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W
hile 1,000 Vdc PV systems are common in 
Europe and the rest of the world, they have tra-
ditionally been relegated to large free-field solar 
power plant applications in North America. 
Back in 2007 and 2008, this was truly a niche 

market. Fast-forward to 2013, and the utility sector not only is 
the largest market segment for PV in the US, but also exceeds 
the cumulative capacity of the residential and nonresidential 
market segments—a trend that analysts like GTM Research 
expect to continue in the near term.

It should come as no surprise, then, that the needs of the 
utility-market segment are increasingly driving PV product 
development in North America. For example, prior to 2010, 
very few PV system components were tested and listed 
to UL standards at 1,000 Vdc. Today, however, designers  
and installers have access to 1,000 Vdc–listed PV modules, 
utility-interactive inverters, fuses, disconnects, combiner 
boxes, PV wire and so on—in short, everything needed to 
design and deploy a 1,000 Vdc PV system in applications cov-
ered by the National Electrical Code. 

Here we explore the reasons why 1,000 Vdc utilization 
voltages have not been more widely adopted in North Amer-
ica to date and why many in the industry expect that the 
design and deployment of 1,000 Vdc PV systems will become 
routine in the future, no longer unique to utility applications 
but a standard practice in nonresidential settings. In addi-
tion to presenting a brief history of PV utilization voltages in 
North America, we include a survey of Code considerations  
for designing and deploying 1,000 Vdc PV systems. We also 
consider the advantages to and limitations of 1,000 Vdc 
designs in nonresidential applications.

PV Utilization Voltages in North America 
The maximum utilization voltage for a PV system is limited by 
several interrelated factors, including electrical codes, equip-
ment standards, equipment availability and cost. Over the last 

decade, 600 Vdc PV utilization voltages have been the norm in 
North America. Both code considerations and market condi-
tions maintained the status quo.

Code considerations. The two main electrical codes that 
apply to PV systems in North America are the NEC and the 
National Electrical Safety Code (NESC). In broad terms, the NEC  
applies to public and private premises wiring, both indoor and 
outdoor, and the NESC applies to power generation, transmis-
sion and distribution wiring that is under the exclusive control 
of an electric utility. 

Within the context of the NEC, Section 690.7(B) specifi-
cally limits PV utilization voltages in one- and two-family 
dwellings to 600 Vdc or less. However, it also contains provi-
sions for higher utilization voltages, stating, “Other instal-
lations with a maximum system voltage over 600 volts shall 
comply with Article 690, Part IX.” Titled “Systems over 600 
Volts,” Part IX of Article 690 was added in 1999 in anticipa-
tion of higher-voltage PV systems. As described in Section 
690.80, Part IX generally refers back to Article 490 (“Equip-
ment, over 600 Volts, Nominal”) and “other requirements 

applicable to installations over 600 volts.”
While Article 690 does not specifically pre-

clude utilization of voltages above 600 Vdc in 
nonresidential applications, for most of the 
past decade it was either impossible or imprac-
tical to design and deploy 1,000 Vdc PV sys-
tems in applications covered by the NEC. These 
applications require the use of listed equip-

ment. Until recently, designers and installers simply did not 
have access to PV system components listed to applicable 
UL standards, such as UL 1703 or 1741, at 1,000 Vdc. This 
had less to do with equipment standards than with a lack of 
market demand.

Brian Grenko, the director of operations for Yingli Green 
Energy, points out: “There is a common misunderstanding 
in the PV industry that the UL 1703 standard limits PV mod-
ule suppliers to a 600 Vdc maximum system voltage rating. 
While a maximum limit of 1,000 Vdc is clearly stated in the 
scope of the UL 1703 standard, it also specifies conformance 
with the National Electric Code as a general requirement. Of 
course, Article 690 of the NEC specifies a limit of 600 Vdc 
for residential dwellings. Given the abundance of electrical 
components rated for 600 Vdc, and the fact that the North 
American PV market was originally comprised primarily of 
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Once relegated to niche applications in North America, 1,000 Vdc 

PV systems are ready to step out from behind the fence. 
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residential and off-grid applications, it made sense for PV man-
ufacturers to design their products to 600 Vdc.”

