. Our M series offers transformerless 
inverters enhanced design flexibility and energy production advantages through the 
integration of the Tigo Energy® Maximizer™ Management Unit (MMU). 

The newest addition to the blueplanet line of transformerless solar inverters is the 
XP10U-H4 with a 97% CEC efficiency value, and a two channel MPP input. All your 
upcoming commercial projects should harness the enduring power and innovation 
from KACO new energy.

Contact your transformerless inverter specialists at +1 (415) 931-2046.

KACO new energy’s  
10kW PV inverter, the 

blueplanet XP1OU-H4. 
Ideal for commercial 

installations.

kaco-newenergy.com

We didn’t just perfect 
transformerless solar inverters

We invented them

enduring solar installations
circle in on Kaco new energy

tranformerless inverters

Copyright 2012 KACO new energy Inc.
The Maximizer Management Unit is a registered trademark of Tigo Energy®
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V oltage rise is a commonly mis-
understood concept among PV 

installers, especially those who have 
not worked on electrical distribution 
systems with parallel power supplies, 
such as a utility-interactive PV system. 
When a grid-connected inverter pro-
duces ac current, the impedance from 
the grid and inverter output-circuit 
conductors causes an increase in volt-
age at the inverter relative to the utility 
voltage. This phenomenon is commonly 
referred to as voltage rise.

Voltage rise is essentially a negative 
voltage drop on the circuit between 
the inverter and the point of com-
mon coupling (POCC) that causes the 
voltage to increase at the inverter ac 
bus. Greg Smith, technical training 
specialist at SMA America, points out: 
“It isn’t that the inverter must increase 
the voltage to push cur-
rent into the grid, but 
rather the voltage rises 
because the inverter 
pushes current into 
the grid.” He explains, 
“Ohm’s Law that V = I x 
R applies when current 
is pushed against the 
impedance of the grid.” 

Whether you think 
of this change in volt-
age as voltage rise at 
the inverter ac bus or 
voltage drop between 
the inverter ac bus 
and the POCC, the net 
effect on system perfor-
mance is negative and 
must be considered 
during system design 
and specification. For 
example, the percent-
age of voltage lost due 

to voltage drop between the inverter 
and POCC is proportional to the per-
centage of power, energy and revenue 
lost, as illustrated by the following rela-
tionships: power = voltage x current; 
energy = power x time; energy = $. 

Other impacts are not as easy to 
quantify and predict. Voltage rise at 
the ac bus can also cause the inverter  

to disconnect from the grid if the 
voltage exceeds its upper ac operat-
ing voltage limit. Once the inverter 
trips and ceases to export current, it 
must monitor the utility source for at 
least 5 minutes before attempting to 
reconnect. Therefore, voltage rise is a 
potential cause of nuisance tripping 
and may result in unnecessary system 
losses or avoidable service calls.

Nuisance Tripping 
Understanding the interac-
tion between inverter and 
utility operating-voltage 
ranges is key to under-
standing how, when and 
why nuisance tripping 
occurs due to voltage rise.

Inverter operating voltage. 
The UL 1741 safety stan-
dard, which is based on 
IEEE 1547 requirements, 
defines ac operating volt-
age range for a utility-
interactive inverter as 12% 
to 10% of the nominal grid 
voltage. Table 1 shows the 
voltage trip point accord-
ing to inverter capacity 
and service voltage. Per 
this standard, an inverter 
must disconnect from the 

QA Quality Assurance

Voltage Rise Considerations for Utility- 
Interactive PV Systems

Whether you think of this change in voltage as voltage rise  
at the inverter ac bus or voltage drop between the inverter  
ac bus and the POCC, the net effect on system performance is 
negative and must be considered during system design  
and specification.

Inverter type,  
size and voltage

Voltage range  
(V)

Clearing time(s) 
(seconds)

Residential  
240 Vac

V < 211.2 2.00

211.2 < V < 264 operational

264 < V 1.00

Commercial,  
3-phase 208 Vac,  
<30 kW inverter

V < 104 0.16

104 < V < 183 2.00

183 < V < 228.8 operational

228.8 < V < 249.6 1.00

249.6 < V 0.16

Commercial,  
3-phase 480 Vac,  
>30 kW inverter

V < 240   0.16 1

240 < V < 422.4   2.00 1

422.4 < V < 528 operational

528 < V < 576   1.00 1

576 < V   0.16 1

Voltage Limits for Inverters
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1 Per IEEE 1547 these values may be adjustable in an inverter over 30 kW with utility permission.

Table 1  This table shows the grid voltage limits for utility- 
interactive inverters as required by UL 1741 and IEEE 1547.
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grid when the voltage at the inverter ac 
bus is outside this range. 

For example, consider the typical 
residential service in the US, which has 
a nominal voltage of 240 V. Per UL 1741, 
the minimum inverter ac operating 
voltage on this service is 12% less than 
nominal, or 211.2 V (240 V x 0.88), and 
the maximum inverter ac operating 
voltage is 10% above nominal, or 264 V 
(240 x 1.1). 

While 211 V to 264 V is the maxi-
mum inverter operating range for a  
240 V interconnection, the effective 
range may be somewhat narrower. 
Some manufacturers intentionally set 
the upper limit of their inverter oper-
ating-voltage range 9% above nominal 
to ensure that their inverters do not fail 
UL compliance tests. Therefore, to be 
conservative, designers may want to 
assume that the effective upper voltage 

limit for a 240 V service is actually 109% 
of nominal, or 261.6 V (240 V x 1.09).

Service voltage range.  While the 
inverter operating-voltage range is set 
by the manufacturer in relation to the 
nominal service voltage, the actual 
grid voltage maintained by the utility 
fluctuates. The American National 
Standards Institute (ANSI) defines 
the voltage tolerance for electric 
power systems in ANSI C84.1. There 
are two voltage ranges defined in 
this standard: Range A is the optimal 
service voltage range, and Range B is 
the acceptable service voltage range. 
According to ANSI C84.1, the maxi-
mum Range A service voltage is 105% 
of nominal, and the maximum Range 
B service voltage is 105.8% of nominal. 

 Compound effects. When the utility 
service voltage is at the high end of 
its operating range, the likelihood 

of inverter nuisance tripping due to 
voltage rise increases. Again, consider 
a 240 V nominal residential intercon-
nection. If the utility is operating at 
the high end of ANSI Range A, then 
the service voltage that the inverter 
is interconnecting to could be as 
high as 252 V (240 V x 1.05). Since 
occasional “voltage excursions” are 
allowed into Range B, the utility 
would consider a service voltage of 
254 V (240 V x 1.058) to be acceptable. 
Under these circumstances, 3% or 
4% of voltage rise at the ac input bus 
could cause the inverter to discon-
nect from the utility grid. 

Fortunately, most PV systems 
are designed to have less than 3% 
to 4% voltage rise on the inverter 
output-circuit conductors. This is in 
part due to the relatively high cost of 
PV-generated kilowatt-hours, which 
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incentivizes system designers to 
optimize system efficiency. In addi-
tion, Informational Notes found in 
NEC Sections 210.19(A) and 215.2(A) 
suggest that “reasonable efficiency of 
operation” is achieved if voltage drop 
is kept under 3% in branch circuits 
and feeders, and under 5% overall. 

However, the inverter output cir-
cuits are not the only source of resis-
tance in a grid-connected PV system. 
John Berdner, general manager for 
North America at SolarBridge, explains: 
“The resistance is the sum of imped-
ance of the wire plus the impedance of 
the grid.” He continues, “In our testing, 
we have found that grid impedances 
range from a high of around 0.4 Ω in an 
older 100 A residential service to 0.1 Ω 
or less in larger services.”

The potential for increased grid 
impedance is of particular interest. 
Following the 120% allowance found 
in Section 705.12(D)(2), a 100 A–rated 

residential service accommodates a 
20 A circuit breaker on the inverter 
output circuit. Since this overcurrent  
protection device needs to be rated to 
carry 125% of the inverter continuous  
output current, the interconnected  
inverter can be capable of exporting  
16 A (20 A x 0.8) at full power. There-
fore, on a residential service with 
relatively high impedance, like the one 
tested by SolarEdge, the voltage rise  
(V = I x R) could be as high as 6.4 V  
(16 A x 0.4 Ω), or 2.67%, before wire 

losses in the inverter output circuit are 
factored into the equation.

Berdner points out that the com-
pound effects of high service voltage 
(+5% to 6%) and voltage rise between 
the inverter and the utility grid at full 
power (+3% to 4%) are such that every-
thing could be designed and operating 
correctly, and yet the system could be 
on the verge of nuisance tripping—
especially if the inverter is conserva-
tively set to trip at 109% of the nominal 
service voltage.  C o n t i n u e d  o n  pA g e  1 8 

QA

With the formulas shown in this article, you can calcu-
late the percentage of voltage drop in a circuit based on  
the conductor size used. However, this is backward. 
designers often know what percentage of voltage drop  
they want in the circuit and are instead solving for the  
conductor size needed to achieve this goal. 

Here is a shortcut to solve directly for the desired  
conductor resistance in a single-phase application:

R = (5 x %Vdrop x Vnom ) ÷ (i x d)

where R is the conductor resistance in Ω/kFt as found in 
NEC Chapter 9, table 8; %Vdrop  is the desired maximum 
voltage drop or voltage rise percentage; Vnom  is the nominal 
service voltage; I is the maximum circuit current; and D is 
the one-way distance of the circuit in feet. 

this is a derived equation based on the ohm’s Law 
method of calculating the percentage of voltage drop in a 
circuit. With this formula, you can quickly select a conductor 
based on specific voltage drop goals. this formula works  
for both dc and single-phase ac circuits.

Here is an example based on the percentage of voltage 

rise desired in a 6 kW residential inverter output circuit:

Inverter:  6 kW, 240 Vac 1Ø, 25 A
Inverter-to-POCC distance: 225 feet
Percent voltage drop: 1.0%

R = (5 x 1.0 x 240) ÷ (25 x 225)
    = (1,200) ÷ (5,625)
    = 0.21 Ω/kFt
 
You then use this result to look up a conductor in NEC 

Chapter 9, table 8. in this case, you are looking for a coated 
copper conductor with a resistance less than or equal to 
0.21 Ω/kFt. the following values are closest:

3 AWg = 0.25 Ω/kFt
2 AWg = 0.20 Ω/kFt

Since 2 AWg has resistance less than 0.21 Ω/kFt, 
using this size conductor ensures that the voltage rise 
remains less than 1% under full power conditions. {

“Wire size is low-hanging fruit when it comes to improving system 
performance. The best inverters today are approaching 99% peak 
efficiency and have CEC-weighted efficiencies of 97.5% to 98%. This 
means that wire losses in the system can exceed inverter losses.”
 —John Berdner, SolarEdge 

Getting down to the Wire 
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Design Recommendations 
While it is difficult for system designers 
and installers to change the grid imped-
ance or maximum service voltage at 
a site, other variables such as inverter 
location, inverter output-circuit length 
and conductor size are within their 
control. In many cases, the negative 
performance impacts of voltage rise 
can be mitigated or effectively elimi-
nated by minimizing the length of and 
resistance in the ac output conductor. 

Reduce conductor length. To the 
extent that it is possible or practical 

to do so, locate inverters close to the 
point of service. According to Berdner, 
“Reducing the length of the inverter 
output conductor minimizes the volt-
age rise in the ac wiring and therefore 
reduces nuisance tripping due to high 
ac voltage.” This is often the simplest 
and most cost-effective solution to 
potential voltage rise problems.

Increase conductor area.  System 
designers can also oversize the inverter 
output-circuit conductor to further 
minimize voltage rise. Berdner recom-
mends that designers limit voltage rise 

in the ac output circuit of residential 
and small commercial PV systems to 
1.5% or less, rather than the typical 3%. 
However, he notes, “In a large system, 
you would probably do an LCOE analy-
sis to determine the optimal wire size.” 

You can find additional principles 
and design strategies for minimizing 
voltage drop and controlling associ-
ated costs in Blake Gleason’s QA article 
“Voltage Drop in PV Systems” (Febru-
ary/March 2010, SolarPro magazine). 
While these are good general guide-
lines, inverter output-circuit specifica-
tion deserves careful consideration 
with regard to voltage rise. 

Unlike wire losses in general, the 
impacts of nuisance tripping due to 
high-grid–voltage errors are not linear 
and predictable. Utility-interactive sys-
tems with long ac wire runs are particu-
larly vulnerable. Where the potential 
for nuisance  C o n t i n u e d  o n  pA g e  2 0 

Unlike wire losses in general, the impacts of nuisance  
tripping due to high-grid–voltage errors are not linear and  
predictable. Utility-interactive systems with long ac wire  
runs are particularly vulnerable.
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tripping exists, best practice is to 
design conservatively.

Design Calculations 
Veteran system designers have the 
design tools necessary for determining 
voltage drop—and hence voltage  
rise—on inverter output circuits. If  
you do not have a preferred design tool, 
you can choose among several free 
online tools, such as SMA America’s 
Voltage Drop Calculator (america 
.sma.de/vdropcalculator.html). Calcu-
lated Industries (calculated.com) offers 
the ElectricCalc Pro, an electrical code 
calculator, that can solve for voltage 
drop either in volts or as a percentage; 
alternately, if a desired percentage of 
voltage drop is specified, the calculator 
can solve for the required conductor 
size. Wire sizing software programs are 
also available commercially.

Even if you are using online tools, 
it is helpful to know how to manually 
calculate voltage drop in a circuit. 
Ohm’s Law describes the basic for-
mula as V = I x R. In the article “Don’t 
Let Voltage Drop Get Your System 
Down” ( June 2004, EC&M magazine), 
NEC consultant Mike Holt illustrates 
how Ohm’s Law can be applied to 
single-phase ac circuits with 1/0 AWG 
and smaller conductors. To do so, 
refer to the dc resistance values found 
in NEC Chapter 9, Table 8. Since these 

values are listed in ohms per 1,000 
feet (Ω/kFT) of conductor, you can 
use simple algebra to determine the 
resistance based on the round-trip 
circuit length.

If, for example, the  previously 
mentioned 240 V utility-interactive 
inverter with a 16 A continuous 
output current was installed 100 feet 
from the POCC—for a roundtrip  
distance of 200 feet—using 12 AWG 
copper conductors, the voltage drop 
in the wires would be calculated 
using Ohm’s Law as follows:

Vdrop  = i x R
 = 16 A x (2.01 Ω/kFt x 0.2 kFt)
 = 16 A x 0.4 Ω
 = 6.4 V

To convert this result to a percent-
age, divide the voltage drop by the nomi-
nal service voltage and multiply by 100:

%Vdrop = (6.4 V ÷ 240 V) x 100
  = 2.7%

Even though 2.7% voltage drop is 
within the NEC recommendations, this 
design could result in nuisance tripping 
if coupled with high service voltage 
at a site with higher-grid impedance. 
Increasing the inverter output-circuit 
conductors to 10 AWG reduces the volt-
age drop to 1.7%.

Holt also provides more-descriptive 
formulas for single-phase and 3-phase 
voltage drop:

1Ø Vdrop = (2 x K x Q x i x d) ÷ CM
3Ø Vdrop = ( 3 x K x Q x i x d) ÷ CM

where K is a constant that represents 
the dc resistance for a 1,000-foot con-
ductor with an area of 1,000 circular 
mils at 75°C (K = 12.9 Ω for copper 
and 21.2 Ω for aluminum); Q is an 
alternating current adjustment factor 
that must be applied to conductors 
2/0 AWG and larger to account for 
self-induction (the “skin effect”); D is 
the one-way distance of the circuit in 
feet; and CM is the circular mils of the 
conductor as listed in NEC Chapter 9, 
Table 8. When using these formulas 
with conductors 2/0 AWG and larger, 
the ac adjustment factor, Q, is calcu-
lated by dividing the ohms-to-neutral 
impedance found in NEC Chapter 
9, Table 9, by the dc resistance from 
Chapter 9, Table 8. 

Since inverters operate with a 
power factor near unity (PF = 1.0) and 
have relatively small output-circuit  
conductors (1/0 AWG or less), the 
Ohm’s Law method of calculating 
voltage drop is applicable in many 
instances.

—Sean White / Solar Education  
Center/ Lafayette, CA / pvstudent.com 
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A Critical Look at Module Warranties

QA

Module warranties are an over-
looked yet vital element of the 

solar industry. As the market contin-
ues to grow, the industry depends on 
reliable technology to compete with 
traditional energy sources. Under cur-
rent warranty structures, the burden of 
cost falls too heavily on system owners. 
Module manufacturers need to better 
support their products with warranty 
terms that apportion costs responsibly 
to help build a sustainable industry 
that inspires confidence.

In this article, I propose significant 
structural changes to both commercial 
and residential warranties. The com-
mercial market requires terms that 
effectively support large-scale power 
purchase agreements (PPAs), while the 
residential market needs options that 
support the consumer and smaller 
integrators. I also review problematic 
terms in standard warranties.

Commercial Warranties
A majority of distributed-generation 
solar projects under development 
utilize third-party financing, most 
notably under the PPA model. Under 
this model, asset owners are increas-
ingly requiring system production 
guarantees from engineering, procure-
ment and construction (EPC) contrac-
tors to ensure energy cost savings. 
These guarantees commonly include 
an annual evaluation of weather- 
corrected production. Compensation 
is paid to owners at agreed-upon true-
up periods when performance falls 
short of modeled generation. EPC  
contractors are signing these guaran-
tees and charging for O&M services 
even though current warranty struc-
tures leave them exposed for labor 
costs and reduced production while 
the claims process is negotiated. 

My experience suggests that more 
support from equipment manufactur-
ers is needed on large projects. Three 
changes in particular would benefit 

system owners and responsible EPC 
contractors. First, module manufac-
turers need to standardize warranty 
terms around a linear performance 
guarantee. Second, manufactur-
ers should warrant blocks of mod-
ules rather than individual units. 
Third, systemic changes are needed 
in the way the industry deals with 
underperformance.

 Linear performance guarantee. 
While linear performance guarantees 
have been around for approximately 
4 years, they are far from the norm. 
The standard performance guaran-
tee structure is stepped, with cliffs 
in year 10 and year 20 or 25. Manu-
facturers using this stepped perfor-
mance warranty structure typically 
only guarantee 90% of nominal power 
output at the time of installation.

Pressure from industry profession-
als and the financial community has 
brought about improved performance 
warranty terms. As proof, eight of the 
53 module manufacturers listed in 
the “2011 c-Si PV Desktop Reference 
Guide” (October/November 2011, 
SolarPro magazine) offer linear power 
warranties. While the exact terms vary 
by manufacturer, typically a linear  
performance warranty will guarantee 
97% of nominal output power in year 
1 and limit the acceptable change in 
power output to not more than –0.7% 
per year subsequently.

Underwriters take a conservative 
approach in evaluating project risks. 
With an industry-wide focus on bank-
ability, module manufacturers offering 
linear power warranties will find that  
their products are  c o n t i n u e d  o n  pa g e  2 4 
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more likely to be specified on projects. 
Manufacturers that do not offer a lin-
ear guarantee will inevitably be forced 
to change or get weeded out. 

Module block warranty. Changing 
from a module-by-module to a module 
block performance warranty could 
simplify the claims process. Rather 
than system owners and manufacturers 
trying to identify individually under-
performing modules, manufacturers 
should warrant the performance of 
discrete blocks of modules within the 
system. This could be achieved through 
agreement on methods of modeling 
and measuring performance.

The tool used to model performance 
and the inputs to that tool—including 
the characterization of the module and 
project-specific variables—must be 
defined. Performance must be mea-
sured with instrumentation of suffi-
cient accuracy to determine whether 

the module block is underperforming. 
The variables to be measured include 
the irradiance, the module temperature 
and the voltage and current. 

A common discrete block at which 
to model performance would be at  
the combiner box. Monitoring perfor-
mance at this level is already common 
within the industry as it provides a cost-
effective degree of resolution. It would 
be simple and efficient to add modeling 
at this level. 

Systemic changes. A systematic 
change is needed in the way the 
industry deals with underperfor-
mance. Once an issue has been 
identified, what do we do next? 
Under current structures, defective or 
underperforming modules have to be 
isolated, removed, tested at approved 
facilities—which in some cases 
are located abroad—and replaced. 
Depending on the nature and scale  

of the performance issue, this 
endeavor is either very costly, very 
inefficient or both. 

A more efficient system would be 
for the module manufacturer to pay 
for all lost energy production resulting 
from the defective or underperforming 
equipment over the remaining term of 
the warranty or until such equipment 
can be replaced at the manufacturer’s 
discretion and cost. But at what rate? 

Guaranteeing the modeled net 
metering credit rate would make inves-
tors whole, but coming to terms on this 
variable rate with manufacturers could 
be quite convoluted and might result 
in a more costly warranty. Understand-
ing political and regulatory risks as 
well as market idiosyncrasies is not 
the module manufacturer’s business. 
However, if manufacturers guaranteed 
the wholesale price of electricity, then 
this market-determined rate would 
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leave investors short. Perhaps the best 
solution would be to agree on a negoti-
ated rate. I suggest starting at $0.10 per 
kilowatt-hour. Large buyers could work 
with manufacturing partners to negoti-
ate this number up. 