Evolving market conditions. For much of the 2000s, the 
nonresidential sector drove the US solar market, as shown 
in Figure 1. However, in today’s terms this was a market 
comprised primarily of small- to medium-sized commercial 
projects. Since the residential market was a 600 Vdc market, 
these small commercial applications were built using 600 V–
rated equipment. It was not economical for manufacturers 
to offer higher-voltage equipment intended for nonresiden-
tial applications.

According to Jason Schripsema, CEO of SolarBOS, a com-
pany that has been providing combiner boxes and other BOS 
components to the solar industry since 2004, customers did 
not start asking for listed 1,000 Vdc combiners until 2009. 
Schripsema elaborates: “Once we had customers asking us for 
a listed 1,000 Vdc design, we explored the option with ETL. 
They were able to open a project, do the testing and add it to 
our listing in late 2009 or early 2010. I don’t recall there being 
any issues. The process was similar to getting our products 
listed to 600 Vdc, except that we had to show 1,000 Vdc ratings 
for all of our subcomponents.”

So where did this demand come from? A quick look back 
at Figure 1 reveals that the uptick in interest in listed 1,000 
Vdc BOS components was a direct result of growth in the 

utility sector. While this sector has basi-
cally doubled every year since 2007, it went 
from 15% of the total grid-interconnected 
PV market in 2009 to 32% in 2010 to roughly 
50% in 2012. In the “US Solar Market Insight: 
Third Quarter 2012” report (see Resources), 
SEIA and GTM Research project that the 
total installed PV capacity for 2012 will 
reach 3.2 GW. All signs point to half of this 
capacity (±1.6 GW) coming from the utility 
sector, more than doubling the utility sec-
tor’s 2011 total (758 MW).

Equipment availability. Prior to July 2010—
when Nextronex released its Ray-Max 150 
solar inverter—no manufacturer offered an 
interactive inverter that was listed to UL 
1741 at 1,000 Vdc. It took another 18 months 
to get listed 1,000 V modules to market. 
Because module manufacturers did not have 
access to 1,000 Vdc–rated subcomponents, 
such as connectors and junction boxes, PV 
modules listed to UL 1703 at 1,000 Vdc were 
not available in the North American market 
until 2012. (See the companion article “Mar-
ket Survey of Listed 1,000 Vdc PV System 
Components,” pp. 42–56.)

So what equipment have developers and 
EPCs been using for 1,000 Vdc utility applications? Since PV 
equipment intended for the European market is routinely 
listed at 1,000 Vdc, EPCs and developers in North America 
have been using PV equipment listed to international stan-
dards in utility applications. Generally speaking, this entails 
using equipment certified to International Electrotechnical 
Commission (IEC) standards. For example, IEC 61215 and IEC 
61646 are the respective international performance standards  
for crystalline silicon PV modules and thin-film modules, 
and IEC 61730 is the international safety standard for mod-
ules. IEC 62109-1 and 62109-2 are the new international safety 
standards for inverters that are closest in scope to UL 1741.  
NRTLs are only now beginning to use them. Historically, 
inverters have been certified to a number of different IEC 
standards covering safety, immunity and EMC emissions.  IEC 
62093 sometimes is used in part or whole to qualify BOS com-
ponents, but it is not typically required.

Cari Williamette is a senior construction coordinator 
with Solar Group at Westwood Professional Services. In her 
article “Electrical Codes and Standards Applicable to PV 
Installations” (SolarPro magazine, February/March 2013), she 
explains that one of the major differences between applica-
tions the NESC covers as opposed to those the NEC covers is 
the requirement to use listed equipment. Within the context 
of the NEC, it is essentially mandatory   C o n t i n u e d  o n  pa g e  2 6  
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Figure 1  The utility sector has effectively doubled in capacity every year since 
2007. While end-of-year totals for 2012 are unlikely to be announced before 
March 2013, the utility sector alone is expected to account for 1.6 GW of 
installed PV capacity.
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to use equipment listed to UL standards, unless the AHJ 
says otherwise. While the NESC implicitly requires the use 
of engineered products designed and constructed to recog-
nized product safety standards, UL is not the only recognized 
source of those standards.

Within the solar industry, utility-scale PV systems are 
commonly—and often incorrectly—referred to as behind-the-
fence applications. This terminology perpetuates a persistent 
myth—namely, the notion that utility scale is always synony-
mous with utility owned and operated. While the NEC does 
not cover installations “under exclusive control of an electric 
utility,” as clarified in Section 90.2(B)(5), Williamette points 
out that many PV power plants are classified as nonutility 

generators or independent power producers. These are applica-
tions that technically require special permission from an AHJ 
to use non–UL-listed equipment.

Variances like this are never guaranteed, not even for 
very large PV power plants like First Solar’s 230 MW Antelope 
Valley Solar Ranch One. (See “First Solar ‘Furloughs’ Half Its 
AVSR1 Workforce” in Resources.) This pressure from AHJs 
has spurred equipment manufacturers to get 1,000 Vdc equip-
ment listed to UL standards for use in the fastest-growing sec-
tor of the North American PV market.

Rick Holz is a project engineer for Bechtel Power Renewables 
and was previously the director of engineering operations at 
SunEdison. He points out, “Many utilities are already requiring 

UL-listed equipment in 1,000 Vdc applica-
tions.” This not only creates an opportunity 
for manufacturers, but also becomes a self-
perpetuating cycle. Holz explains, “As PV 
module and inverter manufacturers start 
UL-listing to 1,000 Vdc, then more utilities 
start making that a requirement.”

Cost reductions. Back in the summer 
of 2009, SolarPro magazine published an 
article exploring issues surrounding 1,000 
Vdc PV utilization voltages from the per-
spective of multiple industry stakeholders. 
(See “High Voltage Photovoltaics,” SolarPro 
magazine, August/September 2009.) In this 
article, Joe Song, then the director of engi-
neering for SunEdison, wrote, “For roof-
top residential and commercial projects, 
there is no reason to push the voltage limits 
[beyond 600 Vdc]—the scale of these sys-
tems is rarely large enough to take advan-
tage of the lower BOS costs made possible 
by high-voltage designs.”

What was true in 2009 is not necessar-
ily true now. In 2009, basic PV system com-
ponents were not listed to UL standards 
at 1,000 Vdc, meaning that it was cost pro-
hibitive, if not impossible, to design non-
residential systems that operated above 
600 Vdc in applications covered by the 
NEC. Today designers and installers have 
access to 1,000 Vdc UL-listed PV modules, 
PV Wire, combiner boxes, fuses, inverters, 
disconnects and so forth. As a result, firms 
like Blue Oak Energy are now able to engi-
neer and construct 1,000 Vdc rooftop PV 
systems with AHJ approval—and it is cost 
effective to do so.

Tobin Booth, the founder and CEO of 
Blue Oak Energy, explains: “We engineered 

Benefits of 1,000 Vdc Utilization Voltages 

Installed pV system costs are considerably lower in germany than in the uS. 
in June 2012, greentech Media reported that the estimated average installed 

pV system price in germany for Q2 2012 was $2.24 per watt, whereas the 
estimated average installed pV system price in the uS for the same period was 
$4.44 per watt. (See Resources.)

What accounts for this price discrepancy? While many analysts point to 
higher permitting and financing costs in the uS as the primary culprit, rooftop pV 
systems in germany operate at 1,000 Vdc rather than 600 Vdc, and some free-
field pV power plant applications operate at 1,500 Vdc. these higher utilization 
voltages provide both up-front and long-term financial benefits.