The current options for remedying 
underperforming modules are impracti-
cal. The straightforward solution I am 
proposing—to compensate project 
owners at an agreed-upon rate without 
wasting personnel resources or spend-
ing unnecessary time removing equip-
ment—is much more efficient than the 
systems currently in place. Where defec-
tive equipment requires replacement, 
indemnifying project owners for lost 
production until such equipment can be 
replaced would ensure project returns.

Residential Warranties 
A large percentage of the residential 
market is gravitating toward solar 

lease structures, which mitigate risk 
and reduce up-front capital costs to 
the end user. Under this model the 
system owner rather than the home-
owner is the financing company, 
meaning that the customer’s warranty 
requirements are similar to those for  
a commercial project. 

However, residential homeown-
ers who want to purchase PV systems 
instead of leasing them rely on install-
ers to support their module warranties. 
The primary problem with this arrange-
ment is that while the cost of replacing 
a module is covered under the manu-
facturer’s warranty, installation is not. 
That cost falls first on the installer— 
for example, installers receiving state 
rebates in California are required to 
provide no-cost repair and replacement 
for at least 10 years—and subsequently 
on the homeowner after the installer’s 
system warranty expires. 

If module manufacturers were to 
offer comprehensive warranties to 
this market, they could differentiate 
themselves and possibly earn greater 
market share. Such a shift would  
provide added assurance to the home-
owner and would support installers 
during the mandated warranty period.

10-year comprehensive warranty.  
I recommend that module manufac-
turers shift to a 10-year comprehensive 
product and performance warranty to 
better serve the residential market. A 
10-year warranty term is aligned with 
the state-mandated system warranty 
requirements in mature markets. 
Shortening the performance warranty 
period also allows manufacturers to 
remove 15 years of warranty reserves 
from their books. 

Some readers may find it surprising 
that I suggest manufacturers shorten 
their performance guarantee period for 
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homeowners by 15 years. However, if 
you look at the terms of existing limited 
performance warranties, it is not practi-
cal for homeowners to file a claim them-
selves. It is cost prohibitive to diagnose 
a performance issue, meet the manufac-
turer’s warranty testing requirements 
and incur the associated shipping and 
labor costs. Homeowners are unlikely to 
take down a working but underperform-
ing module to navigate this lengthy and 
costly process.

So what should this 10-year com-
prehensive warranty look like? At a 
minimum it should include a per-unit 
labor cost reimbursement for removing 
and replacing modules that fail under 
warranty. This would be similar to 
the terms offered by inverter manu-
facturers, which control costs for the 
manufacturer, provide a predictable 
reimbursement for installers and allow 
any approved installer to provide the 
necessary service. Further, the short-
comings found in many standard war-
ranties today need to be fixed.

Module Warranty Overview 
The two basic components of a module 
warranty are well known to industry 
professionals: the limited product war-
ranty and the limited power or limited 
performance warranty. 

Product warranty. The limited 
product warranty covers defects in 
materials and workmanship. The typi-
cal product warranty period is 5 or 10 
years. Blown diodes, delamination, 
broken junction box seals and hot spots 
due to bad solder joints all fall in this 
category. These failures are generally 
binary and easily detected either visu-
ally or with simple electrical test  
equipment once a module has been 
isolated. Of module warranty claims to 
date, the vast majority are product war-
ranty claims. 

 Performance warranty. The limited 
power warranty guarantees module 
performance over time, typically for a 
period of 20 or 25 years. The specific 
terms of this warranty support the 

manufacturer’s claims and expecta-
tions regarding annual performance 
degradation. To date few claims have 
been filed against power warranties 
for crystalline silicon modules. 

Points of Concern in  
Standard Warranties
While module warranties are similar 
from manufacturer to manufacturer, 
standardized terms would benefit the 
industry. More important, the stan-
dard warranties offered today include 
many terms that are problematic for 
system owners and installers. If these 
terms were modified, it would also 
benefit the industry in general. Prob-
lem areas found in module warranties 
from Tier 1 and Tier 2 manufacturers 
include warranty ownership and test-
ing, remedies, exclusions and settle-
ment issues.

Who holds the warranty?  Current 
warranties use terms such as “original 
end user,” “original end customer,” 

“original buyer,” “first consumer 
purchaser” and so forth. The problem 
is that specific business structures, 
state requirements or project owner-
ship models often result in a different 
party being responsible for the proj-
ect warranty. In the event that a claim 
is filed, negotiation may be required 
between multiple parties. To simplify 
claims, warranty language should be 
changed to use the universal term 
“buyer” to encompass all of these 
entities and structures.

First-owner limitation. Limiting the 
warranty to the “original buyer” is 
illogical. Projects are routinely bought 
and sold, either as assets or as part of 
a property sale. Warranties need to 
be transferable. A standard transfer of 
title would allow for this.

Testing.  Generating proof of claim 
can be expensive. Some manufacturers 
use the language of “sole and absolute 
discretion” to describe their author-
ity in determining  c o n t i n u e d  o n  pa g e  2 8 

Product warranty Defects in materials or workmanship—like the delamination 
shown here—are easier to identify and process as warranty claims than are issues 
related to underperformance. 
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performance characteristics. Certain 
manufacturers require modules to 
be tested at their factories. Others 
require that modules be sent to a 
third-party testing site. The buyer 
bears the burden of these costs until 
determination and award is made  
on the claim. 

Remedies. Manufacturers have  
the ability to correct defect- or  
underperformance-warranty claims 
with solutions determined at their  
sole and absolute discretion. Poten-
tially problematic remedies listed in 
standard warranties include replace-
ment, payment and supplemental 
capacity provisions. 

Replacement: Manufacturers may 
choose to replace defective or underper-
forming modules with remanufactured 
or alternate but equivalent models. 
“Alternate but equivalent” is a term 
that needs clarification. Varying form 
factors and electrical properties can cre-
ate costly reintegration problems, and 
aesthetics are a concern in the residen-
tial market. Industry standardization 
of modules would allow this remedy to 
become a practical solution. Also, manu-
facturers should establish a per-unit 
labor cost for removing and replacing 
failed or underperforming modules.

Payment: In cases of underperfor-
mance, manufacturers may choose 
to refund a dollar amount equal to 
the purchase price multiplied by the 
percentage of the lost power. This 
solution is completely inadequate. As 
an example, paying homeowners a 
portion of the module cost does not 
compensate them for the full system 
investment and infrastructure costs 
needed to convert that power to 
energy. Manufacturers could entertain 
paying homeowners for lost energy 
generation at an agreed-upon rate or 
at some multiple of the purchase price 
to address the full investment. More 
thought is required for this to become 
a viable and practical solution.

In a module defect situation, 
manufacturers may choose to refund 

the current market price of a new 
product as a way to meet warranty 
obligations. Adding a per-unit labor 
reimbursement is necessary to make 
this a viable solution for homeowners. 
Also, standard module form factors 
are needed to limit the costs associ-
ated with integrating a new product 
into an existing installation.

Supplement: In an underperformance 
claim, manufacturers may choose to 
provide a new additional module to 
make up for the lost power. This remedy 
is generally not workable because the 
infrastructure associated with most 
existing systems does not allow for the 
addition of a single module. 

Time. A major issue with current 
warranties is the lack of clarity on time 
frames for processing claims. With 
nothing documented, the remedy time 
frame remains open-ended and out of 
the buyer’s control. Since the majority 
of PV systems today are installed with 
string or central inverters, removing 
a module for diagnostics or service 
could result in the entire string or  
system being off-line indefinitely.

Shipping. Depending on the claim 
and vendor, shipping often is not 
covered. Module failures that are 
shown to be the fault of the manufac-
turer should be replaced at no cost to 
the buyer, including shipping. Should 
manufacturers want defective or 
underperforming modules back, they 
should call-tag them. 

Exclusions. Special attention 
should be paid to warranty exclusions 
as they are often written in a way 
that allows the manufacturer to take 
advantage of a loophole and walk 
away from liability.

Settlement. Foreign manufacturers 
with no US assets and no supplemen-
tal warranty inventory can make it 
very difficult to reach a settlement 
if a dispute arises. These manufac-
turers should establish a domestic 
third-party dispute resolution mecha-
nism with the losing party paying all 
incurred costs.

Building Confidence 
While there is room for module manu-
facturers to improve warranty terms, 
some companies are proactive when 
it comes to processing claims. These 
companies might hire independent 
O&M providers to test module perfor-
mance on-site, check for known qual-
ity assurance issues, report the data 
back to the manufacturer and replace 
defective modules, all at no expense to 
the system integrator or system owner. 
In other words, responsible and cus-
tomer service–oriented manufacturers 
exceed the minimum terms outlined  
in their warranties.

Adam Burstein is the president of 
O&M provider Next Phase Solar. He 
notes that while product warranty 
claims are generally straightforward, 
performance claims are more difficult 
to complete: “My experience is that 
most manufacturers are adopting pro-
active approaches to replacing defec-
tive product, and cycling the lessons 
learned back into their quality assur-
ance and manufacturing processes.  
So this warranty process is fairly 
streamlined and simple to complete. 
Where we’ve had trouble completing 
warranty claims is when the issue is 
around low power output.” 

According to Burstein, the prob-
lem is not reluctance on the part of 
the manufacturers, but rather that 
efficient systems are not yet in place. 
He explains, “These claims can take  
a lot longer to complete, since there  
is generally no agreed-upon process 
for identifying and reporting low 
power output.” He continues: “Our 
approach has been to compile large 
amounts of data—from the array 
level down to individual module IV 
curves—and to provide it all to the 
manufacturer to support our claim.  
In the end, we have managed to com-
plete performance warranty claims, 
but there is much room for improve-
ment in the process.”

—Chris Anderson / Borrego Solar / 
Lowell, MA / borregosolar.com 
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the Wire Industry Currents

AllEarth Renewables Offers 
AllSun Tracker System 
[Williston, VT]    Two complete packaged grid-direct sys-
tems are available from AllEarth Renewables that match 
PV modules with SMA string inverters and AllEarth’s 
AllSun dual-axis 
tracker. The 
Series 20 system 
includes a  
4.5 kW array,  
and the Series 
24 includes a  
5.6 kW array. 
The AllSun 
tracker includes 
a GPS-based 
controller that 
continuously 
adjusts the array 
orientation and 
tilt angle. The unit is rated for 90-mph wind loading and 
carries a standard 10-year warranty. High-wind protec-
tion is provided via the use of an anemometer and an 
automatic positioning regulator. The AllSun tracker is also 
available as a stand-alone unit for contractors who prefer 
to source PV modules and inverters through alternate 
product procurement channels.

AllEarth Renewables / 802.872.9600 / allearthrenewables.com

Helios Solar Works 
Introduces Large- 
Format Modules
[Milwaukee, WI]   The new 9T6 Series module line from Helios Solar 
Works includes seven models rated at 390 to 420 W STC. Module 
power tolerance is -0/+3%. The large-format 96-cell monocrystalline 
modules measure 77.8 by 51.57 inches and have a total area of 27.77 
square feet. Unit weight is 69 pounds. Helios Solar Works developed 
a downloadable module comparison tool that calculates the relative 
installation and BOS cost savings that can be realized by specifying 
large-format modules for certain projects. The product line is manufac-
tured in the US and carries a 25-year linear performance warranty and 
a 10-year workmanship warranty.

Helios Solar Works / 877.443.5467 / helios-usa.com

SMA AMericA SupplieS  
ArrA-coMpliAnt Sunny 
centrAl inverterS 
[Rocklin, CA]    Projects that need to comply 
with the “Buy American” clause of the Ameri-
can Recovery and Reinvestment Act (ARRA) 
of 2009 can now use the full line of SMA Sunny 
Central Compact Power (CP) inverters as well 
as the Sunny Central 500HE-US inverter. The 
CP inverters range from 500 to 800 kWac power 
output. These inverter models are currently 
being assembled at SMA’s Denver, Colorado, 
facility. The addition of the central inverters 
supplements the existing ARRA-compliant 
Sunny Boy string inverter line manufactured  
at the same facility.

SMA America / 916.625.0870 / sma-america.com
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Looking for a competitive distributor 
who offers design services, marketing
support, and lead generation?

7am - 6pm MST
4840 Pan American Frontage Rd N | Albuquerque, NM 87109 | USA

See what Mellow at Sunspot Energy 
has to say about us.

“The service and support we received during the 
past 3 years from Affordable Solar has been crucial 
to the success of our company. In this increasingly 
competitive solar market, Affordable Solar 
continues to give us the winning edge we need
to succeed.” - Mellow Honek, sunspotenergy.com

*Curious to who those other “competitors” are? Give us a call!

We’ll let the results
speak for themselves.
Canadian Solar products are manufactured 

with uncompromising quality, durability, per-

formance and value. Their meticulous 

design and production techniques, combined 

with rigorous quality control, in-house testing 

and adherence to strict international quality 

standards, ensure a high return on invest-

ment. Canadian Solar products feature 

plus-only power tolerances for high reliability 

and output. 

Not only is their performance superb, but so 

is their warrany. An industry-leading 10 year 

product warranty followed by a 25 year 

power warranty that is insured by A.M. Best 

rated insurance companies gives you double 

the protection on your solar investment.

Pictured: 102kW commercial system designed and supplied by Affordable Solar using Canadian Solar modules

Why do we love Canadian Solar? 
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the Wire

Schletter pArtnerS with 
Quick Mount pv 
[Tucson, AZ / Walnut Creek, CA]    
Schletter Solar mounting  
rails are now compatible 
with Quick Mount PV’s  
composition-roof attach-
ment methods. The new 
Gator Mount utilizes 
Quick Mount PV’s pat-
ented QBlock, a mount-
ing block integrated to 
an all-aluminum flashing 
for proper roof-penetration 
sealing. A single hanger bolt that 
secures the mount to the roof also connects the Schletter 
mounting rail to the elevated QBlock via a specialized clamp-
ing foot connection to the rail. The QBase also integrates a 
new top plate for a secure connection to the Schletter rail.

Schletter / 520.289.8700 / schletter.us

Quick Mount PV / 925.687.6686 / quickmountpv.com

Growatt Launches 
Transformerless 
String Inverter Series
[Houston, TX]    The recently released Growatt 
MTL-US Series string inverter line features a 
transformerless topology and dual MPPT input 
channels. Three models are available with rated 
power outputs of 3.6, 4.2 and 5.0 kW. All three 
units have a wide MPPT range of 120–550 Vdc, 
CEC-weighted efficiency rating of 97%, and 
weigh in at an easy-to-handle 62.4 pounds. 
Field-selectable output voltages include 240 Vac 
split-phase (default) as well as 208 and 277 Vac 
single-phase. The units are designed with fan-
less, passive cooling for quiet operation and carry 
a standard 10-year warranty with a 15-year option. 
Growatt also offers a self-configuring Web Box per-
formance measurement platform that interfaces with 
the MTL-US Series inverters via RS-232 (standard) or 
optional Bluetooth and RS-485 communication inter-
faces. Secure data hosting and remote diagnostics is 
provided by growattusa.com. Growatt North America is 
currently offering dealer-direct sales of its inverter and 
monitoring products.

Growatt North America / 832.615.5047 / growattusa.com

Shoals Smart Combiners  
Earn ETL Listing 

[Portland, TN]    The 
600 and 1,000 Vdc 
smart combiner lines 
from Shoals Tech-
nologies Group have 
received ETL listing 
to the UL 1741 stan-
dard. Both lines of 
combiners include 
NEMA 4X enclosures 
and integrate Shoals’ 
SNAPShot string-level 

monitoring and load-break–rated disconnects. The 600 
Vdc line includes options for 12 to 24 source circuits with 
250 A and 400 A disconnect options. The 1,000 Vdc line, 
developed for utility-scale installations, allows for 12 to 
32 source-circuit inputs, with 250 A and 400 A disconnect 
options. The SNAPShot Wireless Monitoring platform 
simplifies data collection and transmission. Shoals com-
biner boxes are also available in customized formats to 
meet specific project requirements.

Shoals Technologies Group / 615.451.1400 / shoals.com



Rich represents a growing team of installation partners who have discovered the AllSun Tracker complete system advantage 

for installations large and small. “We now spend less time on system design and more time on sales and installation, 

which has truly transformed the way we do business.” 

           We are now inviting selected installers to offer our dual-axis tracker systems to their residential 

and commercial customers. Contact us now to learn more about one-day lead time, one-pallet shipment, one-day 

installation, free ground shipping and free on-line monitoring. Track us down at allearthrenewables.com/partners.
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T he mention of the word solar rarely 
conjures up images of the storage 
tanks, heat exchangers, pumps and 
cycling fluids that comprise the 

typical commercial solar water heating (SWH) 
system. Large tanks full of solar-heated water 
do not quite gibe with the public perception 
of the solar industry, despite the close kin-
ship between PV and SWH technologies. Solar 
heating professionals, however, recognize that 
storage is a fundamental element of most SWH 
systems. As is the case with system design (see 
“Solar Thermal System Design,” December/
January 2012, SolarPro magazine) and system 
commissioning (see “Turning on the Heat,” 
June/July 2011, SolarPro magazine), devising a 
strong storage strategy is central not only to 
the success of an individual installation, but 
also to the ascendency of the solar heating 
industry itself.

Delving into the intricacies of SWH storage 
can be an onerous exercise, due to the wide 
variety of available storage options and the 
infinite variations in how storage tanks can be 
integrated with other equipment and systems 
in use at the client’s facility. However, for solar 
heating professionals, finding the perfect stor-
age solution for a given project is an exciting 
challenge. If the right solution is put in place—
and all other system elements are designed 
and installed correctly—the result is an effi-
cient, well-functioning SWH system that will 
offset utility costs for decades. In this article, 
we dive into the somewhat esoteric world of 
SWH storage by exploring the many options 
available, examining some factors that go into 
determining a storage strategy and addressing 
installation considerations for commercial 
SWH storage.

Storage 
Strategi es



I n the face of widespread public unfamiliarity with the tech-
nology, solar heating professionals often borrow nomen-
clature from the PV world to explain their work, describing 

the storage tank as a “battery.” Essentially, all solar heating is 
“off grid,” and the tank does indeed serve as the battery, where 
the energy produced by the collectors is stored for later use. 
While there are many different phase-change materials and 
mediums that can be used to store the energy generated by a 
solar heating system, in this article we focus on water as the 
storage medium because that is what more than 98% of SWH 
installations currently use. Solar heating systems typically 
include one or more water tanks that form the backbone of the 
system’s storage capacity. (In this article we refer to the “tank” 
rather than calling out “tank or tanks” at each reference.) 
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Strategi es

Determining a  
Storage Strategy

By Justin Weil and Patrick O’Boyle

Tank free  Heating systems for pools, and for process and 
district heating applications, can often be designed without 
storage tanks. Eliminating the storage tank from the equa-
tion can significantly reduce component cost and increase a 
project’s ROI.
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Does the System Really Need Storage?
The first question designers must ponder is whether storage 
is necessary at all. Only after settling this decision should 
designers begin wrestling with weighty matters such as stor-
age capacity, number of tanks, tank type and location in the 
client’s facility. Not every SWH system requires a tank. Solar 
pool heating systems, for example, transfer heat directly to 
the pool water, effectively turning the pool itself into the 
storage tank.

Incorporating storage into the system allows for the use 
of solar energy during solar-deficient times, which can be as 
predictable as nightfall or a solar eclipse, or as unpredict-
able as heavy cloud cover or midday rainstorms. For a SWH 
storage tank to be a worthwhile investment, the system must 
produce more heat than is used when solar energy is pres-
ent. This is almost always the case with intermittent loads 
that require heat.

To determine whether SWH storage is necessary, begin 
by asking these questions:

f	 Is there a constant load throughout the day, 365  
 days per year?
f	 Will the solar array produce less than the constant  
 load on the hottest, longest day of the year?
If the answer to both of these questions is “yes,” then 

the system may not benefit from storage. Removing stor-
age from the equation can greatly reduce system cost and 
increase the project’s ROI. Examples of systems that are 
often installed without storage are process heat systems, 
swimming pool heating systems and district heating sys-
tems. Be careful when specifying solar heating systems 
that do not include storage. They are vulnerable to failure 

and a severe lack of production if the load is not present, 
even for a short period of time.

Determining Storage Capacity
When it is clear that the system requires storage, designers 
next calculate the amount needed. Ideally the storage will 
meet the facility’s hot water load, but factors such as bud-
get, the number of collectors that will fit on the roof and the 
availability of space for the tank can strongly influence the 
amount of storage specified in the design. More storage can 
allow you to meet more of the load and increase monthly 
savings. At the same time, however, extra costs associated 
with the installation of more, or larger, tanks can reduce the 
system’s overall ROI.