the up-front benefits include:
•	 More	modules	and	power	per	source	circuit
•	 Fewer	source	circuits	for	the	same	array	capacity
•	 Fewer	BOS	components,	including	overcurrent	protection	devices,		 	
 combiners, disconnects and so on
•	 Reduced	labor	costs
•	 Less	copper	in	the	dc	collection	system
•	 Less	expensive	inverters	(less	copper,	lower	current	ratings	for	sub- 
 components)
•	 Lower	overall	cost	per	watt

the long-term benefits are:
•	 Reduced	wire	losses	according	to	I2 R (doubling voltage reduces  
 conduction losses to one-quarter for the same power level)
•	 Increased	power	conversion	efficiency	at	the	inverter
•	 Improved	financial	metrics	(higher	ROI,	lower	levelized	cost	of	energy)

Jim Morgenson is the director of business development for power plant 
solutions at SMa america. in a white paper entitled “the Commercial promise 
of	1,000	Vdc	PV	Design”	(see	Resources),	Morgenson	writes:	“With	approxi-
mately	40%	BOS	wiring	savings	and	up	to	2%	efficiency	improvement,	the	
economic value [of going from 600 Vdc to 1,000 Vdc] can top $100,000 per 
MWdc	($0.10/W).	This	is	exactly	why	1,000	Vdc	systems	have	been	the	pre-
ferred standard in europe for several years.” {

1,000 Vdc Uti l izat ion Voltages
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and built our first 1,000 Vdc rooftop PV system in 2012. The 
benefit of increasing dc system voltage is reduced wire and 
BOS costs. By increasing the number of modules per source 
circuit, fewer source circuits are needed. Because the volt-
age is higher, more power can be transmitted on a given wire 
size. The result is a more efficient and cost-effective system. 
The only difficulty today is that the AHJ needs to be brought 
into the design process early to avoid possible rejection of the 
design. In the future, we expect that 1,000 Vdc PV systems will 
become commonplace.”

Moving to the mainstream? The draft proposal for NEC 2014 
helps to clarify how and why 1,000 Vdc PV systems are expected 
to become commonplace in the future. (See Resources.)

Perhaps the most striking proposal is the work of a high-
voltage task group appointed by the NEC Technical Cor-
relating Committee. Due to demand for increasing voltage 
levels from the PV and wind generation industries, the high-
voltage task group made this recommendation regarding 
Section 490.2: “Replace 600 V with 1,000 V.” With 11 votes 
in favor and one against, this proposal made it out of com-
mittee. In the draft of NEC 2014 that was circulated for pub-
lic comment, Section 490.2, “Definition,” reads as follows: 
“High Voltage. For the purposes of this article, more than 
1,000 volts, nominal.” If this change is incorporated into 
the adopted version of NEC 2014, it will have a ripple effect 
throughout the entire Code. Imagine every reference in the 
NEC to “systems over 600 volts” replaced with the language 
“systems over 1,000 volts.”

Bill Brooks, principal at Brooks Engineering, is a promi-
nent Code authority and a solar industry representative 
on Code-Making Panel (CMP) 4, which is responsible for  
NEC Articles 690 and 705. Brooks cautions, “The overall 
1,000 V change in the rest of the NEC may not be successful.” 
Even if it is not, he remains optimistic that NEC 2014 will 
eliminate real and perceived barriers to 1,000 Vdc PV non-
residential systems.

Brooks points out that CMP 4 accepted several propos-
als that address these issues specifically within the context of 
Article 690. The relevant NEC 2014 proposals include changing 
the title of Article 690, Part IX, to “Systems over 1,000 Volts,” 

“If you go through the UL 1741  

standard and look at where the  

requirements differ between 600 V  

and 1,000 V certification, you will find  

surprisingly few differences. Most of  

the requirements are unchanged.” 

—Peter Gerhardinger, Nextronex Energy Systems

3294 Heyco 3.4x9.6_Layout 1  1/25/13  2:13 PM  Page 1
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replacing references to 600 volts in Section 690.80 with 1,000 
volts and substituting 1,000 volts for 600 volts in the last sen-
tence of 690.7(C). The latter change results in the following (ital-
ics added for emphasis):

Section 690.7, “Maximum Voltage”
(C) Photovoltaic Source and Output Circuits. In one- and two-
family dwellings, live parts in photovoltaic source circuits 
and photovoltaic output circuits that do not include lamp 
holders, fixtures, or receptacles shall be permitted to have 
a maximum photovoltaic system voltage up to 600 volts. 
Other installations with a maximum photovoltaic system volt-
age over 1,000 volts shall comply with Article 690, Part IX.

Collectively, these proposed changes in Article 690 would 
result in 1,000 Vdc systems in nonresidential applications being 
treated in much the same way that 600 Vdc systems are now. 
Grenko at Yingli believes that the market for 1,000 V UL-listed 
PV modules will ultimately be governed by the evolution of the 
NEC, specifically the relationship between Article 490 and Sec-
tion 690.80. He explains, “History has clearly shown that PV sys-
tems can be installed and operate safely at a maximum system 
voltage of 1,000 V, and since the practice significantly reduces 
cost, installers will continue to advocate for its adoption.”

Code Implications of 1,000 Vdc PV Systems 
Unfortunately, NEC 2014 is still a work in progress—the final 
draft will be presented to the NFPA general assembly in June 
2013—and it will be many months, if not several years, before 
AHJs adopt the 2014 edition. In the meanwhile, it is still pos-
sible to design and deploy 1,000 Vdc PV systems in applications 
covered by NEC 2008 or NEC 2011. It is just less straightforward 
than it is expected to be in the future.

John Wiles is the program manager at the Southwest 
Technology Development Institute and a leading Code 
authority on PV systems. Wiles explains: “There are no real 
showstoppers in the NEC for 1,000 V systems. While the 
Code requirements for systems over 600 volts are unfamiliar, 
because few AHJs and electricians work on systems over 480 
Vac, they are clearly spelled out in nearly every article of the 
NEC. Designers, installers and AHJs just need to have read 
these requirements.”

For designers and installers, there is more to a Code- 
compliant 1,000 Vdc PV system than just replacing 600 V–
certified equipment with 1,000 V–certified equipment. In the 
2008 and 2011 NEC, Section 690.80 states, “Solar photovol-
taic systems with a maximum system voltage over 600 volts 
dc shall comply with Article 490 and other requirements 
applicable to installations rated over 600 volts.” This is a frus-
tratingly short and vague statement that leaves much open 
to interpretation as one peruses the multiple Code sections 
addressing systems and equipment “over 600 volts.”

Following are some of the specific Code sections that 
designers and installers need to address in a 1,000 Vdc PV sys-
tem, or that may be subject to very different interpretations 
when working with AHJs. In addition to the sections referred 
to here, you should be familiar with the definitions found in 
Article 100, Part II, which apply to installations and equip-
ment operating over 600 V. Note that these references are to 
NEC 2011. 

ARTICLE 110, “Requirements for Electrical Installations”
This article includes special requirements for enclosures, acces-
sibility and working spaces.

Section 110.31, “Enclosure for Electrical Installations.” In 
indoor installations, electrical equipment in systems above 
600 V—inverters, combiners, switches and so on—must be 
metal enclosed and marked with appropriate caution signs 
if they are accessible to unqualified persons. Alternately, 
the equipment can be rendered accessible only to qualified 
persons by installing a lock or locating the equipment in 
an access-controlled vault, room, closet or other walled or 
fenced-in area. The upshot here is that inverters, combiners 
or switches with nonmetallic enclosures may be subject to 
different requirements than those with metallic enclosures. 
While it stands to reason that components properly evalu-
ated and certified to UL 1741, whether in a metallic enclo-
sure or not, should have the same installation requirements, 
an AHJ may interpret this differently. 

In outdoor installations, electrical equipment behind 
a locked fence, wall or screen is considered inaccessible to 
unqualified persons. Per Table 110.31, a fence must have 
10-foot clearance to live parts. Equipment that is acces-
sible to unqualified personnel, whether  C o n t i n u e d  o n  pa g e  3 0  

Missing link  Module manufacturers could not certify PV modules to  
UL 1703 at 1,000 V until they had access to 1,000 V–rated subcomponents, like this  

UL-recognized MC4PLUS PV connector, which Multi-Contact released in February 2012.
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nonmetallic or metal enclosed, 
must be designed “such that 
exposed nuts or bolts cannot be 
readily removed.” If the enclosure 
has a door or hinged cover and is 
mounted less than 8 feet above 
the ground level, it must be kept 
locked. Note that this section also 
references Article 225, which in 
turn references Section 300.37 
(both of which are discussed later 
in this article).