Most locations in the US have a solar resource of less than 
5 kWh/m2/day. In these locations, 1 square foot of collector 
surface area heats approximately 1.5 gallons of water daily. 
In regions such as the Sunbelt, where the solar resource can 
be significantly greater than 5 kWh/m2/day, 1 square foot of 
collector surface area heats about 2 gallons per day. Rules 
of thumb aside, designers can more accurately assess the 
value of different amounts of storage by running simulations 
and comparing system output to the cost of different storage 
capacities. To illustrate the effect of storage on system pro-
duction, we ran several simulations using Polysun software 
with varying amounts of storage for a 2,570-square-foot flat-
plate system with a 5,000-gallon-per-day load in Concord, 
California. As noted in Tables 1a and 1b (p. 40), increasing 
the amount of storage can indeed increase system produc-
tion, but the cost of installing that larger amount of storage 
is far higher than the financial return of the increased sys-

tem production.
The Polysun results show that doubling the 

storage from 1.5 gallons per square foot (the 
standard for northern California) to 3 gallons 
per square foot achieves only 51 therms (<1%) of 
energy savings at an increased cost of $23,000. 
Going with only 1 gallon of storage per square 
foot instead of 1.5 does not cause a significant 
drop in production. Note that for 1 gallon per 
square foot of storage, the Polysun perfor-
mance charts show extended periods during 
the summer months when the tank would hit 
its high limit and the solar collectors would go 
into stagnation mode. This stagnation would 
undoubtedly result in increased system main-
tenance costs and possibly lead to premature 
component failure. Setting aside the possibil-
ity of system failure, the charts show that with 
only 10 gallons of storage and a varying daily 
load, system production is  C o n t i n u e d  o n  pa g e  4 0  

SWH Storage

Heat Loss Considerations 

Heat loss is a factor of the internal temperature of the tank, 
the ambient temperature of the air around the tank and the 

R-value of the tank insulation. Some tanks, such as evacuated tanks  
(tanks with an external cavity that is vacuum pressurized, similar to 
an evacuated tube solar collector), lose less than 1°F in a 24-hour 
period. Most pressurized steel tanks lose between 10°F and 50°F 
during the same period. 

For most installations that utilize factory-insulated tanks, heat loss 
from the SWH tank usually consumes less than 2% of the energy pro-
duced by the entire system annually. this is in contrast to the 25% to 
50% typically consumed by a facility’s hot water recirculation system.

tank location greatly affects heat loss. an outdoor tank, for 
example, is exposed to lower ambient temperatures and wind, which 
accelerate heat loss. if the tank is located in a windy area, consider 
adding more insulation or erecting a windscreen. {
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only 1,562 therms, or approximately 
15% of the production that could be 
achieved with properly sized storage. 
Based on the Polysun analysis of this 
system, 1.5 gallons per square foot is 
the storage capacity ideal for achieving 
a combination of production and sys-
tem longevity.

How Many Tanks? 
One larger tank is usually less expen-
sive than multiple smaller tanks. Run 
this simple calculation to help deter-
mine your design approach:

(tank cost + connection materials cost  
+ installation labor cost) ÷ gallons  
= cost per gallon installed

Be aware that multiple tanks lose 
more heat because they have more 
surface area radiating heat outward. 
Increasing the insulation on the tank 
and related piping can combat this heat 
loss, but be sure to factor in the cost 
of the additional C o n t i n u e d  o n  pa g e  4 2 

Single or multiple?  Specifying a single high-capacity tank is typically more cost 
effective than specifying multiple lower-capacity storage tanks. In addition, more 
heat is lost in multiple-tank installations due to the increase in total surface area. In 
reality, the required approach is often determined by the space available for storage 
at a client’s facility.

SWH Storage
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Tank size  
(gallons)

Tank cost  
including insulation

Cost per gallon  
of storage

1,450 $17,031 $11.75 

1,650 $19,638 $11.90 

1,950 $21,543 $11.05 

2,150 $22,577 $10.50 

5,000 $40,000   $8.00 

Approximate Cost of Standard-Size  
Hanson Pressurized Storage Tanks

Variable Heat Loss Details

Amount 
of storage 
(gallons)

Max. energy 
savings 
(therms)

Gallons  
per sq. ft. 

of collector 
area

Approximate 
cost of storage 

per gallon 
($)

Approximate 
total cost of 

storage 
($)

Total energy 
consumption 

(kBtu)

Energy lost  
from outdoor  
tank location  
(kBtu/therms)

Tank losses 
 (% of system  

energy  
consumption)

7,680 10,665 3.0 8 61,440 1,009,436 31,108/311 3.08

3,840 10,614 1.5 10 38,400 1,009,866 18,911/189 1.80

2,560 10,374 1.0 11 28,160 1,009,675 17,696/176 1.75

1,280   9,383 0.5 12 15,360 1,008,610 15,742/157 1.56

     10   1,562 0.0 14     140    970,971 5,139/51 0.53

SWH Storage Cost and Efficiency Analyses 

Tables 1a and 1b  Multiple analyses using Polysun software 
were performed to develop the heat loss details presented in 
Table 1b below. Constants used during the analyses included 
64 Heliodyne Gobi 410 collectors (2,570 sq. ft. array total) and 
a 5,000-gallon-per-day load at 120°F. All other load and flow 
rates, as well as collector array angle and orientation, were 
held constant. Cost estimates were based on the values in 
Table 1a.



(805) 540-6999
www.snapnrack.com 
sales@snapnrack.com

SnapNrack systems work
 with all leading PV module brands

 in pitched roof, metal roof and 
ground installations.

Homeowners love our sleek lines.
You’ll appreciate the bottom line.

SLEEK.  STRONG.  FAST.

Your customers will be delighted by 

the clean, � nished edges of their 

solar electric system. And you’ll spend less 

time on the roof, thanks to SnapNrack’s 

many design-integrated time and money 

savers – innovations like one-wrench-� ts-

all fasteners, a no-ties wire management 

system,  universal module clamps, and 

snap-in channel nuts.

Contact us today to � nd out how we can 

help you sell more systems with less hassle.

SnapNrack 

supports a quarter 

million modules 

and counting!



42 S o l a r Pr o   |   June/July 2012

insulation. The generally accepted design guideline is to use 
multiple tanks only when space limitations require them.

wHicH sTorage Tank To specify 
After the designer has determined the optimal stor-
age capacity, it is time to consider which tank to use and 
how to integrate it with other mechanical equipment and  
systems. Several factors determine what tank to install: 
cost, performance, availability, connection size and system 
type. The tank typically constitutes a hefty percentage of the  
integrator’s materials cost, so designers must strike a bal-
ance between controlling costs and meeting the system’s 
storage needs.

There are many storage tanks available on the market 
from a wide variety of manufacturers. The sheer number of 
choices may seem daunting, but the upside is that a suitable 

tank exists for whatever SWH application you are working 
with. This article includes a comparison table for unpressur-
ized storage tanks (see Table 2, p. 44). Due to the large number 
of models and variations available, we did not develop a com-
parison table for pressurized tanks. However, this article’s 
Resources section includes a list of both unpressurized and 
pressurized tank manufacturers.

Build-in-place Tanks 
In the past, doorway size played a major role in determining 
whether to use a single large tank or multiple smaller tanks to 
achieve the total desired storage capacity. Today, tanks can be 
hand-carried in pieces through narrow doorways and built in 

place. Haase Tank USA offers a fiberglass build-in-place tank, 
while Hydroflex Systems, STSS and Trendsetter manufacture 
aluminum versions. American Solartechnics and Holocene 
offer steel build-in-place tanks. All of these are unpressurized 
vessels. Keep in mind that installers may need to undergo 
specialized training to learn how to assemble build-in-place 
tanks. It is important for integrators to calculate the cost of 
labor and any additional materials required to build the tank, 
and to compare that number with any potential savings gar-
nered by using multiple, smaller tanks.

Pressurized vs. Unpressurized Tanks 
Pressurized tanks are the standard for US commercial domes-
tic SWH system construction, and engineers are very com-
fortable with them. This type of tank is currently specified 
for most SWH systems designed by mechanical engineering 
firms. However, as engineers are tasked with designing more 
systems that face additional requirements and that feature 
more design variations, they will begin to specify unpressur-
ized tanks more frequently. Table 3 (p. 44) features a matrix of 
the advantages and disadvantages of pressurized and unpres-
surized tank types.

pressuriZed Tanks 
Several US-based companies manufacture pressurized tanks 
in a wide variety of sizes and shapes (vertical, horizontal, 
square and cylindrical) for numerous applications, includ-
ing SWH. Pressurized tanks used for solar storage are typi-
cally constructed of steel with glass or cement linings, though 

Tank details  
Due to the large 
number of manu-
facturers and 
models, select-
ing the optimal 
storage tank for a 
given project can 
be challenging. 
The upside is that 
suitable standard 
and custom tanks 
can be ordered to 
meet the require-
ments of virtually  
any commercial 
SWH application. 
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Build in place  Doorway size has been a primary driver in tank 
selection for a given project. Today, build-in-place tanks, such 
as this one from Hydroflex Systems, can be transported in 
pieces and assembled at the tank location. 



 solarprofessional.com  |  S o l a r Pr o                 43

epoxy or galvanized linings are also available. Most manufac-
turers offer simple storage tanks that are used with external 
heat exchangers, as well as tanks with internal heat exchang-
ers. Sizes for pressurized tanks (excluding expansion tanks) 
range from 80 gallons up to tens of thousands of gallons—
Hanson, for example, offers tanks up to 37,700 gallons. Pres-
surized tanks can be custom-made in virtually any size. Many 
SWH collector and control manufacturers also offer their own 
lines of pressurized storage tanks. Pricing is easy to find and 
is fairly consistent for standard 80-gallon and 120-gallon stor-
age tanks. For pressurized tanks over 120 gallons, though, you 
are entering the realm of special-order or custom-made tanks, 
because the larger sizes are not often manufactured in bulk. 
Be sure to keep these tanks’ long lead times in mind when lay-
ing out the project’s production schedule.

Pressurized tank linings. Solar heating system design-
ers must consider the tank’s exterior insulation and interior 
lining. A variety of tank linings are available for pressurized 
tanks, but designers most often go with either glass or cement. 
Glass is less expensive and less problematic during installation 
than cement, but the tank cannot be relined easily. Cement-
lined tanks are shipped partially filled with water to prevent 
the lining from cracking. They are more  C o n t i n u e d  o n  pa g e  4 6 
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Pressurized tanks  Several US-based manufacturers offer a 
wide range of pressurized storage tanks that are available in 
vertical, horizontal, square and cylindrical shapes with capaci-
ties from 80 to tens of thousands of gallons. Pressurized tanks, 
such as this one from Roy E. Hanson Jr. Mfg., are typically 
constructed of steel with glass or cement linings.
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Advantages Disadvantages

Pressurized  
Tanks, Potable  
(Open Loop)

One less heat exchanger than unpressurized tanks Lifespan shortened due to corrosion

No topping off required
Higher maintenance cost, including flushing as well as 
replacement of anode and pressure-relief valve

Can be used in open-loop collector systems in  
non-freeze areas

Failure can cause catastrophic damage because tank is constantly 
supplied with fresh water

Widely available and manufactured in mass quantities Typically higher cost than unpressurized tanks

US standard Requires expansion tank

Pressurized 
Tanks,  
Nonpotable  
(Closed Loop)

Increased lifespan, less corrosion Require additional heat exchanger

No topping off required Anode, pressure-relief valve and expansion tank required

Widely available and manufactured in mass quantities
Failure can cause catastrophic damage because tank is constantly 
supplied with fresh water

Lower cost compared to pressurized open-loop tanks Typically higher cost than unpressurized tanks

Unpressurized  
Tanks,  
Nondrainback

Increased lifespan, less corrosion Require additional heat exchanger

Less maintenance: no anode, pressure-relief valve or  
expansion tank

May have trouble with AHJ (non-US standard)

Can be used in open-loop collector systems in  
non-freeze areas

Cannot be used in pressurized open-loop systems that require 
heat exchanger

Lower cost compared to pressurized open-loop tanks

Most are custom-madeLeaks are potentially less catastrophic due to finite 
supply of fluids

Best stratification

Unpressurized  
Tanks,  
Drainback

Increased lifespan, less corrosion May have trouble with AHJ (non-US standard)

Less maintenance: no anode, pressure-relief valve or 
expansion tank

Cannot be used in pressurized open-loop systems that require 
heat exchanger

Can be used in open-loop collector systems in  
non-freeze areas

Most are custom-made

Lower cost compared to pressurized open-loop tanks Require larger pump

Leaks less catastrophic due to finite supply of fluids System must be able to drain back to tank

Less heat exchange than glycol or pressurized
More heat exchange than potable open-loop systems

Fluid mixing makes stratification more difficult

Tank Type Advantages and Disadvantages

Table 3  Pressurized tanks (including open- and closed-loop configurations) and unpressurized tanks (including drainback 
and nondrainback configurations) present both advantages and disadvantages that SWH system designers must consider.

Tank Manufacturer Headquarters 
Tank  
Material Tank Lining

Standard 
Sizes (gallons)

Heat  
Exchanger

Warranty  
(years)

American Solartechnics Searsport, ME galvanized steel elastomer 200–1,100 internal 10

Haase Tank USA Norcross, GA fiberglass fiberglass 300–25,000 internal/external 20

Holocene Technologies Raleigh, NC steel steel 80–500 internal 5

Hydroflex Systems Lemoyne, PA aluminum EPDM 100–5,000 internal/external 5

Rushforth Solar Bryn Mawr, PA aluminum EPDM 400–5,000 internal 5

Solar Skies Alexandria, MN aluminum EPDM 100–5,000 internal 5

STSS Mechanicsburg, PA aluminum EPDM 120–5,000 internal/external 10

Thermal Storage Solutions South Ryegate, VT plywood/steel EDPM 375–4,650 external 10

Trendsetter Industries Eureka, CA aluminum EPDM 40–5,000 internal limited lifetime

Unpressurized Solar Storage Tanks

Table 2  Manufacturers of unpressurized tanks offer storage solutions ranging in capacity from 40 to 25,000 gallons. 
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expensive, but easy to resurface in the field. An 
added benefit is that the lime in the cement 
acts as a neutralizing agent that combats rust.

unpressuriZed Tanks 
Unpressurized (also called atmospheric) tanks 
are a viable storage option for many SWH  
systems. Furthermore, because they are typi-
cally less expensive per gallon of storage capac-
ity than pressurized tanks, unpressurized 
tanks are a good arrow to have in the quiver 
of cost-reduction strategies. Unpressurized 
tanks can be constructed of steel, aluminum, 
fiberglass, plastic and other materials.

One advantage of using unpressurized 
tanks is that they are not subjected to the 
stress of higher pressures or the corrosion 
that comes with the constant introduction 
of potable water. Because of this, these tanks 
often have longer warranties than pressurized 
tanks. Unpressurized tanks have their disad-
vantages as well. They typically require the use 
of an additional heat exchanger to transfer the 
solar heat to the domestic hot water, which 
lowers system efficiency. They also need to be 
topped off occasionally due to evaporation.

If you are considering installing an 
unpressurized tank, be sure to double-check 
local building codes and be prepared to 
explain how the tank qualifies in that juris-
diction. As with all things new to an AHJ, 
the first few installations can be difficult to 
get through. See if the building department 
has guidelines for storm water catchment 
tanks. These are installed more widely than 
unpressurized solar tanks and are usually quite similar. In 
earthquake country, you are required to provide an anchor-
age design that complies with seismic codes (manufactur-
ers may be able to provide this design). Again, see if there 
is a storm water catchment detail that you can use to meet 
the requirement.

Unpressurized tanks can be separated into two major cat-
egories: drainback and nondrainback.

Drainback tanks. This type of unpressurized tank requires 
only one heat exchanger and is the most widely used unpres-
surized tank in the US. Drainback tanks must be positioned 
below the collector array so that the water can drain effec-
tively back to the tank for freeze protection. Compared to 
pressurized systems, drainback systems require either a larger 
pump or a second pump to overcome the additional head 
and piping friction losses and lift the water to the collectors. 
A major advantage of a drainback tank is that it allows the 

collectors to be empty and under no pressure while in stagna-
tion mode. Drainback tanks are preferred for seasonally oper-
ated systems that experience prolonged periods of disuse. A 
winery, for example, may utilize the full potential of its solar 
heating system during the harvest and winemaking seasons 
only. A drainback tank would protect the winery’s collectors 
from overheating during other times of the year when there is 
little need for the heat that the system produces.

Nondrainback tanks. Most unpressurized tanks that are not 
drainback require two heat exchangers: one to transfer the heat 
from the glycol in the solar collectors to the tank, and one to 
deliver the heat from the tank to the domestic hot water or 
other load. Using two heat exchangers affects system efficiency 
by anywhere from 5% to 15% because losses occur with each 
heat exchange. Haase Tank USA, for example, sells an unpres-
surized tank featuring a closed glycol loop that carries heat 
from the collectors through an internal coil heat exchanger, 

SWH Storage

Unpressurized tanks  Also referred to as atmospheric, unpressurized tanks, 
such as these from Haase Tank USA, tend to be less expensive per gallon 
of capacity than pressurized tanks. Unpressurized tanks can be constructed 
of steel, aluminum, plastic and other materials and are typically available for 
drainback and nondrainback applications.
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heating the water in the tank. The hot water in the tank then 
heats a separate internal coil heat exchanger, through which 
the domestic water is transferred. Improved stratification and 
very little evaporation occur with this type of tank because a 
pump does not mix the water in the tank.

Unpressurized tank linings. More lining options for unpres-
surized tanks exist than for pressurized vessels because the 
only requirement is that the lining not leak or break down at 
high temperatures. Lining options include:

X	 Poly. Fiberglass (or glass-reinforced plastic, GRP) and  
 glass-fiber reinforced plastic (GFRP) linings utilize  
 a polymer made of a plastic matrix reinforced by fine  
 fibers of glass. It is also known as GFK ( from the  
 German: Glasfaserverstärkter Kunststoff).
X		EPDM rubber. This lining typically comes as a sheet that  
 is folded into a tank. It is very easy to replace.
X		Steel. Tanks with steel linings may require the periodic  
 application of a corrosion inhibitor.
X		Concrete block. Unpressurized tanks using concrete  
 block as a lining can be difficult to insulate.
X		Wood. Though currently rare, wood linings have been  
 used since the first active solar systems.

SWH Storage Location
Generally speaking, the shorter the pipe run between the tank 
and collectors is, the less expensive the system is to install. 
Therefore, a rooftop mechanical room located near the col-
lector arrays is an ideal location for solar storage. For rooftop 
mechanical rooms, designers should always confirm with a 
licensed engineer that the roof will support the weight of the 
tank and the water it holds. Other tips for finding good loca-
tions to put the storage tank include:

X	 Parking spaces. You can easily convert one parking  
 space into a spot for approximately 3,000 gallons of  
 solar storage.
X	 Vertical tank. If you build up, you can get more storage  
 with a smaller footprint.
X	 Subterranean tank. Though subterranean tanks entail  
 extra costs, sometimes there is nowhere else to go  
 but underground.
X	 Unused areas. Many buildings have unused spaces or  
 storage areas where you can locate the tank.
X	 New construction. Alert the design team as soon as  
 possible regarding the need for tank space. If you have  
 been brought into the design process late, expect a  
 lot of sighs from the architect and several “find  
 room for the SWH tank” meetings. In these meetings,  
 be prepared to discuss alternative storage options and  
 their resulting effect on system cost and performance.
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Stratification 
Stratification is an important consideration when design-
ing a SWH storage strategy. It stands as one of many factors 
afforded great importance by European SWH equipment 
manufacturers and clients, but it is frequently ignored in the 
US. Most European tanks are designed to promote stratifica-
tion through the use of heat exchanger lances, baffles and 
port locations. Efficiencies can be greatly increased in sys-
tems with high stratification differential temperatures.

Technically, if you disregard the efficiency of the solar 
collectors, when stratification within the tank is disturbed, 
no energy within the tank is lost. The quality of the supplied 
energy, however, is reduced. For example, a boiler may turn 
on more often to heat a poorly stratified tank even if the solar 
collector array is producing enough energy to offset the load. 
Good stratification can increase collector-field efficiency—
and therefore increase system production—by allowing the 
collectors to operate at a lower temperature.

Nonmetallic tanks stratify better than metal tanks 
because the wall of a metal tank acts as a conduit for heat 

transfer, creating currents within the tank. Nondrainback, 
unpressurized nonmetallic tanks stratify the best because 
there is no forced flow of fluid in the tank and no metal to 
conduct heat out.

External vs. Internal Heat Exchange 
Whether to use an external or an internal heat exchanger, 
and how many heat exchangers to use, is another choice 
facing designers when devising a storage strategy. Because 
every job is different and there are so many building types 
and applications of SWH technology, there are no hard-and-
fast rules for determining the best type of heat exchanger 
for a given type of project. Designers must weigh the  
options and consider the financial implications of each  
one. Table 4 (p. 50) identifies some of the advantages and dis-
advantages of external and internal heat exchangers.