Section 110.33, “Entrance to 
Enclosures and Access to Working 
Space.” Rooms containing equip-
ment over 600 V are subject to 
greater entrance space require-
ments. Permanent ladders or stair-
ways may be required for access to 
working space.

Section 110.34, “Work Space 
and Guarding.” Additional clear-
ance is required around equip-
ment over 600 V. The conditional minimum clearances in 
Table 110.26(A)(1) of 3 feet, or 3.5 feet or 4 feet (depending 
on proximity to opposite facing live or grounded parts), are 
extended in Table 110.34(A) to 3 feet, or 4 feet or 5 feet. Sepa-
ration is required from systems operating under 600 V, such 
as data acquisition systems or auxiliary power circuits. Do 
not forget to install a sign warning of high voltages at locked 
rooms or enclosures.

ARTICLE 210, “Branch Circuits” 
Article 210 is referenced in Article 690 only for dc utilization 
circuits and requirements for voltage limitations between 
conductors and to ground. Do not otherwise confuse PV 
circuits with branch circuits or requirements applicable to 
branch circuits. Section 210.6(E) reiterates the requirement 
that utilization equipment above 600 V be accessible only to 
authorized personnel.

ARTICLE 215, “Feeders” 
PV source and output circuits 
should not be confused with feed-
ers in a way that supersedes Arti-
cle 690. Requirements addressing 
feeders with capacities of more 
than 600 V should have no impact 
on 1,000 Vdc PV installations. 

ARTICLE 225, “Outside Branch  
Circuits and Feeders” 
Article 225 addresses require-
ments for outside branch circuits 
and feeders run on or between 
buildings, structures or poles on 
the premises, as well as equip-
ment located on or attached to 
the outside. For wiring on build-
ings, there are multiple refer-
ences to Section 110.36, “Circuit 
Conductors,” and Section 300.37, 
“Aboveground Wiring Methods.” 
These sections may be conserva-

tively interpreted to limit the types of conductors used for PV 
source circuits in exposed locations and to exclude methods 
specifically allowed in Section 690.31(B), such as the use of 
listed PV Wire. Most AHJs will likely apply 690.31(B) as they 
do for 600 V systems, as long as the PV Wire is listed and 
labeled for 1,000 V.

ARTICLE 240, “Overcurrent Protection” 
For PV systems above 600 V, Section 240.101 allows over-
current protection device (OCPD) ratings of as much 
as three times the ampacity of the conductors, which 
is far less conservative than the OCPD requirements in 
Article 690 for PV source and output circuits. Design-
ers, installers and AHJs should not deviate from Article  
690 requirements.

ARTICLE 300, “Wiring Methods” 
There are several relevant sections in this article related to wir-
ing methods in 1,000 Vdc PV systems.

Section 300.3, “Conductors.” Designers and installers need 
to be aware of Section 300.3(C)(2), which clarifies when con-
ductors of circuits rated more than 600 V can occupy the 
same equipment wiring enclosure, cable, or raceway as cir-
cuits rated 600 V or less. While listed combiners, inverters and 
other control assemblies are allowed to have mixed wiring 
under 300.3(C)(2)(d), installers need to be aware that limita-
tions apply to mixing voltages in field assemblies.

Section 300.34, “Conductor Bending Radius.” Unshielded con-
ductors in PV systems above 600 V require  C o n t i n u e d  o n  pa g e  3 2  

Kept locked  Enclosures containing circuits over 
600 V and accessible to the general public shall be 
kept locked in accordance with Section 110.31(D).
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“Listed 1,000 V PV components 

provide the same assurance of safety as tra-

ditional 600 V–rated components, but own-

ers of 1,000 V PV systems benefit  

from significantly reduced BOS costs and 

increased energy production.”