External heat exchangers are easily replaced and typi-
cally require less material per Btu output. Therefore, they 
are also typically less expensive than an internal heat 
exchanger for the same output. Just  C o n t i n u e d  o n  pa g e  5 0 
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SWH Storage

External vs. internal  There are no hard-and-fast rules for 
determining the optimal heat exchanger for a commercial SWH 
project. External heat exchangers, such as this one from Alva  
Laval (left), are typically less expensive per Btu output com-
pared to internal heat exchangers. However, tanks designed for 
use with internal heat exchangers manufactured by companies 
including Hydroflex Systems (right) typically allow for one less 
pump in the system and can greatly decrease the complexity of 
“combi” systems that provide heat to multiple loads.
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about any pressurized storage tank can be used as SWH stor-
age with the addition of an external heat exchanger.

Internal heat exchangers allow for one less pump but 
can be less efficient than external heat exchangers. External 
heat exchangers with two pumps and counterflow allow the 
exchange of more heat with less surface area. This is due to 
increased turbulence on both sides of the heat exchanger 
wall. Turbulence generates higher convection, which results 
in more efficient heat transfer. With the forced circulation of 
external heat exchangers, however, comes the mixing of tank 
water and an adverse effect on stratification. Variable speed 
pumping can minimize this to some degree.

For systems that have only a few solar collectors, smaller 
mass-produced pressurized tanks with internal heat 
exchangers are often less expensive to install than tanks that 
require the installation of an external heat exchanger. How-
ever, ganging multiple small tanks is always more expensive 
than going with a single tank, even if you save money by uti-
lizing the small tank/internal heat exchanger option. Larger 
tanks with internal heat exchangers are a different story. For 
the typical US-made pressurized steel tank larger than 1,000 
gallons, the internal heat exchangers are often brazed cop-
per tube bundles that can be very expensive and often need 
to be installed on-site.

Unpressurized tanks with internal heat exchangers can 
greatly decrease the complexity of a combination or “combi” 
solar heating system that supplies heat to multiple loads. 
In these systems, an internal heat exchanger is sized and 
installed in the tank for each specific load.

Tanks with internal heat exchangers must be flushed 
regularly to prevent sediment buildup that eventually ren-
ders the heat exchanger ineffective. Even without sedi-
ment buildup, internal heat exchange in an open-loop 
system eventually leads to mineral buildup within the heat 

exchanger. If this occurs, you will need to remove the 
heat exchanger (if possible) and clean or replace it.

Tank Performance Evaluation
In general, clients in Europe scrutinize tank performance 
far more closely than their counterparts in the US mar-
ket. In the US, where energy costs are much lower than 
in Europe, clients are relatively unsophisticated in their 
knowledge of and appreciation for high-performance 
storage tanks. In Europe, because of higher energy prices 
and the high volume of SWH projects, there is generally 
more opportunity for the integrator to “fatten the job” by 
encouraging the use of higher-efficiency storage tanks. 
US clients tend to zero in on cost when considering stor-
age options. In many US states today, solar heating inte-
grators are battling tooth and nail against the low cost of 
natural gas, and large contracts for SWH systems are usu-

ally signed only after lengthy “how low can you go” exchanges 
between client and integrator.

As it is, potential clients are deluged with product per-
formance claims by solar heating integrators. When clients 
then turn to their trusted mechanical engineer or engineer-
ing firm (if they have one), they often get a shrug of the shoul-
ders and feedback such as “We don’t deal with these systems 
a lot.” When there is a battle line drawn, it is often over the 
claimed performance of solar collectors.

The problem is exacerbated by the absence of versatile, 
easy-to-use SWH simulation software that includes tanks 
from US manufacturers. US-based designers must turn to 
European programs such as Polysun and T*SOL if they want 
an easy-to-use interface to quantify system performance. 
Unfortunately, these programs do not include most US-made 
SWH storage tanks. The European companies that make these 
software products typically require manufacturers to pay to 
have their products included, and US tank manufacturers 
have not signed on because SWH tanks represent a very small 
fraction of their business. US solar heating integrators who 
lack a graduate degree in fluid dynamics (most of us) are thus 
left to sort out tank manufacturers’ claims and pick a product 
in the simulation programs that most closely resembles the 
one actually used in their project. This can result in inaccurate 
projections of storage tank performance.

Therefore, for better or for worse, SWH equipment man-
ufacturers and integrators do not heavily emphasize tank 
efficiency and performance to US clients. This is in contrast 
to solar heating collectors, which offer integrators more  
up-sell opportunities and chances to tout efficiency and  
performance. Integrators should work to educate clients 
and show them the benefits and cost savings of higher- 
performance tanks. This is one critical factor in the matura-
tion of the SWH market in the US.  C o n t i n u e d  o n  pa g e  5 2

SWH Storage

External Internal

More pumps required Fewer pumps required

More efficient: counterflow Less efficient: no counterflow

Easy to replace Difficult to replace

Can make system more complex Can simplify system

Tank remains intact when heat 
exchanger fails; heat exchanger 
can be replaced

Failure may render tank useless if 
exchanger is permanently installed 
and welded to tank

External vs. Internal Heat Exchangers

Table 4  Specifying external or internal heat exchange is a primary 
system design decision. Solar heating professionals must consider 
the financial and performance implications of each approach as it 
relates to a specific project’s ROI.
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SWH Storage

A fter the design phase of the SWH project is complete, 
the next steps are for the project manager to procure 
the equipment and for the installers to assemble the sys-

tem. The order in which the rack, collectors, storage tank and 
piping are installed depends upon factors such as equipment 
availability, project schedule and weather. If the client is itch-
ing for the project to launch, but the integrator is still waiting 
on a custom-made tank with a long lead time, installers may 
go ahead and cut into the roof, build the rack, mount the col-
lectors and pipe them to the mechanical room. The storage 
tank sometimes ends up being one of the last pieces of equip-
ment to go in. However, if collector delivery is delayed but the 
tank is on hand, then it may be the very first component of the 
system installed.

reTiring sTorage Tanks 
Contracts occasionally stipulate that integrators remove an 
outdated existing SWH system and replace it with a new sys-
tem. These projects are encouraging because they prove that 
clients have experienced the benefits of SWH and have cho-
sen to make a new investment in the technology. If demol-
ishing an existing system is part of the contract, you face 
the question of what to do with the old tank, solar collectors 
and piping. Usually the existing tank must be retired. Make 
sure that it and the other system components are properly 
recycled. For used steel tanks, the recycler may require you 
to torch a hole through the steel to prove that no explosive 

residue or substances remain within. Depending on where 
in the facility the old tank is located, a crane lift may be nec-
essary to extract the tank. If the tank is in a tight or inac-
cessible spot, or is surrounded by other equipment, it may 
have to be cut up and removed in sections. This is dangerous 
work, so it is wise to check the local area for companies that 
specialize in tank removal.

crane lifTs 
Over the course of an installation, there are few events more 
exhilarating than crane day. The delicate dance of accept-
ing equipment deliveries and getting the materials to a high 
roof can be wrought with tension, especially in high-traffic 
urban areas where the spectacle of a crane lift never fails to 
draw crowds of curious, occasionally boisterous, onlookers. 
The rewards of pulling off a successful lift include a sense of 
accomplishment—and relief—that all of the planning that 
went into orchestrating the lift has paid off. There may be 
some nail-biting moments as the SWH storage tank and col-
lectors are lifted, but if you have prepared well, at day’s end 
you will be one giant step closer to completing the project.

Some prefabricated pressurized steel tanks have built-in  
eyelets (or lift lugs in tank-industry parlance) that make the 
tanks easy to rig up and lift. If the tank installation crew 
does not have much crane lift experience, pay for one of the 
crane company’s riggers to handle that part of the operation. 
Tanks can be expensive and somewhat  C o n t i n u e d  o n  pa g e  5 4 

Tank Installation  
Considerations
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SWH Storage

fragile, and they are extremely dangerous when airborne. It is 
worth the extra money to ensure that imperfect rigging will 
not ruin the big day. Clear communication between the crane 
operator and a single installer is vital, and these two indi-
viduals should agree on hand sig-
nals and radio usage before the lift 
begins. This is especially important 
when lifting tanks into tight spots 
where natural gas lines, sensitive 
electrical and mechanical equip-
ment, or other hazards are present. 
If your tank will be set at ground 
level in an open area, consider nix-
ing the crane and moving the tank 
into position with a rented grade-all 
and/or a pallet jack, which are less 
expensive options.

To avoid the expense and incon-
venience of having to perform 
multiple crane lifts, time the lift so 
that the tank, collectors and piping 
are all delivered to the jobsite on 
crane day (unless there is a secure 
place on-site to store the materi-
als beforehand). If the contract 
requires you to remove an exist-
ing SWH system, you will need to 

crane down all of the old materials on the same day and have 
them taken away to the recyclers. If the system requires a new, 
custom-made tank, you should place your order well enough 
in advance to account for manufacturing and delivery times. 
You do not want your entire production schedule delayed 
because of a custom-made tank’s long lead time.

seTTing THe Tank 
Maneuvering solar storage tanks into place and securing 
them can take time and considerable effort. Remember that 
these tanks will likely remain in the same spot for decades. If 
human power, rather than crane power, is the force you plan 
to use to get tanks into place, make sure you have enough 
installers on-site to handle the job. When carrying tanks up 
or down flights of stairs, it is best to have many hands avail-
able to help.

When setting the tank, the installers should already 
know where to run the piping and how they will be installing 
the pressure- and temperature-relief valves and lines. They 
should make a mental note of where the temperature-sensor 
ports are located on the tank and evaluate where they will 
run the sensor wire that connects the sensor to the solar con-
trol. If they are installing the tank in an indoor mechanical 
room, they should also note the location of the nearest floor 
drain (the tank will need periodic draining and flushing).

Building codes usually require that tanks, no matter what 
their size, not rest directly upon a floor, and that they be firmly 
secured. For smaller tanks in a commercial building, compos-
ite board can provide a sufficiently stable base. Many commer-
cial projects, however, call for a concrete  C o n t i n u e d  o n  pa g e  5 6 

Crane day  Some prefabricated steel tanks have built-in  
lugs that facilitate rigging for crane or grade-all lifts. Even 
though they are steel, storage tanks can be somewhat  
fragile. Clear communication between the crane operator 
and the lead installer is vital, especially when lifting tanks 
into tight locations.
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Storage Tank Installation Tips 
Anode ports.  Manufacturers typically ship new tanks with tight-fitting plastic plugs 

covering the anode ports. after the tank is set, remove these plugs and install the anodes 
or permanent plugs before filling the tank with water for the first time. otherwise, as water 
fills the tank and internal pressure builds, the plastic plugs will give way with a gunshot-
like report and jets of water will shoot out with the force of a fire hose.

Existing tanks as storage.  Clients occasionally ask whether it is possible to reduce 
system cost by using an existing hot water storage tank as an SWH storage tank. the 
short answer is “no.” it is technically quite difficult to heat the tank by integrating the 
SWH system with the boiler that is already heating it. the SWH system and boiler will be 
constantly fighting to heat the water, greatly reducing the value of the SWH system since 
it will not be operating at maximum efficiency.

Sleeper inspection.  if you have removed an old tank and are planning to set a new 
tank in the same spot, you must carefully inspect the sleepers or other mounts on which 
the old tank rested for water damage and to verify that they can be reused.

Doorway measurements.  to avoid big problems on installation day, remember to 
compare in advance the dimensions of the prefabricated tank with your measurements 
of the building doorways through which the tank must pass on its way to the mechanical 
room. installers may need to remove doorjambs if it is a tight fit. {
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pad on which to set the storage tank. It may be necessary to 
pour a new concrete pad, so during the sales phase it is wise 
to resolve who will bear this cost. Building inspectors may 
require a mounting detail for the tank, and they usually like to 
inspect the rebar and form before a pad is poured. Persnickety 
inspectors may even require that all-thread stubs (to which 
the tank feet are bolted) be set in the concrete during the 
pour, rather than inserted into holes drilled into the pad after 
the concrete has already hardened. Due to minor variations 
in tank measurements, it can be very difficult to set the all-
thread pieces so that they align perfectly with the predrilled 
holes in the tank feet. If an inspector forces you to meet this 
requirement, you will have to get creative and be meticulous.

Tanks can be mated to a concrete pad or concrete floor 
using various combinations of nuts, bolts, washers, all-thread 
and structural anchoring epoxy. Many state codes also require 
that indoor tanks be secured to a nearby wall with cable, all-
thread or earthquake straps. Flashing, tank shells and other 
mechanical equipment can block your view of the tank 
mounting and strapping, and can be difficult and expensive 
to remove. During tank installation, take pictures of the sta-
bilization components so that clients and inspectors can rest 
easy, knowing that the tank is stable and that all code require-
ments have been met. Local code requirements in many munic-
ipalities also call out specific instructions for the installation of 
safety bollards if tanks are set inside a parking structure. The 
last thing anyone wants is for a careless driver to hit the tank, 
unleashing a flood of hot water within an enclosed parking 
structure packed with expensive vehicles.

Tank MainTenance 
Regular maintenance is vital to ensuring the long life of a 
SWH storage tank and to keeping the manufacturer’s war-
ranty valid. Integrators should have a well-organized service 
program in place, calling on clients at predetermined points 
each year. Important elements of tank service include check-
ing the anodes and changing them if necessary, flushing the 
tanks, checking for tank leaks and checking tank mount-
ing and insulation. With regular maintenance, pressurized 
steel storage tanks with a glass or cement lining typically 
last more than 20 years before they start to leak. Sometimes 
clients discover a leak in the tank and simply patch the tank 
themselves to extend its life. If the lining in a steel tank has 
deteriorated, one option is to have the tank relined by a com-
pany specializing in this service. Such companies, however, 
will typically only replace cement linings.

Moving solar HeaTing forward 
Given the dizzying array of tank options, the complexity of 
SWH system design and installation and the technology’s low 
profile compared to PV, the dearth of individuals capable of 
devising robust storage strategies is not surprising. Those in the 

trenches of today’s SWH industry know, however, that accep-
tance of solar heating is on the rise in the US among a hand-
ful of commercial and industrial client types. Over the next 
decade, we expect to see the US solar heating industry mature, 
costs come down and product performance improve.

SWH storage will be a major driver of industry evolution, 
and designers, manufacturers and installers will lead the charge. 
Demand will only increase for these professionals. As with solar 
heating system design in general, there is a steep learning curve 
before one can master the intricacies and learn to harness the 
full potential of SWH storage. Engineers, designers and integra-
tors would be wise to continue familiarizing themselves with 
storage tank options so that as the market matures—and solar 
heating in the US finally achieves widespread recognition as a 
reliable, cost-effective, energy-saving renewable technology—
these professionals will be ready to quickly create and execute 
high-quality solar storage strategies.
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 poboyle@sunwatersolar.com / sunwatersolar.com
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sTss / 717.761.5838 / stsscoinc.com

sunMaxx solar / 877.786.6299 / sunmaxxsolar.com

Thermal storage solutions / 802.373.4640 / tss-ecx.com
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T
he National Electrical Code defines an ac mod-
ule as “a complete, environmentally protected 
unit consisting of solar cells, optics, inverter, and 
other components, exclusive of tracker, designed 
to generate ac power when exposed to sunlight.” 
This definition is found in Section 690.2 and was 

added to the 1999 edition of the NEC. Section 690.6, which 
applies specifically to ac modules, also first appeared in 1999. 

In the four Code revisions since 1999, the content related 
to ac PV modules is substantially unchanged. This is remark-
able given the rate at which new PV technologies are being 
developed. While some of these technological innovations 
outpace the development of associated codes and standards, 
NEC Article 690 and UL 1741 both anticipated the successful 
commercialization of ac PV modules by more than a decade.

This article provides an overview of NEC 2011 as it 
applies to ac modules and provides guidelines for meeting 
NEC requirements for an ac PV system. While the inter-
pretations and recommendations made in this article are 
consistent with the intent of the NEC, they are provided for 
informational purposes only and should not be considered 
enforceable. Ultimately, the AHJ is responsible for enforcing 
Code requirements or approving equipment, and may even 
have its own requirements. 

Product Evaluation
UL Standards Technical Panels made up of industry stake-
holders generally develop product safety standards for North 
America. The subject matter experts on these panels develop 
and revise standards using a process of consensus. A Nation-
ally Recognized Testing Laboratory (NRTL), such as CSA, ETL, 
TUV or UL, then uses these published standards to evaluate 
the safety of manufactured equipment. 

While UL 1741 is currently used for evaluating and list-
ing ac modules, this standard focuses on inverters, charge 
controllers and other BOS components such as combiner 
boxes. Therefore, the photovoltaic device used in an ac mod-
ule must still comply with UL 1703, which covers traditional 
flat-plate PV modules. In effect, an ac module needs to meet 
the same safety and performance standards and operate in 
the same environments as both traditional utility-interactive 
inverters and flat-plate PV modules. Since UL 1741 is not all- 
encompassing, it is left to the NTRL’s discretion to decide 
which aspects of the product’s construction—beyond those 
outlined in UL 1741 and UL 1703—qualify it to become a listed 
ac module.

One question that often arises is whether an ac module 
can have exposed dc conductors. John Wiles, program man-
ager for the Southwest Technology Development Institute at 
New Mexico State University, is a longtime contributor to the 
development of codes and standards related to PV systems 
and components. He notes that “neither the NEC nor UL 1741 
is specific enough” to answer this question. As a result, listed 
products are coming to market that have had this question 
answered differently by various manufacturers and testing 
laboratories. Wiles concludes, “We will not know if future 
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if you attended Solar 
Power international 2011 
in dallas, you know that 
ac modules are among 
the latest and greatest  
Pv product innovations. 
What you may not realize 
is that the NEC  has long 
had clear guidelines for 
the deployment of ac  
Pv modules.
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changes to UL 1741 or NEC 2014 will clarify this situation until 
those changes—if any—are adopted.”

Note that manufacturers provide written guidelines for the 
benefit of system designers, installers and the AHJ. The NRTL 
evaluates these installation instructions, which are packaged 
with the product, as part of the listing process. This document 
contains important requirements specific to the device, and 
failure to follow these guidelines may 
void the product listing. 

The NEC recognizes that manufac-
turers and testing laboratories may have 
specific product installation require-
ments that differ from general require-
ments found elsewhere in the Code. 
The Informational Note accompanying 
Section 110.3(A) clarifies: “Special con-
ditions of use or other limitations and 
other pertinent information may be 
marked on the equipment, included in 
the product instructions, or included in 
the appropriate listing or labeling infor-
mation.” When this is the case, follow the 
instructions provided with the equip-
ment. Section 110.3(B) clearly states, 
“Listed or labeled equipment shall be 
installed and used in accordance with 
any instructions included in the listing 
or labeling.” 

ac ModulES vS. MicroinvErtErS  
While an ac PV system may be func-
tionally equivalent to a PV system 
made up of dc modules and micro- 
inverters, these are very different sys-
tems from the point of view of the NEC. An ac module is spe-
cifically defined in the NEC, whereas a microinverter is not. 
Similarly, UL 1741 includes content specific to ac modules 
(Sections 80–86). As a result, an NRTL can test, list and label 
a product as an ac module.

AC modules. In Appendix C of his “Expedited Permit Pro-
cess for PV Systems” (see Resources), Bill Brooks notes, “The 
fundamental difference between microinverters and ac mod-
ules is that an ac module does not have to meet the require-
ments for the dc side of a PV system.” He continues, “The dc 
wiring is considered internal to the unit and covered by the 
product listing process.” 

Substantiation for these statements is found in NEC 
Section 690.6(A), which reads: “The requirements of Article 
690 pertaining to photovoltaic source circuits shall not 
apply to ac modules. The photovoltaic source circuit, con-
ductors, and inverters shall be considered as internal wir-
ing of an ac module.” 

Because the NEC recognizes listed ac modules, using these 
modules reduces the burden on the installer and on the field 
inspector. The internal dc components have been qualified by 
the manufacturer and evaluated by an NRTL. This preinspec-
tion occurs at the factory, as it would for any other piece of ac 
power electronics that contains dc circuits. Of course, AHJ plan 
review and inspection are critical to ensure that the ac module 

and associated ac wiring are installed 
in compliance with the equipment 
listing and the NEC. 

Microinverters. A microinverter sys-
tem consists of components that are 
separately tested, listed and labeled. 
Even if a dc module and a microin-
verter are assembled prior to field 
deployment, the methods and materi-
als that the integrator selects cannot 
be evaluated by an NRTL. Therefore, 
the resulting assembly is not consid-
ered an ac module from the point of 
view of UL 1741 or the NEC. 

In addition, PV systems that use 
dc modules and separate inverters—
whether central inverters or micro- 
inverters—must comply with all appli-
cable ac and dc requirements in the 
NEC, including the PV source-circuit 
requirements found in Article 690. It 
is left to the field inspector to make 
sure that these individual components 
are installed according to their listings 
and that all field-installed dc wiring 
and equipment is acceptable. 

GroundinG ac Pv ModulES 
As with any other utility-interactive PV system, there are two 
basic grounding considerations for PV systems using ac mod-
ules: equipment grounding and system grounding. 

Equipment grounding. There are no unique equipment-
grounding requirements for ac PV modules compared to other 
PV systems. Normally non-current–carrying metallic materials 
that could become energized in an ac module system need to 
be connected together and connected to ground to limit the 
risk of electrical shock. Equipment grounding is required for 
metallic components adjacent to current-carrying conductors 
to provide a low-impedance path back to the overcurrent pro-
tection device (OCPD) so that fault currents can be interrupted 
and the presence of a fault can be indicated. For most electri-
cal distribution systems and equipment, this is accomplished 
by using an equipment-grounding conductor (EGC), which is 
bonded to metal components that could become energized by 
the current-carrying conductors.  C o n t i n u e d  o n  pa G e  6 2

AC Modules

Listed ac module  This SunPower 240E-
WHT-U-ACPV product is listed by CSA to 
UL 1703 and UL 1741 standards as an ac 
module. Though the dc circuit is acces-
sible to qualified persons, it is considered 
factory-installed wiring that is internal to 
the listed device.
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As described in Section 690.43(A), “Exposed non–current- 
carrying metal parts of PV module frames, electrical equip-
ment, and conductor enclosures shall be grounded in  
accordance with 250.134 or 250.136(A), regardless of volt-
age.” Table 250.122 is used to determine the size of the EGC 
in an ac PV module system, based on the size of the OCPD 
on the ac module branch circuit. The process for ac modules 
is exactly the same as sizing the EGC for any other utility-
interactive inverter-output circuit. 

It is common for ac modules to include an 
EGC within factory-installed ac output cables and 
connectors. The primary reason for including this 
grounding conductor in the manufactured assembly 
is to ensure that the ac module has a solid and reli-
able ground path—one that does not rely on addi-
tional field-installed conductors or connections, 
since these are frequently exposed to the elements. 
Most ac module plug connectors that include an 
EGC have first-make, last-break ground pins, mean-
ing that the ground pin is longer than the current- 
carrying pins. This first-make, last-break design 
provides an additional level of safety for the 
installer, since it ensures that there is a clear path 
for any fault currents back to the OCPD prior to 
energized conductors being connected to the 
equipment. This strategy is common in electrical 
equipment manufacturing and is a method sup-
ported by the NEC in Section 250.124(A). 

If an ac module’s wiring system is specified 
in the product listing and includes a factory- 
installed equipment-grounding conductor, then 

likely no additional equipment-grounding hardware is 
required. The NEC supports this method of equipment ground-
ing. According to Section 250.134(B), equipment grounding 
for “equipment fastened in place or connected by permanent 
wiring methods” can be achieved by “connecting to an equip-
ment grounding conductor contained within the same race-
way, cable, or otherwise run with the circuit conductors.” 

Other ac module designs may require the installation 
of a separate EGC in the field, which  C o n t i n u e d  o n  pa G e  6 4 
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Bonding Equipment grounding for ac modules—like these with inte-
grated SolarBridge microinverters—is often accomplished using the 
wiring system provided by the manufacturer. Note that opening the 
ac output wiring, as shown here, simultaneously deenergizes the ac 
modules and temporarily isolates them from ground for purposes of 
construction, maintenance or service. 

Block Diagram 1: Conventional utility-interactive PV system 
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Block Diagram 2: Utility-interactive ac module system
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Conventional vs. ac module system  As these 
representative block diagrams illustrate, utility- 
interactive ac module systems are simpler than  
conventional inverter systems. The items in red  
represent components that the system integrator 
selects and installs. Note that some of the dc  
components in Block Diagram 1 may be integral  
to the inverter. Also, the ac disconnect in either  
diagram may be a circuit breaker in the ac subpanel 
or main service panel. C
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may in turn require the installation of specific grounding 
hardware. In either case, the NRTL will have evaluated the 
design, and it should be clearly described in the listed safety 
and installation instructions. 

In many instances, the only field-installed equipment-
grounding connection for a single ac module branch circuit 
occurs when transitioning from the listed ac module cable 
system to any field-installed ac wiring. In this case, the EGC 
from the ac module output cable needs to be connected to 
the common equipment-grounding system for the building’s 
electrical distribution system. 

The general requirements for this connection are 
described in NEC Section 690.43(A) through (F). Code states 
that equipment-grounding conductors and devices for all PV 
modules shall be installed regardless of voltage; that a ground 
path must exist between the PV array and other equipment in 
the system; that a module’s mounting structure can be used as  
an EGC when identified for that purpose; that devices used 
to both mount and ground modules are acceptable, pro-
vided they are identified for that purpose; that modules 
with metallic frames can be bonded together with listed and 
identified devices; and that all EGCs shall be installed within 
the same raceway or cable when they “leave the vicinity of 
the PV array.”

As with any utility-interactive inverter, the output wir-
ing from an ac PV module is not energized except when  
the grid is present. Therefore, disconnecting the ac output 
wiring immediately removes all sources of ac voltage from all 

of the subsequent ac modules in the branch circuit. With the 
ac output disconnected, the ac modules are no longer ener-
gized or connected to ground. 

Isolation from the equipment-grounding system is allowed 
for purposes of construction, service and maintenance. How-
ever, just as in a dc PV system, if an array of ac modules needs 
to be left in this state—with one or more modules removed 
and no connection to ground—a temporary bonding jumper 
must be installed per NEC Section 690.48. Be sure to refer to 
the product installation manual. In some cases, a listed ac 
extension cable can be used to bridge a temporary gap in an 
ac PV module system to maintain ground continuity to subse-
quent modules.

Several other equipment-grounding requirements for 
PV systems are specifically mentioned in Article 690—
most notably in Section 690.45. However, these additional 
requirements cover PV source and output circuits, which 
are by definition dc circuits. As explained previously, ac 
PV modules are not required to comply with NEC require-
ments pertaining to photovoltaic source circuits; see Sec-
tion 690.6(A).

System grounding. System grounding in an electrical system 
refers to the practice of intentionally connecting to ground a 
current-carrying circuit conductor—the neutral or grounded 
conductor. AC modules are designed for interconnection to a 
supply system that already has an established ground refer-
ence at the service entrance, meaning that the neutral con-
ductor is connected to the grounding electrode. That being 

the case, utility-interactive 
ac modules do not have a 
neutral-to-ground connec-
tion within the device.

Because the grounded 
conductor is bonded at the 
service entrance and not at 
the ac module, a ground-
ing electrode conductor 
(GEC) is not needed at the 
PV array. Further, unless 
the listed safety and instal-
lation instructions pack-
aged with the ac module 
state otherwise, a dc GEC 
is not required because 
the dc power is internal 
to the module. This is 
consistent with the intent 
of NEC Sections 110.3(B) 
and 690.6(A), since the 
NRTL evaluates the entire 
dc system to the product 
safety standards. Also, new 

People commonly think of a disconnect as 
some sort of mechanical switch or circuit 

breaker. in fact, unless NEC language states 
otherwise, devices such as plug connectors and 
bolted terminals can serve as disconnects. 

For example, Section 690.17 specifically 
calls for the use of manually operable switches 
or circuit breakers. However, an exception is also 
provided: “a connector shall be permitted to be 
used as an ac or a dc disconnecting means, 
provided that it complies with the requirements 
of 690.33 and is listed and identified for the use.” 

this exception allows a listed connector—
such as those commonly used to intercon-
nect ac modules—to serve as the equipment 
disconnecting means, provided it is load-
break–rated or is marked as described in 
Section 690.33(e). {

Disconnecting means  The NEC 
allows connectors that meet Section 
690.33 requirements to be used as the 
ac disconnecting means for each ac 
module in a multiple ac module sys-
tem. Note that these connectors are 
polarized, guarded and latching and 
use a longer “first-make, last-break” 
grounding pin.
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language added in the 2011 Code cycle specifically states that 
Section 690.47(C) “shall not apply to ac PV modules.”

From a design, installation and inspection standpoint, the 
most important aspect of system grounding is to evaluate the 
existing grounding system. To meet the requirements of NEC 
Section 690.47(A), the grounding-electrode system must be 
installed in accordance with Sections 250.50 through 250.60, 
and the grounding-electrode conductor must comply with 
Section 250.64. Grounding and grounded conductors must 
be isolated from each other in the feeder and branch circuits 
supplying the ac PV equipment.

diSconnEct rEquirEMEntS 
While most utility-interactive PV systems have both dc and 
ac disconnect requirements called out in the NEC, only the ac 
disconnect requirements apply to ac module systems. 

DC disconnects. Any dc circuits contained within an ac 
module assembly are considered internal to the device; see 
NEC 690.6(A). While there are no NEC requirements for dc dis-
connects that apply to ac modules, most ac module manufac-
turers include some means to disconnect the PV cells—the dc 
source circuit—from the inverter.

Manufacturers provide internal dc disconnecting means 
for the use of qualified personnel for service or repair. The 
NRTL will have evaluated these internal wiring methods at 
the time of listing. Therefore, the general guidelines found 
in NEC Section 90.7 apply: “It is the intent of this Code that  
factory-installed internal wiring or the construction of 
equipment need not be inspected at the time of installation 
of the equipment, except to detect alterations or damage, if 
the equipment has been listed by a qualified electrical test-
ing laboratory.”

AC disconnects. All utility-interactive PV systems require 
the installation of ac disconnects to isolate the inverters and 
inverter output circuits from the utility source and shut down 
the system. While ac module systems are no exception, addi-
tional language in the NEC clarifies how general ac disconnect 
rules apply specifically to ac modules. For example, Section 
690.6(C) states: “A single disconnecting means, in accordance 
with 690.15 and 690.17, shall be permitted for the combined 
ac output of one or more ac modules.”

NEC Section 690.15 requires that means be provided to 
disconnect inverters “from all ungrounded conductors of all 
sources.” The second paragraph clarifies: “A single disconnect-
ing means in accordance with 690.17 shall be permitted for 
the combined ac output circuit of … ac modules in an interac-
tive system.” 

According to NEC Section 690.17, a properly sized single 
switch or circuit breaker located in a readily accessible loca-
tion may serve as the required disconnecting means for a 
group of ac modules. Opening this single switch or circuit 
breaker simultaneously disconnects all of the ac modules in 
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the circuit from all sources 
of power. It is common prac-
tice for a circuit breaker 
located in a panelboard to 
serve as the NEC–required 
ac PV module equipment 
disconnect. 

In addition, Section 690.5 
requires that a disconnecting 
means be provided for each 
ac module. While bolted or  
terminal-type disconnecting 
means are allowed, it is com-
mon for ac modules to have 
load-break–rated connectors 
built into their ac output wir-
ing that meet this require-
ment. These connectors can 
be used to isolate individual 
ac modules from the utility 
and all other ac modules for 
the purposes of servicing or 
constructing the system.

The NEC requires no addi-
tional disconnects in an ac 
module system. However, 
the local utility or AHJ may require other disconnects, such as 
rooftop disconnects or utility-accessible disconnects. System 
designers and installers should request copies of local design 
and interconnection standards to ensure that ac module instal-
lations meet the documented requirements for their locality.

ac ModulE cablES 
Many ac modules use flexible, sunlight-rated multiconduc-
tor cables with pin-and-socket–type connectors. The NRTL 
should evaluate and list these ac cables and connectors for 
outdoor use in sunlight. They should also have conductor 
insulation that is rated to 90°C when wet due to the high tem-
peratures commonly found on rooftops. 

Typically, ac modules are electrically connected to their 
supply circuit in parallel with other ac modules. This is 
markedly different from dc PV modules, which are usually 
first connected into series circuits. The manner in which 
different brands of ac modules are physically connected in 
parallel  may vary. Some manufacturers use a daisy-chain 
configuration, as shown in Diagram 1, in which each unit is 
connected to one or more adjacent units to form a complete 
electrical circuit. Other manufacturers use a trunk or bus 
cable design, as shown in Diagram 2, in which ac modules 
are individually connected to a common ac bus, sometimes 
referred to as a trunk cable.

The wiring strategies used for both of these paral-
lel cable configurations are similar to those used by 

manufacturers of other listed electrical products, such as 
string lighting assemblies. It is typical for the conductors 
used in the output cable from individual ac modules to be 
smaller than the conductors used in the common ac output 
cable. Larger-gauge conductors are used for the shared ac 
output to accommodate the higher combined current, as 
well as to reduce voltage drop in the circuit.

FiEld WirinG
While ac modules simplify field wiring, installers need to 
transition from the manufacturer-provided cable assembly 
to field-installed wiring typical of other ac branch circuits. 
In addition, each ac module branch circuit requires overcur-
rent protection.

Making transitions. When transitioning from factory-
installed wiring to other wiring methods, installers must fol-
low the requirements outlined in the listed instructions to 
avoid violating the product listing. Among other concerns, 
installers should be careful to select connectors and conduc-
tors that are appropriate for the environment. Also, many 
factory-installed cable assemblies use fine-stranded conduc-
tors. According to new language added to NEC Section 110.14, 
conductors that are more finely stranded than Class B and 
Class C require connectors that are specifically identified for 
the application. Note that many common twist-on, crimp-on 
and split-bolt connectors are not identified for use with fine-
stranded conductors.  C o n t i n u e d  o n  pa G e  6 8

Daisy-chain cable connections

ac
module

ac
module

ac
module

Trunk or bus cable connections

ac
module

ac
module

ac
module

ac
module

Diagram 1   
The ac mod-
ules shown 
here are 
electrically 
connected in 
parallel using 
a daisy-chain 
configuration.

Diagram 2 
This ac mod-
ule configu-
ration uses 
an ac bus or 
trunk cable to 
connect the 
output circuits 
in parallel.
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Wiring methods. The combined output from 
a “string” of parallel-connected ac modules is 
conventional ac electricity. Therefore, com-
mon ac wiring methods can be used when 
routing these circuits through the building 
to the interconnection point. 

This is substantially different from the 
requirements that apply to dc PV systems. 
Many plan checkers and inspectors are 
familiar with NEC Section 690.31(E), which 
requires that dc PV source and output cir-
cuits be contained in metal raceways or 
metal-clad cable when run inside a build-
ing. This restriction does not apply to output 
circuits of ac modules; see Section 690.6(B). 
As a result, system designers and installers should find that 
the number of acceptable wiring methods available to them 
increases with the use of ac modules. 

The wiring method for an ac module system needs to meet 
general requirements for the building type and the environ-
mental conditions. For example, when ac modules are installed 
on the rooftop of a single-family dwelling with an attic, it may 
be possible to use Type NM nonmetallic-sheathed cable—like 
Romex brand wire—for the wire run from the attic space below 
the array to the point of interconnection. This is allowed pro-
vided that the conductors are sized correctly for continuous 
duty and the expected high temperatures in an attic.

In addition, voltage drop in the field wiring should be kept 
to a minimum to lessen nuisance tripping due to voltage rise 
at the inverter output. (See QA, “Voltage Rise Considerations 
for Utility-Interactive PV Systems,” p. 14.)

Overcurrent protection. As with other 
electrical devices, there is a limit to the 
number of ac PV modules that can be 
connected onto a single branch circuit. 
This limit is a function of the relation-
ship between the maximum allowable 
OCPD rating per branch circuit and the  
continuous output power rating of the 
ac module. The manufacturer’s listed 
instructions should clearly state both 
the maximum number of ac modules per 
branch circuit and the maximum branch 
circuit OCPD rating. 

While the manufacturer determines 
the maximum rating of the branch cir-
cuit OCPD, it may be possible to use 
a smaller OCPD. For example, if an  
ac module system consists of a single 
branch circuit that contains fewer than the 
maximum allowable number of parallel-
connected ac modules, design calculations 

can be performed to determine the minimum allowable  
OCPD rating. There is nothing unique to ac modules in this 
regard. Since the output circuit of a single ac module or  
multiple ac modules is defined as an inverter-output circuit, 
the general requirements described in Article 690 and 705 apply 
to this scenario.

The first step in the process of determining the minimum 
allowable OCPD rating for any utility-interactive inverter is 
to calculate the maximum circuit current. Per NEC Section 
705.60(A)(2), the combined continuous output current rat-
ing for all of the ac modules in a branch circuit determines 
the maximum inverter output circuit current, regardless of 
the STC rating of the PV cells. Once the maximum circuit 
current is determined, a field-installed OCPD must be rated 
to carry at least 125% of the inverter, continuous output cur-
rent; see Section 705.60(B).

Where multiple ac PV module 
branch circuits are combined, such 
as at an inverter aggregation panel, 
the total calculated continuous cur-
rents of all combined circuits should 
be used to determine the combined 
OCPD and output-conductor size. 
Each dedicated ac module branch cir-
cuit, which will likely contain multiple 
ac modules, must  C o n t i n u e d  o n  pa G e  7 0 

Installation, Identification 
and Grouping

S ince there are no field-installed dc cables or conduits, many require-
ments covering pV circuits in buildings—like those found in Section 

690.4—are not applied to ac pV systems. Requirements for dc pV cir-
cuits, such as the type and location of conduits and conductors, and spe-
cific marking and labeling requirements, do not apply to ac pV systems. 
only those requirements specific to inverter-output circuits as outlined in 
NEC articles 690 and 705 apply. {

Inverter aggregation  The ac 
subpanel pictured here is used to 
aggregate six dedicated ac module 
branch circuits that make up a 16 kW 
residential ac module system in West 
Windsor, NJ. The system is designed 
and installed by GeoGenix and inter- 
connects to the utility grid using a 
100 A supply-side connection.
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be connected to a dedicated branch-circuit OCPD from a  
utility-supply system.

Note that NEC Section 690.6(D) covers overcurrent protec-
tion and conductor sizing for ac modules by referring to Sec-
tion 240.5(B)(2), which deals with flexible cables and fixture 
wire. Accordingly, the NEC specifically allows flexible cables 
to be used for ac module output conductors and for multiple 
ac module outputs to be tapped to a common branch-circuit 
conductor that is connected to a single OCPD.

ac ModulES and SaFEty
Utility-interactive ac modules are not separately derived 
systems. They are ac devices connected to an electrical dis-
tribution system, much like other dedicated branch circuits 
for common ac loads. Like other utility-interactive inverters, 
ac modules require the presence of a stable, utility-grade ac 
source to operate. When this ac source is removed—such 
as when an ac disconnect is opened—the ac modules stop 
operating: ac current and voltage on the output wiring goes 
to zero. 

Increasingly, ac PV systems are described as safer than dc 
PV systems. In many cases, the people who make these state-
ments—stakeholders in the codes and standards community, 
fire department representatives and building department 
officials—have a professional interest in the safety of building-
mounted PV arrays. While this broad claim is arguably impos-
sible to prove, there are some unique aspects of ac modules 
that many find appealing.

For example, ac modules are incapable of producing 
power unless a utility-grade ac voltage source is connected 
to them. This means that if a person wishes to deenergize all 
the circuit conductors in an ac PV system, they simply have 
to open the system disconnect(s), or the source circuit(s) 
supplying the system disconnect(s). This is especially valu-
able for firefighters and other first responders, as the com-
mon practice of removing the meter or opening the main 
service disconnect(s) immediately deenergizes all the cir-
cuit conductors from the point of interconnection up to the 
ac PV modules.

While each ac module does contain dc circuits that remain 
energized when exposed to sunlight, these circuits are inter-
nal to the device and commonly operate at relatively low volt-
ages (below 70 Vdc). There is no risk of shock when touching 
installed PV modules, so long as the devices are undamaged 
and have not been altered.

AFCI or GFCI? At present, there are no special require-
ments for arc-fault or ground-fault protection for ac modules, 
beyond what is provided by the NEC required ac OCPD. It 
is generally accepted that this protection is provided by the 
branch circuit breaker in the utility distribution panel, since 
this breaker trips upon overcurrent during line-to-line, line-
to-neutral and line-to-ground faults. 

While equipment manufacturers have made significant 
progress in the area of high-impedance ground-fault and arc-
fault detection in ac circuits, new devices are needed that can 
tolerate reverse-current flow if these developments are ever 
to be applied to ac module circuits. Similarly, the onboard 
electronics built into the inverter subcomponent of an ac 
module provide the industry with more options than ever to 
develop innovative safety solutions. However, new product 
safety standards and codes are needed to evaluate the effec-
tiveness of any solutions introduced to the market. 