—Ken Christensen, SMA America

1,000 Vdc Uti l izat ion Voltages
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a bending radius of at least eight times the overall conduc-
tor diameter, as compared to the standard minimum bending 
radius of  five times the conductor diameter for 600 V systems. 
This affects PV source and output circuits entering and exit-
ing combiner boxes, for example. Be careful not to get caught 
turning too tight a corner. 

Section 300.37, “Aboveground Wiring Methods.” This section 
requires that aboveground conductors in PV systems above  
600 V be installed in conduit or raceways or as exposed 
runs of a suitable metal-clad cable. In locations accessible 
to qualified persons only, exposed runs of Type MV cable 
are allowed. Be aware that an AHJ could take a conservative 
position and interpret these requirements to mean that PV 

Wire listed to 1,000 V cannot be run in exposed locations as 
allowed in 690.31(B).

Section 300.50, “Underground Installations.” This section 
allows shielded or metal-sheathed cable assemblies in 
direct-burial applications for more than 600 V, but states that 
unshielded cables must be installed in conduit. However, 
Section 310.10(F) allows the use of identified unshielded 
direct-burial cable up to 2,000 V. Does this mean that direct-
burial cables rated for 1,000–2,000 volts cannot be direct 
buried? While the more permissive statement in 310.10(F) 
is the more widely accepted interpretation, these seemingly 
conflicting statements may result in confusion and uncer-
tainty for designers and AHJs.  C o n t i n u e d  o n  pa g e  3 4 

For	the	last	3	years,	Blue	Oak	
energy has engineered 1,000 

Vdc pV systems for domestic util-
ity and large commercial projects. 
the challenge for us has been 
pushing the established bounds 
set by the NEC as it relates to pV 
systems and educating various 
local permitting authorities. our 
policy is to always take a proactive 
approach with anything that might 
get overlooked during the plan 
check and that has the potential 
to create problems during final 
inspection of the installed system.

This	is	exactly	the	approach	 
we took on the largest rooftop 
solar installation in arizona, a  
4 MW system installed at First Solar’s facility in Mesa, ari-
zona. our development team for this project reached out 
to	the	local	AHJ	and	explained	that	we	wanted	to	design	
and deploy a 1,000 Vdc system on behalf of our customer. 
We detailed and directly compared First Solar’s 1,000 Vdc 
European	product	certification	to	the	equivalent	UL	and	IEEE	
standards. this was part of a code-modification request sub-
mitted	to	the	AHJ’s	Building	and	Safety	Division,	which	was	
ultimately approved. We installed additional system protection 
devices to meet the local utility requirements for medium- 
voltage distributed generation systems. the system uses 
nearly 55,000 of First Solar’s advanced thin-film modules, 
which	are	now	listed	to	UL	1703	at	1,000	V,	and	two	types	 
of 1,000 Vdc inverters.

Higher dc array voltages bring several 
benefits, including considerable reduc-
tions	in	BOS	components,	dc	collection	
system wiring and the time needed to 
install the system. Faster installation 
times can be critical in an environment 
like Mesa, arizona, where ambient tem-
peratures can reach 115°F and recorded 
rooftop working temperatures are more 
than 15°F above ambient, even atop a 
white roof. the faster we can get work-
ers off the roof in a setting like this, the 
better it is for worker health and safety. 
the design, construction and commis-
sioning of the First Solar 4 MW rooftop 
system	took	approximately	10	months.	
We estimate that the total savings in time 
and materials associated with going from 

600 Vdc to 1,000 Vdc were on the order of 30%, which substan-
tially improved the owner’s return on investment.

to accelerate the acceptance of and move to 1,000 Vdc pV 
systems in domestic commercial applications, we have found it 
helpful to educate permitting authorities and inspectors about 
applicable european ieC standards and compare them with 
the	domestic	UL	and	IEEE	standards.	In	Europe,	1,000	V	PV	
systems are commonplace, and the equipment certification 
standards there are often more stringent than those in the uS. 
As	exposure	to	and	experience	with	1,000	Vdc	PV	systems	
increases in the uS, we are confident that these systems will 
become the norm in commercial applications here as well, 
especially	as	more	equipment	is	certified	to	UL	standards	at	
1,000 Vdc. {