While Section 690.6(D) in the 2011 NEC contains permis-
sive language allowing ac ground-fault protection of circuits 
containing multiple ac modules, this language may be struck 
from the 2014 NEC due to confusion over how to apply this 
section. Commonly available GFCI equipment can be dam-
aged when backfed and is not suitable for this application. 
In “Expedited Permit Process for PV Systems,” Brooks has 
advice for plan checkers and inspectors: “Do not require GFCI 
breakers on circuits connected to ac modules until it is a code 
requirement and specifically listed products are available to 
properly provide protection.”

intEnt and intErPrEtation 
Readers who disagree with the intent or interpretation of the 
NEC or UL requirements for ac PV modules are encouraged 
to get involved in the process of improving the Code and the 
product safety standards. While the National Electrical Code 
is both systematic and encyclopedic, it is also open to inter-
pretation. Ideally, the prevailing or consensus interpretation 
is consistent with the intent of the National Electrical Code-
Making Panel. If not, then the language of the Code may be 
part of the problem and may need to be revised or changed. 
Product safety standards are similarly a product of industry 
stakeholder input and consensus.

Ultimately, Code requirements and product safety stan-
dards are the most effective means available to industry 
professionals to ensure that PV systems are designed and 
installed to provide several decades of safe operation. It is 
reasonable to expect that the language in these documents 
will change with each revision. Ultimately, the most effective 
way of ensuring that beneficial changes are made in a timely 
manner is if experienced and dedicated industry profession-
als contribute their diverse opinions to the process. 

g C O N T A C T

Jason Fisher / SunPower / charlottesville, va / jfisher.spna@gmail.com /  

 us.sunpowercorp.com 

Resources 
brooks, bill, “Expedited Permit Process for Pv Systems,” Solar america 

board for codes and Standards, solarabcs.org

Block Diagram 1: Conventional utility-interactive PV system 
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 Wind Load  Analysis 
By Colleen O’Brien and David Banks
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E
veryone is familiar with the potentially destruc-
tive forces that wind can exert on structures, 
whether from video footage or firsthand experi-
ence with structural damage from strong winds. 
The wind load on a structure depends on many 
factors, including the wind speed, the wind char-

acteristics (turbulence and velocity profile), the geometry of 
the structure, the effect of surrounding objects and the height 
above the ground, to name just a few. A structural engineer 
must calculate wind forces or loads to ensure that a structure 
can resist wind conditions at a particular location. 

The engineer should always determine wind loads on PV 
systems, even if local building departments do not require 
such an analysis. Wind-related failures of both roof- and 
ground-mounted systems have occurred—and more can 
be expected because wind loads are poorly understood. The 
spread of solar energy will depend on favorable public opin-
ion, and a poor safety record is counterproductive. The long-
term success of the solar industry depends on the deployment 
of systems that are structurally engineered to meet building 
codes. Unfortunately, this is not as easy as it sounds.

In this article, we discuss wind loads on sloped PV mod-
ules installed on standard open racks on a flat or low-slope 
roof. We also provide high-level guidance for other types of 
systems. We present some fundamentals of wind loading on 
rooftop PV systems, as well as challenges associated with 
applying existing building codes to this type of system. While 
building codes will eventually include improved guidelines 

for determining wind loads on PV systems, the 
process of developing these guidelines is likely 
to take years. Until then, structural engineers 
need strategies to reduce the guesswork in esti-
mating wind loads, particularly for sloped PV 
modules on flat roofs, because building codes 
are least applicable to this type of system. 

With support from its parent company, Det 
Norske Veritas (DNV), and its wind engineer-
ing partner, CPP, BEW Engineering has devel-
oped an analytical approach for determining 
wind loads on sloped PV systems mounted on 

flat and low-slope roofs. BEW analyzed the results of thou-
sands of wind tunnel tests in the process of developing this 
method. While this approach is more complex than typical 
ACSE 7 methods, the partnership developed a free online 
design tool for designers and engineers to simplify the pro-
cess and expedite the analysis. Here we discuss how this tool 
works and how to apply the results.

The Building Code and PV 
While all US building codes have sections on wind loading, 
it is widely accepted that the most comprehensive guide for 
estimating wind loads on structures is Standard No. 7 of 
the American Society of Civil Engineers (ASCE), Minimum 
Design Loads for Building and Other Structures (ASCE 7). All 
other building codes allow for the use of this ASCE standard. 
The latest edition of this standard is ASCE 7-10, the 2010 
edition. However, ASCE 7-10 has not been widely adopted, 
and the 2005 edition is still mainly in use. Therefore, we ref-
erence ASCE 7-05 in this article. By the time ASCE 7-10 is 
widely adopted, it is likely that a broader range of publicly 
available wind tunnel data will be available that will improve 
upon the methods described in this article. The wind loading 
content found in ASCE 7 was primarily developed to calcu-
late wind loads on buildings, though a small subset of other 
structures, such as billboards and chimneys, is included. As 
a result, building codes do not provide clear guidance on 

how to calculate wind loads 
on PV arrays, unless these are 
shaped like buildings—for 
instance, PV carports. 

With proper guidance—
see “Wind Load Analysis Rec-
ommendations by PV System 
Type” (p. 90)—designers and 
engineers applying ASCE 7-05  

PV modules mounted to racks or trackers should be designed 
to withstand wind forces as prescribed in the building codes, 
like any other important structure. However, there is a signifi-
cant challenge in applying existing codes to commercial and 
industrial roof-mounted PV arrays. 

for Commercial Roof-Mounted Arrays 
 Wind Load  Analysis 
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methods can do a reasonable job of estimating wind loads on 
some flat-plate PV systems. For example, ground-mounted 
PV systems are very much like small open buildings—
meaning buildings with no walls, such as carports—closely 
spaced together. In addition, wind load patterns on mod-
ules mounted parallel to and close to the roof—as is com-
mon in residential applications—may be estimated by 
calculating the loads expected on the exterior of the build-
ing cladding. In many but not all of these cases, building 
codes overestimate wind loads on these types of PV sys-
tems, and designers and engineers can use these conserva-
tive results with confidence. 

Applying building codes to sloped PV systems on flat 
roofs presents significant challenges. While some data are 
provided in the ASCE 7 standard related to “rooftop equip-
ment,” these were developed for equipment with a prismatic 
shape, such as chimneys and HVAC units, with no gaps 
between the equipment and the roof. These data are not 
applicable to roof-mounted PV. Designers are left with noth-
ing to do but guess which tables and figures—for example, 
which building shapes—in the building codes best apply 
to PV systems. Many of the choices designers must make 
depend upon the type of building classification.

Building classification. ASCE 7-05 has three different classi-
fications of buildings depending on the porosity of the walls 
(Section 6.2): open buildings, enclosed buildings and partially 

enclosed buildings. Most buildings are considered either 
enclosed or partially enclosed buildings.

The walls of open buildings must be at least 80% open. 
Carports are an example. Partially enclosed buildings are 
those in which a wall has openings that are larger than the 
openings on other walls. In this situation, large positive pres-
sures can develop inside the building. Enclosed buildings are 
buildings that are neither open nor partially enclosed. 

PV system classification. Rooftop PV arrays are like very 
small open buildings on top of very large enclosed or par-
tially enclosed buildings. This is unchartered territory for 
building codes. Should the engineer apply the loads for a 
flat roof to tilted panels on a flat roof ? If so, that ignores 
panel tilt. Should the engineer use tilted roof numbers? If 
so, which ones: sawtooth or monosloped? Engineers must 
make a judgment call on whether to use the PV tilt or roof 
tilt, or perhaps some combination of the two. Should they 
calculate net design wind pressures using the components 
and cladding (C&C) method or the main wind force resisting 
system (MWFRS) method? ASCE 7-05 provides no guidance 
on these issues.

Whatever method engineers eventually choose, the 
resulting wind loads will likely exceed the amount of ballast 
that most roofs can support. Further, ballasted systems are 
typically engineered with custom aerodynamic features that 
the generic application of building codes  c o n t i n u e d  o n  pa g e  7 6 
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Damage control Wind damage investigators determined that the system designer did not follow the racking manufacturer’s 
instructions. These avoidable failures are potentially disastrous to an industry that is reliant on favorable public opinion.
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cannot address. Therefore, manufacturers of ballasted sys-
tems must often rely on wind tunnel testing to verify that 
their systems have adequate wind resistance, particularly 
when they have implemented unique design features to 
lower the wind loads. 

Wind tunnel testing. The requirements for proper wind 
tunnel testing are spelled out explicitly in Method 3 of 
ASCE 7-05. Additional guidelines are found in the article by  
Gregory Kopp and others, “Rooftop Solar Arrays and Wind 
Loading: A Primer on Using Wind Tunnel Testing as a Basis 
for Code Compliant Design per ASCE 7.” (See Resources.) 
Unfortunately, it is all too common for wind tunnel testing 
to fail to comply with these guidelines. 

For example, to perform a wind tunnel test correctly for 
a roof-mounted PV system, a model of the building must 
be included. The dimensions of the model building and the 
parapet height need to be to scale. The slope, row spacing 
and height above the roof of the model PV array also must be 
to scale. If a friction coefficient is modeled, it should match 
that expected on the actual roof. 

Further, to model the boundary layer, most tests must be 
done at a small scale (1:30 to 1:50). Unless testing was done 
at the new Insurance Institute for Business & Home Safety 
wind tunnel (see Resources), it is unlikely that tests done at 
larger scale or at full scale properly model wind flow. Design-
ers may wish to hire an independent expert to review wind 
tunnel reports from manufacturers. The independent expert 
should comment on the compliance with ASCE 7-05 require-
ments and the similarity between the models and the full-
scale systems.

When done correctly, however, using wind tunnel tests 
to determine wind forces removes the guesswork involved 
with applying building codes to PV systems. The wind tun-
nel data that we have analyzed suggest that some types of 
PV array structures are overdesigned, while others may 
be significantly underdesigned relative to expected wind 
loads—especially corners and edges of sloped PV arrays on 
flat roofs. 

Wind loads on PV systems. Wind flowing over PV systems 
applies forces to PV modules, fasteners, the racking system 
and the roof, if an array is roof mounted. All wind forces on a 
roof- or ground-mounted array must ultimately be transmit-
ted through the structure to the ground. All of the structural 
components in a PV system have limits on how much wind 
force they can withstand, so it is critical that wind loads on 
PV arrays be determined for every PV system; further, all 
structural components in the system should be verified to 
resist expected wind loads—not to mention the loads on the 
PV module itself or the loads that the entire system trans-
mits to the roof or ground.

Note that “every PV system” means any size residential, 
commercial, or utility-scale system; ballasted or structurally 

attached; and rack mounted, flat roof mounted, sloped 
roof mounted or ground mounted. Similarly, “all structural 
components” includes all fasteners; welds; steel; aluminum, 
wood, concrete, plastic and other structural members; and 
motors, gears and drive mechanisms for tracking systems. 

Wind Load Fundamentals 
The force and pressure of the wind are proportional to the 
velocity of the wind squared. The basic equation that con-
verts wind velocity into pressure is shown in Equation 1:

 Wind pressure = ½ρ x V2 x c   (1)

where ρ is the density of air, V is the wind velocity, and C is 
a dimensionless coefficient that is typically measured for a 
specific object. 

The equations found in ASCE 7-05 are based on Equation 
1 (a fundamental equation from fluid dynamics), where the 
coefficient C is referred to as the pressure  c o n t i n u e d  o n  pa g e  7 8  

Rigidity and resonance  The small size of most roof- 
mounted PV structures relative to the building results in  
vortex shedding—swirling gusts of wind flowing off the 
structure—with significant energy in the 2–3 Hz range. To 
avoid dynamic resonance, the PV structure should have a 
higher natural frequency than these vortices. If a structural 
engineer determines that the natural frequency of the PV 
racking system is less than 4 Hz, a dynamic analysis for flex-
ible structures should be done based on ASCE 7-05. 

Wind Load Analysis
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coefficient. The most challenging part to estimat-
ing wind loads on any structure is finding out 
which of the many pressure coefficients in ASCE 
7-05 should be used. The pressure coefficient 
depends on many factors, including the shape of 
the structure and the tributary area of the struc-
tural component being analyzed. 

Your firsthand experience with the force of the 
wind provides some understanding of what makes 
an object more or less aerodynamic. The evolution 
of the geometrical shape of cars, the curve of air-
plane wings, and the tuck of bicyclists and skiers 
has largely focused on improving aerodynamics so 
that these objects can move through the air with 
less resistance. This improvement is measured as a 
reduction in the pressure coefficient.

Since force is equal to pressure times the area 
over which the pressure is applied, wind force is 
determined by multiplying the wind pressure by 
a representative area. This area is referred to by 
structural engineers as a tributary area and by 
ASCE as the effective wind area; see the definition 
in Section 6.2 of ASCE 7-05. 

The tributary area or effective wind area is generally 
understood as the area that a component structurally sup-
ports. For example, if there are four fasteners securing a 
4-foot-by-8-foot sheet of plywood to a roof deck, each fas-
tener has a tributary area equal to the total area of the ply-
wood divided by the number of fasteners, or 8 square feet. 
The effective wind area can also be thought of as the area 
over which loads are transmitted and effectively resisted by 
the structural system. For PV systems, one way to think of the 
effective wind area is this: Suppose the PV array was placed 
on a surface without physically restraining the system from 
uplift. If one were to lift one PV module in the array, how 
much of the system would lift along with it without perma-
nently damaging any of the components? 

More than one effective wind area applies to most PV sys-
tems, depending upon the component under analysis. When 
analyzing the racking structure, the effective wind area may be 
relatively large—perhaps the area of 5 to 30 modules if the rack 
is rigid enough to support the applied loads from this many 
modules. However, the fasteners that secure the module to the 
rack have a smaller effective wind area. If one PV module is 
secured with four fasteners, each fastener has an effective wind 
area of one-quarter of the module area. The PV module itself 
has an effective wind area equal to the module area. 

Components with smaller effective wind areas have 
higher wind pressures. This is because wind pressure dis-
tributions on structures vary rapidly with time and loca-
tion on the structure. One PV module may be subjected to 
a high wind pressure while a module 4 feet away may have 

a much lower wind pressure. A rigid rack supporting both 
modules may be able to spread the load across the structural 
components. However, load sharing across individual PV 
modules is limited, and the fasteners that secure modules 
to the structure cannot spread loads. Similarly, a PV mount-
ing system that is insufficiently rigid will not spread loads 
over a large area. It is very important to analyze wind loads 
on individual PV modules using the effective wind area for 
one PV module to ensure that wind loads do not exceed the 
module’s rating. There are applications where wind loads in 
excess of module ratings are a very real possibility. 

As shown in Equation 1 (p. 76), wind force and pressure 
on any object is proportional to the wind velocity squared. 
Therefore, a wind speed of 60 mph creates wind forces 
four times larger than a 30-mph wind. This is important to 
remember when considering claims that a product can with-
stand a 90- or 120-mph wind speed simply because it sur-
vived a 70- or 80-mph wind event. 

In addition, it should be noted that the basic wind speed 
provided in the ASCE 7-05 standard for any location in the 
US represents the free-stream velocity, which corresponds 
with unobstructed flow over open Exposure C terrain (as 
defined in ASCE 7-05) at 10 meters above the ground with an 
averaging period of 3 seconds. Further, the basic wind speed 
values in ASCE 7-05 represent the expected wind speed with 
a 50-year recurrence interval. 

When you compare ASCE 7-05 wind speeds to measure-
ments made in the field, be sure that you are comparing 
apples to apples. Wind sensors placed within an array at 

Wind Load Analysis

Figure 1  The conical vortices and accelerated flow region associated 
with oblique or cornering winds are shown here. The accelerated wind 
speeds between the vortices may result in actual wind pressures in  
excess of those calculated using typical ASCE 7 methods.
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module height do not provide free-stream velocity measure-
ments. In fact, a wind speed measurement taken anywhere in 
the vicinity of the PV modules could be significantly higher 
or lower than the free-stream velocity. Wind speeds averaged 
over any period other than 3 seconds are not 3-second gust 
wind speeds, as defined in the standard. Wind speed mea-
surements taken at different heights and over different aver-
aging periods can be modified using equations in ASCE 7-05  
to determine the equivalent 10-meter, 3-second wind speed. 
However, to do this modification, the surrounding objects 
must not affect the measurement, and unfortunately this is 
almost never the case with wind sensors in PV arrays.

Wind Loads on Roofs and Rooftop PV 
When wind flows around an object, the wind flow becomes 
disturbed and its qualities are changed. When wind flows 
over a building, this change is dramatic, and the effects of 
this disturbed wind flow are very different than for wind flow 
across the ground. 

Consider a large retail building with a flat roof, clas-
sified as a low-rise building. A low-rise building refers to a 
structure of modest height and substantial girth: consumer 

retail stores, wholesale clubs, warehouses and distribution 
centers are common examples. Large flat or nearly flat (low-
slope) roofs are characteristic of low-rise buildings. Decades 
of wind tunnel testing and field measurements have shown 
that worst-case wind loads on the roof occur when wind hits 
the corner of these types of structures. These so-called cor-
nering winds also result in worst-case wind loads on roof-
mounted PV modules. 

Conical vortices. When wind hits a building, the flow  
separates at the roof edges. However, the two zones of  
flow separation interact as they both reattach, and the result 
is the generation of conical vortices above the roof. These 
vortices can be thought of as horizontal tornadoes that 
originate at the corner of the roof and radiate at angles of 
10° to 20° along the leading edges of the building. The posi-
tion and strength of these vortices are a function of the wind 
direction, and strong vortices are present for wind approach 
angles of 25°–65° (45° ±20°). 

Figure 1 shows the vortices that form along the edges of 
a roof without PV modules when wind hits the corner of the 
building. In between the vortices near the windward corner, 
there is a region of accelerated flow where wind speeds along 
the roof surface are 20% higher than those approaching the 
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building at roof height. The presence of accelerated airflow as 
a result of cornering winds is one reason why ASCE 7-05 and 
other building codes can underpredict wind loads on PV arrays. 

Wind tunnel testing has shown that the vortices along the 
edges of the roof during cornering winds are responsible for 
the highest peak pressures on the building envelope, which 
occur directly beneath the vortices as shown in Figure 2. 
While the accelerated flow associated with conical vortices 
does not have a big impact on the loading of the roof itself—
which is what ASCE 7-05 and other codes were designed to 
take into account—it does have an impact on objects that 
protrude above the roof. 

Conical vortices are responsible for 
the greatest wind pressures that occur 
across roof-mounted PV modules. How-
ever, the manner in which vortices load 
rooftop PV modules fundamentally dif-
fers from how they load the roof clad-
ding elements that codes are based on. 
This is illustrated in Figures 3a and 3b, 
which provide typical patterns mea-
sured in the wind tunnel of net pressure 
coefficients (GCp values) for an array of 
moderately tilted (10°–15°) modules on 
a roof that measures 6h × 6h, where h is 
the mean building height. (Note that in 
many figures in ASCE 7-05, the pressure 
coefficient is given the variable name 
GCp instead of C.) 

It is clear from Figure 3a that on one hand the vortex that 
forms along the north edge of the building during northeast 
cornering winds is “quiet,” having little discernible effect on 
the modules. (Note that the term north and all other direc-
tions in this article are defined based solely on the array ori-
entation, which is assumed to face to the south.) The east 
edge vortex at the northeast corner, on the other hand, pro-
duces significant wind loads that peak at an angle of nearly 
30° from the roof edge. This indicates that it is the interac-
tion between the swirling and reattaching wind flows and 
the accelerated between-vortex flows that creates peak 
pressures for the modules, rather than  c o n t i n u e d  o n  pa g e  8 2 

Wind Load Analysis

Figure 2  This figure shows the wind pressures measured in a wind tunnel on the roof 
of an enclosed low-rise building without PV modules. The arrow indicates wind direc-
tion. Color contours illustrate the effects of conical corner vortices: Dark blue indicates 
areas with strong suction force; orange indicates areas with negligible suction force. 

c
o

u
rt

e
sy

 c
p

p
(3

)

Figures 3a and 3b  In these wind tunnel tests, wind pressures were measured on a PV array aligned with the edges of a low-
rise building and covering most of the roof. The color red indicates areas subjected to significant uplift forces; the color blue 
indicates areas with negligible uplift forces. Figure 3a (left) illustrates the typical worst-case wind pressure—resulting from 
northeast cornering winds—on moderately tilted PV modules on a flat roof. While lower overall wind pressures result from 
southeast cornering winds, as shown in Figure 3b (right), the areas in yellow represent the worst-case wind loading on the  
mechanical components located near this corner of the roof. The structural design needs to account for the worst-case wind 
loads from winds in any direction.
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transfer of the high pressure at the center of the vortex to the 
surface, as is the case for the roof itself.

Conversely, Figure 3b shows that the east edge vortex of 
the southeast corner vortex pair is quiet, creating little lift on 
the modules, while the south edge vortex creates substantial 
lift. In this case, the location of the lift is closer to the edge of 
the roof and more nearly beneath the vortex core axis. 

If the modules shown in Figure 3 were rotated to face to 
the west, then patterns in each corner would be reversed. 
Any noticeable rotation of the modules relative to the build-
ing edges increases the lift associated with the two quiet 
vortices, and may worsen overall loads as well. More data is 
needed to evaluate wind loads when arrays are not aligned 
along the same axes as the building edges.

Impact of array layout. It is important to note that the pres-
sure coefficients in Figures 3a and 3b are for an array that 
completely covers the roof, with no gaps other than typical 
spacing in the north-south direction between rows of sloped 
PV modules. In most cases, there are gaps between mechani-
cal sections of a PV array. PV modules located along the edges 
of mechanical subarrays can experience increased wind pres-
sure. (Note that while the NEC defines the term subarray as 

“an electrical subset of a PV array,” in this article we apply the 
term to mechanical sections of an array that are separated 
from other array sections by distances larger than the stan-
dard row spacing in the north-south direction or more than a 
foot in the east-west direction.)

Wind loads on PV arrays are sensitive to the physi-
cal array layout. This is one of the most critical differences 
between results obtained by applying the ASCE 7-05 stan-
dard to sloped PV arrays on flat roofs and actual wind loads. 
Figure 4 demonstrates this point. The colored blocks in the 
figure represent six subarrays, shown in blue with some yel-
low and red regions, installed on a roof surface, shown in 
white. The color gradients found in the subarrays represent 
pressure coefficients measured in a wind tunnel, with blue 
representing relatively low-pressure coefficients and red 
higher-pressure coefficients. This figure shows how the edges 
of mechanical subarrays experience much higher wind loads 
than the interior sections.

The ASCE 7-05 standard, which only considers corner 
and edge zones for the roof and not for individual subarrays, 
would not address these higher wind loads. The red lines in 
Figure 4 show the corner and edge zones as defined by ASCE 

7-05. It is clear from this figure 
that peak pressures on the sub-
arrays can occur in what ASCE 
7-05 considers to be interior 
roof zones. 

Any building code requires 
us to design a structure to with-
stand wind loads from all direc-
tions. So even though Figure 4 
shows that the north rows have 
the highest coefficients from a 
northeast cornering wind, other 
wind directions can cause rela-
tively high-pressure coefficients 
in the south, east or west edges 
of mechanical subarrays.

Effects not captured by ASCE 
methods. Capturing the effects of 
subarray spacing, parapets and 
rooftop objects in an analytical 
process inherently forces the 
process to become more compli-
cated than the typical application 
of ASCE 7-05. It is clear from avail-
able wind tunnel data that peak 
wind loads occur at locations 
that are more than one building 
height, h, from the roof edges. 
The edge and corner roof zones 
prescribed  c o n t i n u e d  o n  pa g e  8 4  

Wind Load Analysis

Figure 4 Most PV arrays do not cover an entire roof but are broken into mechanical sub- 
arrays, like the colored blocks in this figure. Wind tunnel test results reveal that these  
subarrays are subjected to higher pressures than a simple analysis based on ASCE 7-05 
roof zones would indicate. The red lines in this figure identify the corner, edge and  
interior roof zones according to ACSE 7-05. The areas in red identify subarray sections 
located within the interior roof zone that are subjected to significant uplift forces as a  
result of northeast cornering winds.
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in ASCE 7-05 typically extend only 0.4h from the roof edges, 
while wind tunnel data suggests that the corner and roof 
zones should extend 2h from the roof edges. 

The effects of parapet walls on PV arrays are not charac-
terized in ASCE 7-05 wind loads. While parapets reduce the 
peak wind loads at extreme corners and edges of the roof, they 
increase wind loads in interior areas. Modules that are very 
close to the parapet wall do receive some shielding benefit, 
provided that the parapet is close to or taller than the maxi-
mum height of the PV array.

Objects on the roof that are taller than the PV array, such as 
penthouses and HVAC units, can also provide some shielding 

benefit; however, in certain wind direc-
tions, the objects can generate vortices 
that increase wind loads in the vicinity 
of the object. This possibility is not cap-
tured in the ASCE 7-05 standard.

The alternative to complexity is to 
simplify the process by making conser-
vative assumptions. However, making 
overconservative assumptions tends 
to drive up structural costs—perhaps 
making a viable project uneconomi-

cal—and may rule out other viable sites due to structural 
loading limitations.

Recommended Practice for  
Estimating Wind Loads 

Capturing the effects of subarray spacing, parapets and 
rooftop objects in a recommended analytical process inher-
ently forces the process to become more complicated than 
the typical application of ASCE 7-05. The other alternative 
is to simplify the process by making conservative assump-
tions. To avoid being overconservative,  c o n t i n u e d  o n  pa g e  8 6 

Wind Load Analysis

“Based on our testing and research, [treating arrays] as components and 
cladding on a monosloped roof provides a safe and generally conservative 
estimation of the actual loads on an array, particularly when one consid-
ers the loads over larger areas. However, when smaller tributary areas are 
considered, the code values appear to be less conservative and may, in 
certain cases, be unconservative.”

—Gregory Kopp, Joe Maffei and Christopher Tilley, “Rooftop Solar Arrays and Wind Loading” 
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the approach that we present takes all of the above impacts 
into account. The bad news is that the approach is more 
complicated than applying ASCE 7-05. However, there are 
two pieces of good news: One, the results will be more reflec-
tive of actual wind loads on the array; two, a free online 
design tool called the DNV Wind Load Calculator for Sloped 
PV Arrays on Flat Roofs (www.dnv.com/industry/energy/
segments/solar_energy/index.asp) will perform the compli-
cated steps for you. 

The DNV Wind Load Calculator uses an alternative 
method of calculating wind loads that was developed by 
determining which parts of ASCE 7-05  match available wind 
tunnel data. Thousands of wind tunnel tests have been con-
ducted on roof-mounted PV systems. While much of the 
data is confidential, the results provide insights into how to 
best apply existing data in ASCE 7-05 to the problem of esti-
mating wind loads on sloped PV modules on flat roofs. The 
DNV Wind Load Calculator’s method is completely ad hoc; 
there is little justification for it on the basis of physics or the 
intent of the code. It just fits the data.

How it works. Recall that Equation 1 defined wind pres-
sure as ½ρ x V2 x C. This fundamental equation from fluid 
dynamics is the basis of the method for calculating wind 

pressures on roofs described in ASCE 7-05. DNV’s method 
relies on this equation as applied by ASCE 7-05 as well, but 
provides values for the pressure coefficient, C, that are not 
part of the ASCE 7-05 standard. 

Sections 6.5.3 through 6.5.10 of ASCE 7-05 provide detailed 
guidelines on estimating what is essentially the first part of 
this equation (½ρ x V2), which ASCE calls the velocity pressure. 
As detailed in the standard, the ASCE 7-05 value for velocity 
pressure includes some additional terms beyond air density 
(ρ) and wind speed (V). ASCE 7-05 also provides values for 
pressure coefficients, C, which are a function of the building 
size and shape, as well as the effective wind area or tributary 
area of the structural component under investigation. 

While the ASCE 7-05 pressure coefficients are commonly 
applied to sloped PV arrays on flat roofs, wind tunnel data 
has shown that these coefficients are not generally appli-
cable to this configuration. The DNV Wind Load Calculator 
provides alternate values for the pressure coefficient on PV 
arrays that take into account the PV tilt, row spacing, height 
above the roof and sheltering from wind due to nearby 
objects such as nearby subarrays or parapet walls. 

For example, a parapet wall shelters nearby modules, 
but can increase pressures in the middle  c o n t i n u e d  o n  pa g e  8 8 

Wind Load Analysis
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of the roof. The calculator incorporates the potential increase 
in wind pressure in interior regions of the roof when a parapet 
wall is present, as well as the accelerated flow around rooftop 
objects such as HVAC units. The velocity pressure determined 
in the calculator is exactly as prescribed by ASCE 7-05, but the 
coefficients are based on actual wind tunnel data.

USING THE DNV CALCULATOR  
The DNV Wind Load Calculator is posted on DNV’s website 
(see Resources) along with a user manual. The first step is to 
enter a series of inputs that are defined in ASCE 7-05: mean 
roof height, basic wind speed, directionality factor, impor-
tance factor, topographic factor, velocity pressure exposure 
coefficient and effective wind area. These inputs, which 
structural engineers are used to working with, are used to 
determine the velocity pressure according to ASCE 7-05 .

A second set of inputs to the DNV Wind Load Calcula-
tor defines the PV array geometry. These parameters include 
effective wind area or tributary area, PV tilt, row spacing, 
height above the roof and the location of the array sec-
tion being considered. Several factors are used to describe 
the array location, including the location within a sub- 
array (north row, south row, eastern or western perimeter 
or interior), the roof location (corner, edge or middle) and 
the distances to nearby objects. The calculator also asks for 
the parapet height(s) on the building and the dimensions of 
rooftop objects that are taller than the array.

For each mechanical subarray section—for example, a 
north row in the corner of the roof—the calculator provides 
a wind pressure in pounds per square foot (psf). This result 

is the estimated pressure that should be applied analytically 
in the upward and downward direction perpendicular to 
the PV module. The calculator also provides recommended 
offset distances from rooftop objects, such as HVAC units, 
which can create regions of accelerated flow around them.

Comparison to results from ASCE 7-05. Comparing DNV 
Wind Load Calculator results to those determined using 
ASCE 7-05 is complicated because there is no one correct 
way to apply the standard to sloped PV modules on a flat 
roof. However, we have compared DNV Wind Load Calcula-
tor results to those achieved using several interpretations of 
the ASCE 7-05 standard commonly used by structural engi-
neers. These comparisons indicate that the DNV Wind Load 
Calculator predicts wind loads higher than ASCE 7-05 meth-
ods in some cases and lower in others. 

In general, interior PV array sections that are close to 
the roof, tightly spaced and that can spread loads to adja-
cent areas—sections with a relatively large effective wind 
area, in other words—will have lower wind loads than pre-
dicted by ASCE 7-05. Exposed array sections, particularly the 
north row in the corner and edge zones of the roof, may have 
higher wind loads. 

If wind loads are found to be higher than expected or 
desired, the designer may iterate through many of the inputs 
to identify design characteristics that reduce wind loads. 
For example, placing the array closer to the roof, reducing 
row spacing or PV tilt, or increasing the effective wind area 
all reduce wind loads. If wind loads are still too high, a pre- 
engineered aerodynamic product that has undergone 
wind tunnel testing in accordance with  c o n t i n u e d  o n  pa g e  9 0 

Wind Load Analysis

Ballast study  Linking components together increases the effective wind area and reduces wind loads, as illustrated in the bal-
last study details below provided by Renusol America. The study on the left shows the pounds of ballast required per Renusol 
CS60 base in the northwest corner of a large PV array that does not use strut connections in the north-south direction. The 
study on the right shows the pounds of ballast required per base if strut connections are used in the north-south direction.
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Kelly Provence, Dahlonega, GA
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www.nabcep.org
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ASCE 7-05, such as a ballasted system with wind deflecting 
shields, may be a viable option. 

How are the results applied? The DNV Wind Load Calculator 
yields a wind pressure for any array location on the roof. As 
with ASCE 7-05, it is up to the designer and structural engi-
neer to ensure that representative sections of the array are 
evaluated to determine worst-case conditions, considering 
both uplift and downward forces. Whereas ASCE 7-05 typi-
cally results in different values for uplift and downward pres-
sure, the DNV Wind Load Calculator provides one result that 
should be applied in both directions in two separate analyses.

It is important that designers and engineers determine 
loads on modules, fasteners, all components within the rack-
ing system and the applied loads to the roof. Loads must 
ultimately be transferred from the modules to the fasteners 

and racking system, and ultimately through the roof deck 
and building structure to the ground. This is common knowl-
edge for most structural engineers. Remember that this likely 
involves the use of different effective wind areas based on the 
load-sharing capability of the component under analysis. The 
wind load rating of the module should not be exceeded. 

Once wind loads are determined, structural engineers 
must apply appropriate safety factors and combine loads as 
required in ASCE 7-05 Section 2. In addition to wind loads, 
other loads such as snow, seismic and gravity (dead load) 
must be taken into account. Structural engineers must con-
sider each of these loads separately and in combination to 
identify the worst-case loading situation. 

The use of these results assumes that the structure is suf-
ficiently rigid so that it is not considered  c o n t i n u e d  o n  pa g e  9 2 

Ground-mounted systems: 
P	 	Following the definitions found in ASCE 7-05, treat the  
  rows of pV modules as open buildings with monosloped  
  roofs and use the slope of the pV modules as the roof  
  slope to apply the standard. 
P	 	do not use ASCE 7-05 tables for billboards and signs. 
P	 	For trackers, check all possible tilts and forces on the drive  
  system (gears, struts, motors and so forth).
P	 	Results will be conservative for interior rows, but  
  conducting wind tunnel tests in compliance with  
  ASCE 7-05 guidelines can reduce this conservatism.

Sloped-roof systems: 
P	 	When pV modules are incorporated directly into the roof  
  surface, they can be analyzed using ASCE 7-05 in the  
  same way that a roof would be analyzed.
P	 	if pV modules are parallel to the roof surface and offset  
  no more than 6 inches, a method developed by the  
  Solar aBcs and described in the report “Wind Load  
  calculations for pV arrays” may be applied (see  
  Resources).
P	 	any application of ASCE 7-05 will likely be conservative  
  for arrays that have gaps on the order of 1 inch or more  
  between modules.
P	 	For pV modules sloped relative to a sloped roof, there  
  is no known publicly available data; wind tunnel testing in  
  compliance with ASCE 7-05 guidelines is recommended, 
  or consider placing the modules flush to the roof. 

Ballasted roof-mounted systems: 
P	 	ASCE 7-05 and the dnV Wind Load calculator will likely  
  result in wind loads that cannot feasibly be resisted by  
  ballast alone since most roofs cannot support more than  
  an additional 5–10 pounds per square foot, which  
  means that ballasted systems must incorporate  
  aerodynamic features such as wind-deflecting shields and  
  must be tested in a wind tunnel, as no other method exists 
   for estimating wind loads.
P	 	aSce does not allow the use of computational fluid 
  dynamics (cFd) in lieu of wind tunnel testing; any cFd  
  results must be validated against wind tunnel  
  measurements.

Designers specifying ballasted systems should  
ensure that:
P	 	Wind tunnel testing was done in accordance with  
  ASCE 7-05 guidelines.
P	 	Worst-case conditions—such as wet and icy—are used  
  to determine the friction coefficient for specific roofs,  
  since the system relies on friction between the roof and  
  the array.
P	 	the system will not cause a safety hazard as a result of  
  an earthquake.
P	 	the roof membrane is not subject to fluttering that could  
  damage the roof or ballasted system. 
P	 	Ballasted systems installed on ballasted membrane roofs  
  comply with established roofing industry guidelines, such  
  as anSi/SpRi Rp-4, “Wind design Standard for Ballasted  
  Single-ply Roofing Systems.” {

Wind Load Analysis Recommendations  
by PV System Type
For pV system types not covered in this article, we provide the following general wind loading analysis guidelines as a starting 
place for system designers and engineers.

Wind Load Analysis
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a flexible structure. It is recommended that PV mounting 
systems have a natural frequency above 4 Hz to be consid-
ered rigid enough to prevent resonance. This is higher than 
the 1 Hz limit prescribed in the ASCE 7-05 standard, because 
the 1 Hz limit is intended for large structures not likely to 
shed vortices that can create an excitation (resonance) in 
smaller structures. Wind tunnel testing has shown that PV 
systems shed vortices with frequencies in the 2–3 Hz range, 
so structures should be designed with natural frequencies in 
the 4–5 Hz range.

Limitations of use. The DNV Wind Load Calculator can 
be applied to your project only if it meets the following 
conditions:

f  Flat or low-slope roof (less than 7°)
f  Low-rise building (less than 60 feet high and  

  wider and longer than it is tall)
f  Modules are tilted between 1° and 35° from roof surface
f  Modules are flat plate
f  Modules are solid (not porous)
f  Modules are mounted close to roof surface  

  (gap under lowest part is less than 18 inches)
f  Top of module sits less than 4 feet above roof surface
f  Modules are placed more than 5 feet from roof  

  edge with no parapet or with parapet shorter  
  than top of modules

f  No wind deflector on perimeter of array
f  Modules are aligned with building edges
f  No significantly taller structures are located near  

  roof in question
f  Structure is significantly rigid (natural frequency  

  greater than approximately 4 Hz)

Apply the results of the DNV Wind Load Calculator with 
caution. Due to limitations in available data and the broad 
range of possible sloped PV geometries, the tool cannot pos-
sibly cover all types of sloped PV systems on flat and low-
slope roofs. Rather, it covers standard rack-mounted PV 
systems that do not have aerodynamic enhancements such 
as wind-deflecting shields on the edges of modules. 

Ballasted systems rely on a wide variety of aerodynamic 
features to withstand wind loads. These features are prod-
uct specific and in many cases are protected by patents. The 
wind tunnel data that does exist for these products belong 
to individual manufacturers, so it is not possible to present 
generic results for ballasted systems. (Recommended guide-
lines for using ballasted systems are included in “Wind Load 
Analysis Recommendations by PV System Type,” p. 90.)

Local building departments may not accept the results 
from the DNV Wind Load Calculator. For example, the local 
AHJ may require the use of the analytical methods described 
in ASCE 7-05 if these result in higher loads. If so, we recom-
mend that designers and engineers use the more conservative 

results unless wind tunnel testing done in accordance with 
ASCE 7-05 demonstrates lower loads.

Winding Up 
There is no ideally suited method for calculating wind loads 
on roof-mounted solar modules in ASCE 7-05. Many methods 
have been suggested by subject matter experts and analyzed 
by industry stakeholders. However, every one of these intro-
duces significant shortcomings when comparing the results 
to the real pressure patterns that have been measured in the 
wind tunnel. 

Several efforts are currently under way that may pro-
vide new insights into the problem of estimating wind loads 
on PV arrays. For example, the Structural Engineers Asso-
ciation of California is expected to publish relevant recom-
mendations soon. The Solar America Board for Codes and 
Standards has published suggested practices for estimating 
wind loads on flush-mounted, sloped-roof applications, and 
has set priorities for follow-up studies and reports. 

It is likely that in the next 3–8 years, new tables or fig-
ures will be introduced to ASCE 7 that directly address roof-
mounted solar modules tilted up off the roof. Until then, 
the DNV Wind Load Calculator allows for the estimation of 
wind uplift forces on commercial and industrial rooftop PV 
arrays using values currently in ASCE 7-05. 

Colleen O’Brien / BEW Engineering (a subsidiary of Det Norske Veritas) /  

 San Ramon, CA / colleen.obrien@dnv.com / dnv.com

David Banks / CPP / Fort Collins, CO / dbanks@cppwind.com /  

 cppwind.com 

Resources
American Society of Civil Engineers / asce.org

DNV Wind Load Calculator / www.dnv.com/industry/energy/segments/ 

 solar_energy/index.asp

Insurance Institute for Business & Home Safety / disastersafety.org 

Solar America Board for Codes and Standards / solarabcs.org

Structural Engineers Association of California / seaoc.org

Publications 
ASCE 7-05 Minimum Design Loads for Buildings and Other Structures, 
American Society of Civil Engineers, 2006 

Kopp, Gregory, Maffei, Joe, and Tilley, Christopher, “Rooftop Solar Arrays 

and Wind Loading: A Primer on Using Wind Tunnel Testing as a Basis for 

Code Compliant Design per ASCE 7,” SunLink, sunlink.com, 2011 

Barkaszi, Stephen, and O’Brien, Colleen, “Wind Load Calculations for  

PV Arrays,” Solar America Board for Codes and Standards,  

solarabcs.org, 2010 

g	C O N T A C T

Wind Load Analysis



 solarprofessional.com  |  S o l a r Pr o                 93

The Solar 
Tracker 

Company

Fully Adjustable
Commercial Trackers

Dual-Axis Tracker
40% More Ef cient• 
Pole-mounted/More Ef cient/Runs Cooler• 
Up To 288 sq. ft.~ 4--5 KW Systems• 
Uses Any Module• 
Quick & Easy Installation• 
HD Base Stands Available• 

        (A Division of DH Satellite)
600 N Marquette Rd, Prairie du Chien  WI 53821

608-326-8406 ~ 608-326-4233 (fax)
www.dhsolar.net ~ 800-627-9443

     
SOLAR

y

Call For 
More

Information 

& Pricing

Manufacturing quality solar energy products since 1978

THINK THERMAL-
THINK SUNEARTH

America’s Solar Thermal Leader Introduces

THE SOLARSTATION

SOLARSTATION AND CONTROL FOR CLOSED LOOP GLYCOL SYSTEMS

Complete Package 
Includes Pump Station, 
Differential Controller 
and Two Probe Sensors

Distributor Inquires Welcome

www.sunearthinc.com

THINK YOU KNOW
EVERYTHING

UNDER THE SUN
ABOUT SOLAR?

The only thing certain about the solar
industry is that it changes every day.

Looking for a module supplier that will
work with you to grow your business?

Contact Cyphersun and let’s do it together!

www.cyphersun.com
(855) 648-8999 • 5181 Edison Avenue, Chino, CA 91710

Compare
VS.

TEMPERATURE SENSOR TO 
COLLECTOR

DIFFERENTIALCONTROLLER

T&P RELIEF
VALVE

DOMESTIC HOT
WATER OUT

DRAINBACKRESERVOIR

PRESSURERELIEF VALVE
FROM

COLLECTOR

TO COLLECTOR
HTF 
PUMP

FILL VALVE

COLD 
SUPPLY 
IN

ELECTRIC
BACKUP
ELEMENT

SOLAR
STORAGE TANK

TEMPERATURESENSOR

glycol or 2 tankdrainback simple drainbacksystem
TM

   complicated   messy   expensive

simple  efficientaffordable

HEATING WATER WITH PROPANE, ELECTRICITY, OR FUEL OIL? 
    

TIME TO RETHINK SOLAR THERMAL!  The Simple Drainback System offers very 
attractive financial paybacks against propane, electricity or heating oil.  Here’s why:

    •  Lowest Equipment Cost:  Fewer parts, but better parts, means less cost!
    •  Easiest Installation: Four connections for a pre-packaged kit, no messy glycol equip.
    •  Lowest Lifetime Cost:  Designed for a 30+ year life!  
    •  Versatility and Performance:  The best radiant tank available...check us out!
  
  Check out our free solar thermal video library!
simpledrainback.com



94 S o l a r Pr o   |   June/July 2012

Training Continuing Education for the Pro

For additional training opportunities and course details, visit solarprofessional.com/training.

Arizona

Regional Forum
SMA America

June 26
Phoenix
smaregionalforums.com

California

PV Design & Installation
Ambassador Energy College 

June 1 – June 29
Murrieta
ambassadorenergycollege.com

PV Conductor Sizing Workshop
Sean White Solar

June 2
Lafayette
seanwhitesolar.com

Solar Installation & Design
Everblue Training Institute

June 4 – June 8
Berkeley
everblue.edu

Solar PV Contractor Series
Everblue Training Institute

June 4 – June 8
Berkeley
everblue.edu

PV & Rooftops
Sean White Solar

June 16
Lafayette
seanwhitesolar.com

GT500MVX-System Operation & 
Maintenance 
Schneider Electric

June 19 – June 21
Livermore
schneider-electric.com

Zep System II: Design and  
Installation
Zep Solar

June 27
San Rafael
zs1and2.eventbrite.com

Colorado

Grid-Direct PV Design & Installation
Solar Energy International

June 4 – June 8
Paonia
solarenergy.org

Grid-Direct PV Lab Week 
Solar Energy International

June 11 – June 15
July 30 – Aug 3 
Paonia
solarenergy.org

Battery-Based PV Lab Week
Solar Energy International

June 18 – June 22
Paonia
solarenergy.org

Florida  

PV Design & Installation
US Solar Institute

June 4 – June 8
July 9 – July 13 
Fort Lauderdale
ussolarinstitute.com

Installing PV Systems
Florida Solar Energy Center

June 4 – June 8
Cocoa
fsec.ucf.edu

PV Technical Sales & Business  
Operations 
Florida Solar Energy Center

July 10 – July 11
Cocoa
fsec.ucf.edu

Advanced PV Installation
US Solar Institute

July 16 – July 20
Fort Lauderdale
ussolarinstitute.com

PV Field Training
US Solar Institute

July 23 – July 27
Fort Lauderdale
ussolarinstitute.com

Georgia 

PV Systems Design & Installation
Solairgen

June 4 – June 8
Dahlonega
solairgen.com

PV Field Inspectors 
MAGE SolAr Academy

June 18
Dublin
magesolaracademy.com

Maryland

Solar Thermal Installer Training
IEC Chesapeake

June 4 – June 27
Jessup
iecchesapeake.com

Missouri

Accelerated PV Design & Installation
SolPowerPeople 

June 9 – June 17
June 11 – June 14 
Kansas City
solpowerpeople.com

New York

PV Installer’s Course 
Ulster BoCES

June 4 – June 9
Port Ewen
ulsterboces.org

PV Design & Installation
SUNY at Delhi

June 4 – June 8
Delhi
www.delhi.edu

Solar Thermal Installer’s Course
Ulster BoCES

June 7 – July 12
Port Ewen
ulsterboces.org

Advanced Residential PV  
Site Assessor
SUNY Ulster

June 9 – June 23
Kingston
sunyulster.edu/ce

Advanced PV Systems
rockland Community College

June 12 – June 13
Suffern
sunyrockland.edu/continuing-
education

NABCEP PV Technical Sales  
Certification Exam Review
SUNY Ulster

June 13
Kingston
sunyulster.edu/ce

OSHA Safety Training & Certification
Ulster BoCES

June 14 – June 15
July 23 – July 24
Port Ewen
ulsterboces.org

Building-Integrated PV
Ulster BoCES

July 16 – July 18
Port Ewen
ulsterboces.org

NABCEP PV Entry Level Exam Review
Ulster BoCES

July 16 – July 23
Port Ewen
ulsterboces.org

PV Technical Sales & Marketing 
Ulster BoCES

July 30 – Aug 03
Port Ewen
ulsterboces.org

Tennessee 

Regional Forum
SMA America

July 24
Nashville
smaregionalforums.com 

Texas

Grid-Tied PV System Design
ImagineSolar

June 2 – June 3
San Antonio
imaginesolar.com

C o n t i n u E d  o n  Pa g E  9 6
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Backwoods
 Solar

Volt- and Clamp- meters don’t give you the 
whole picture. The PV Analyzer from Solmetric 
measures the string’s full I-V curve and compares 
it to the expected curve. Verify that your PV 
system is functional and delivering optimal results. 

Solmetric 
PV Analyzer

Expert Tools. Better Solar. www.solmetric.com

What Risk?

•	Ideal	for	commissioning,	 
auditing and troubleshooting  
of PV systems

•	Companion	Megger® MIT430  
for insulation resistance testing

Introducing...Introducing...

PVSelect.com

Your One-Stop Design Tool for 
Pairing and Comparing Modules and 

Inverters... Fast, Simple & FREE!

j Streamlined module and inverter selection on one Web site

j Over sixty inverters from nine manufacturers
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Visit pvselect.com today, a free solar design resource provided bypvselect.com today, a free solar design resource provided by
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Off-Grid PV System Design  
& Installation
ImagineSolar

June 9 – June 10
San Antonio
imaginesolar.com

Regional Forum
SMA America

June 28
Austin
smaregionalforums.com

Wisconsin 

Renewable Energy Systems &  
Firefighter Safety
Buckville Energy Consulting

June 2
Custer
midwestrenew.org

Residential Solar Water Site  
Assessor Training
Midwest renewable Energy Association

June 3
Madison
midwestrenew.org

Seasonal Solar Thermal Storage
Midwest renewable Energy Association

June 30
Custer
midwestrenew.org

Intermediate PV
Midwest renewable Energy Association

July 23 – July 24
Milwaukee
midwestrenew.org

PV Design & Installation Lab
Midwest renewable Energy Association

July 25 – July 28
Milwaukee
midwestrenew.org

Canada

XW and Conext Training
Schneider Electric

June 6 – June 8
Burnaby, BC
schneider-electric.com 

Hands-On Off-Grid Power Systems
Buckville Energy Consulting

June 6 – July 13
Smithers, BC
buckville.com

Online

Allied American University
allied.edu

Allied Schools
training4green.com

Imagine Solar 
imaginesolar.com

ONtility
ontility.com

Solar Energy International
solarenergy.org

Solar Living Institute
solarliving.org

Solar Training School
solartrainingschool.com

Step Up Education
stepupeducation.com

Sun Pirate 
sunpirate.com

Zep Solar
training.zepsolar.com

Training

Post or view professional  
trainings online at:
solarprofessional.com/training
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Projects System Profiles 

In 2009, the budget advisory committee 
of the Portola Valley School District 

made a decision to have PV systems 
installed at the campuses of two schools 
in its district. Late that year, the school 
district received a federal stimulus 
award that helped fund the projects. In 
addition, the district was awarded two 
tax-credit bond allocations, making the 
district eligible for tax credits. Following 
an RFP release, Real Goods Solar (RGS) 
was contracted to install a 173 kW  
array at the district’s Corte Madera, 
California, campus and a 92 kW array at 
the Ormondale campus. The two arrays 

are expected to offset nearly 80% of the 
schools’ annual energy consumption.

The Corte Madera installation was 
spread across 10 buildings with arrays 
having different orientations and tilt 
angles. Due to the multiple roof orienta-
tions, RGS decided to utilize Enphase 
inverters. The microinverters allowed 
RGS to maximize the arrays’ power den-
sity on each roof and mitigate potential 
shading issues caused by trees surround-
ing the buildings.

The school district worked with 
CJW Architecture to establish a base 
design and develop the RFP for the 

Overview
DESIGN TEAM: Real Goods Solar, 

realgoodssolar.com

LEAD INSTALLER: Troy Robinson, site 

superintendent, Real Goods Solar

DATE COMMISSIONED:  

November 2011

INSTALLATION TIME FRAME:  

4.5 months

LOCATION: Portola Valley, CA, 37°N

SOLAR RESOURCE: 4.9 kWh/m2/day

HIGH/LOW DESIGN TEMPERATURES: 

Per Solar ABCs Solar Reference Map: 

84°F/32°F

Real Goods Solar
Portola Valley School District
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Corte Madera project. The school was 
constructed under the oversight of the 
Division of State Architecture (DSA), 
which, among other tasks, develops 
structural safety requirements for 
K-12 schools. The DSA requirements 
precluded the use of S-5! or other non-
penetrating mounting methods for the 
galvanized steel roofs. In response, RGS 
used custom-built penetrating brackets 
to meet the DSA’s and structural engi-
neer’s requirements.

To minimize new wire runs, RGS 
terminated each inverter ac branch 
circuit at the host building’s subpanel. 
This approach eliminated the need to 
bring all the individual branch circuits 
to an ac combiner panel located at the 
campus’s main service entrance. How-
ever, to comply with utility intercon-
nection standards, a visible, lockable ac 
disconnect was required at the existing 
meter location. Because the utility 

would not accept remote disconnects 
at each array, RGS installed a new main 
service disconnect switch.

The installation at the Ormondale 
campus was much more straightfor-
ward. The project was also subject to 
DSA requirements, but the buildings’ 
tar-and-gravel roofs accommodated 
a more conventional racking system. 
Standard Unirac standoffs were used to 
secure the array racking to the buildings’ 
structural members. The roof surfaces 
at Ormondale are low slope and the 
modules are mounted at a 5° tilt angle to 
increase the array’s power density. The 
inverters’ proximity to the main service 
entrance allowed RGS to combine the 
individual ac branch circuits in a com-
biner panel and connect the output of 
that panel to the main service.

Each installation utilizes both 
Enphase Enlighten and Deck Monitor-
ing systems. The Enphase platform 

allows the module-level monitoring 
desired by the school district. The 
Deck Monitoring platform meets the 
independent monitoring requirement 
of the CSI’s performance-based incen-
tive program. Initially, the Envoy units 
in different buildings had issues com-
municating with inverters on separate 
roofs. Enphase technicians visited 
the site, and, through software and 
firmware updates, were successful in 
getting all the units to report properly.

 “The unique structural requirements  

and multiple buildings necessitated com-

plex design and installation solutions.  

We were very grateful to Enphase for  

the support they provided in trouble-

shooting the monitoring issues that we 

encountered. In the end, this turned  

into a superior installation that exceeded 

the client’s expectations.”

—Stu Davis, project engineer,  
 Real Goods Solar 

ARRAY CAPACITY: 265 kW

ANNUAL AC PRODUCTION: 357 MWh

Equipment Specifications
MODULES: 1,127 Sharp NU-U235F4, 

235 W STC, +10/-5%, 7.81 Imp, 30.1 

Vmp, 8.5 Isc, 37.0 Voc 

INVERTERS: 1,127 Enphase M215-60-

2LL, 215 W, 45 Vdc maximum input, 

22–36 Vdc MPPT range, 3-phase, 208 

Vac output

ARRAY: 25 inverters per branch circuit 

(typical)

ARRAY INSTALLATION: Corte Madera 

school: standing-seam metal roofs, 

custom penetrating module-mounting 

brackets, multiple azimuth and tilt 

values (10 buildings total with varied 

roof surface orientations and pitches); 

Ormondale school: tar-and-gravel 

roofs, Unirac standoffs and rails, 135° 

and 225° azimuths, 5° tilt

SYSTEM MONITORING: Enphase 

Envoy gateways and Enphase 

Enlighten software (module-level 

monitoring); Deck Monitoring (to meet 

California Solar Initiative performance-

based incentive independent monitor-

ing requirement for the aggregated 

systems)
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One of the preliminary design goals 
for the BRC Group of Companies’ 

installation was a target array capacity 
of 300 kWdc mounted on a commercial 
facility with less than 35,000 square 
feet of roof area. The building had been 
constructed in phases, resulting in three 
different roof heights and numerous 
existing roof penetrations, and was 
very long and narrow, with an azimuth 
of 135°. After many design revisions, 
an innovative elevated array racking 
structure was developed to maximize 
array power density on the physically 
constrained rooftop.

The design team proposed the 
elevated array to equalize the roof 
heights and allow sufficient access 
for future roof maintenance. At the 
owners’ request, three roofing compa-
nies were consulted to determine the 
minimum height for the array’s rack-
ing structure. A height of 5 feet above 
the highest roof section was deemed 
acceptable, which resulted in an average 
roof-to-rack clearance of 9 feet over the 
entire surface. Having determined the 

proper clearances, the facility owner 
contracted Rob Thorne of Canadian 
Renovations & Restorations to engineer 
the racking system.

The building azimuth constrained 
the racking system in two ways: It 
increased the difficulty of designing the 
superstructure for the maximum wind 
and snow-load conditions in the area, 
and the module racking trusses needed 
to be independent of the superstructure 
to allow for azimuth-based adjustments 
relative to the building. To accom-
modate the target array capacity, the 
design team determined that the array 
would need to be cantilevered over the 
building envelope on three sides. The 
modules were configured two-up in 
landscape format at 19º tilt with suf-
ficient spacing intervals to eliminate the 
possibility of interrow shading based on 
the site latitude.

Due to the age of the building and 
the lack of detailed structural draw-
ings, the design and engineering teams 
excavated footings in three locations 
within the building to assess soil type. 

Overview
DEVELOPMENT GROUP: Solarform, 

cdnsolarform.com

DESIGNERS: Bill Melnik, president, 

BRC Group of Companies, brccanada.

com; Rob Thorne, president, 

Canadian Renovations &  

Restorations, sites.google.com/site/

renovationsandrestorations

LEAD INSTALLER: Rob Thorne,  

Canadian Renovations & Restorations

DATE COMMISSIONED: July 21, 2011

INSTALLATION TIME FRAME: 60 days

LOCATION: Georgetown, Ontario, 

Canada, 43.7°N

SOLAR RESOURCE: 4.0 kWh/m2/day

HIGH/LOW DESIGN TEMPERATURES: 

Per Environment Canada (climate.

weatheroffice.gc.ca) 99°F/-13°F

ARRAY CAPACITY: 308.4 kW

ANNUAL AC PRODUCTION: 365 MWh

Solarform
BRC Group of Companies
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This allowed them to determine the 
footing details required to support the 
weight and wind load of the elevated 
array structure. Additional engineer-
ing called for 23 new roof support 
columns and 41 wall column exten-
sions consisting of 24-inch steel stubs 
that would serve as mounting points 
for the array superstructure.

The hot-dipped, zinc-coated 
I-beam superstructure was fabri-
cated and installed, with triangular 
truss module racking secured to the 
superstructure. The completed design 
accommodated 1,623 Juli New Energy 
modules that met the 300 kW array 
capacity goal, and 21 Power-One string 
inverters were selected based on their 
high efficiency and dual MPPT inputs. 
The inverters were mounted to the 
superstructure in an easy-to-service, 
readily accessible manner.

“We constructed the raised-roof solar 

array out of necessity. However, the 

design and installation experience, and 

subsequent performance and financial 

analysis, indicated that ‘building up’ yields 

a higher-performing system compared to 

arrays mounted on the roof deck. addi-

tionally, elevated arrays provide full access 

for roof maintenance. We commissioned 

a second 250 kW elevated array in 2011 

and have three more planned for 2012.”
—Rob Thorne, Canadian  
Renovations & Restorations 

Equipment Specifications
MODULES: 1,623 Juli New Energy 

JLS72M190W, 190 W STC, +3/-0,  

5.12 Imp, 36.5 Vmp, 5.83 Isc, 43.8 Voc

INVERTERS: 3-phase, 600 Vac service 

(grid interconnection via 480/600 Vac 

step-up transformer); 19 Power-One 

Aurora Trio PVI-12.0-I-OUTD-US-480, 

12.0 kW, 520 Vdc maximum input  

voltage, 250–470 Vdc MPPT range 

(two MPPT channels per inverter);  

two Power-One Aurora Trio  

PVI-10.0-I-OUTD-US-480, 10.0 kW, 

520 Vdc maximum input voltage, 

220–470 Vdc MPPT range (two MPPT 

channels per inverter)

ARRAY: 12 kW inverters: 10 modules 

per source circuit (1,900 W, 5.12 Imp, 

365 Vmp, 5.83 Isc, 438 Voc); four 

source circuits per MPPT channel 

(7,600 W, 20.48 Imp, 365 Vmp, 23.32 

Isc, 438 Voc); eight source circuits 

per inverter (15.2 kW total, 288.8 kW 

subarray total); 10 kW inverters: 19.6 

kW subarray total

ARRAY INSTALLATION: Custom 

raised-roof mount elevated 9 feet 

(average) above building roof, galva-

nized steel I-beam superstructure, 

angled truss module racking above 

superstructure, 180° azimuth, 19° tilt

ARRAY STRING COMBINERS: Inverter 

integrated, 15 A fuses

SYSTEM MONITORING: Two Power-

One dataloggers connected to  

Ethernet via RS-485, Davis Instru-

ments weather station with Weather-

Link software (Fat Spaniel software 

integrates performance and environ-

mental monitoring)

Do you have a recent PV  
or solar heating project  
we should consider for  
publication in SolarPro?

Email details and photos to: 

projects@solarprofessional.com
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Two primary obstacles to the Marx res-
idence project were the steep, varied 

topography of the site and the customer’s 
desire to keep the PV array off his home’s 
roof. The closest practical location for a 
fixed, ground-mounted array would have 
required a conductor run of more than 
400 feet. After completing his due dili-
gence and getting multiple quotes from 
solar contractors, the customer opted to 
have five pole-mounted, dual-axis tracked 
PV arrays installed, based on a site plan 
developed by Malibu Solar.

Gaining the appropriate permits  
for the project was a lengthy pro-
cess. Four months after the initial 
submittals, the California Coastal 
Commission and the city of Los 
Angeles approved the site plan and 
an option for two additional tracked 
arrays in the future.

Installing each of the Wattsun 
trackers required augering 2-foot–
wide, 13-foot–deep foundation holes. 
Forms were constructed and 17-foot 
lengths of 6-inch Schedule 80 steel 
pipe and rebar cages were posi-
tioned. Two concrete trucks were 
necessary to fill all five foundations. 

While the concrete cured, the trenching, 
conduit and conductor runs, and service 
tie-in were completed. To minimize array 
installation time, Malibu Solar preas-
sembled panels consisting of three mod-
ules each. This significantly reduced the 
amount of ladder and scaffolding work 
on the uneven terrain.

“This was Malibu Solar’s first time installing 

Wattsun dual-axis trackers, and it won’t 

be the last. We were happy with the final 

product and were pleased to meet the  

customer’s expectations despite the non-

optimal project site.”
—James Burr, Malibu Solar 
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Overview
DESIGNERS: Kevin Parkhurst and 

Hannah Wear, Design Integration 

Group (DIG), digservices.com

LEAD INSTALLER: James Burr,  

DIG/Malibu Solar, malibusolar.com

DATE COMMISSIONED:  

February 2011

INSTALLATION TIME FRAME: 45 days

LOCATION: Calabasas, CA, 34°N

SOLAR RESOURCE: 5.7 kWh/m2/day

HIGH/LOW DESIGN TEMPERATURES: 

per Solar ABCs Solar Reference Map: 

81°F/34°F

ARRAY CAPACITY: 9.9 kW

ANNUAL AC PRODUCTION: 22 MWh

Equipment Specifications
MODULES: 45 Sanyo HIT-N220A01, 

220 W STC, +10%/-0%, 5.17 Imp, 

42.7 Vmp, 5.65 Isc, 52.3 Voc

INVERTERS: 45 Enphase M210-84-

240-S12, 210 W, 62 Vdc maximum 

input, 31–50 Vdc MPPT range, single 

phase, 240 Vac output

TRACKERS: Five Array Technologies 

Wattsun AZ-125 dual-axis trackers

ARRAY: Nine microinverters per  

240 Vac branch circuit

ARRAY INSTALLATION: Dual-axis 

tracked ground mount

SYSTEM MONITORING: Enphase 

Envoy Communications Gateway, 

Enphase Enlighten monitoring software

Projects

Malibu Solar
Marx Residence
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