Designing and Installing a 1,000 Vdc Rooftop PV System
Matthew Seitzler, PE, project engineer, Blue Oak Energy

Systems above 600 V  First Solar announ- 
ced that UL certified its Series 3 thin-film 
modules for 1,000 V systems in October 2012. 
Announcements like this clear the way for 
more 1,000 V PV systems in nonresidential 
applications covered by the NEC.
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ARTICLE 314, “Outlet, Device, Pull, and Junction Boxes; Conduit 
Bodies; Fittings; and Handhole Enclosures” 
Part IV of this article contains several specific requirements 
regarding straight and angled pulls, conductor entrances 
and exits, box construction and marking that differ from  
600 V systems. Qualified installers of medium-voltage elec-
trical systems are familiar with these requirements, but 
installers who are more familiar with 600 V PV systems will 
need to brush up on these installation requirements. 

ARTICLE 362, “Electrical Nonmetallic Tubing: Type ENT”
Section 362.12 indicates that ENT, which is sometimes used to 
protect moving conductors on tracker systems, is not permit-
ted for circuits operating above 600 V.

ARTICLE 392, “Cable Trays” 
Pay attention to the marking and voltage-mixing require-
ments found in this article. Section 392.18(H) states that cable 
trays with circuits above 600 V need to be marked every 10 feet 
with high-voltage warning signs. Section 392.20(B) states that 
when cables rated above 600 V are installed in the same cable 
tray as cables rated 600 V or less, either Type MC cable shall 
be used for the higher-voltage cables or a solid fixed barrier 
shall be used to separate cables with different voltage ratings.

ARTICLE 490, “Equipment, Over 600 Volts, Nominal” 
Requirements in this article are a 
potential source of confusion as they 
generally apply to equipment used 
in medium-voltage applications, 
which Section 328.2 defines as “2,001 
volts or higher.” While 1,000 V sys-
tems reside in the gap between 600 V  
systems and systems operating over 
2,001 V, they obviously have more in 
common with the former. For exam-
ple, Type MV cable is constructed and 
terminated very differently than 600 V  
conductors (see “Basics of Medium- 
Voltage Wiring,” SolarPro magazine, 
December/January 2013), whereas 
conductors rated for 1,000 V are  
constructed and terminated just like 
600 V conductors.

Section 490.21, “Circuit-Interrupting 
Devices.” The requirements in Section 
490.21(B)(1)–(6) that address fuses and 
fuseholders are partially applicable to 
source-circuit and subarray combiner 
boxes. The use of combiners listed to 
UL 1741 at 1,000 Vdc should address 
any concerns that an AHJ may have. 

However, some AHJs may take a special interest in 490.21(B)
(6) and may seek to apply this section to large fuses in subar-
ray combiners or inverter-input combiners. While this section 
states that fuseholders “shall be designed or installed so that 
they are de-energized while a fuse is being replaced,” it also 
provides an exception for equipment “designed to permit fuse 
replacement by qualified persons.” This exception may address 
any concerns the AHJ may have about de-energizing fuses.

Section 490.21(B)(7) addresses high-voltage fuses inten- 
ded for use in metal-enclosed switchgear. For example, it 
requires a gang-operated disconnecting switch and mechani-
cal or electrical interlocks to prevent access to any fuse unless  
all switches are opened. Existing UL 1741–certified source- 
circuit and subarray combiners are not designed to meet Sec-
tion 490.21, and there is no reason to believe that they should 
be. PV combiner boxes are not metal-enclosed switchgear. 
While the definition of metal-enclosed switchgear found in 
Article 100 is not very helpful for making this distinction, 

ANSI C37 series documents make it clear  
that the standards for metal-enclosed 
switchgear are different than those 
related to 1,000 Vdc PV source- and 
output-circuit combiners. Nevertheless, 
designers should keep this section on 
their radar. This distinction has been an 
issue with some AHJs, and has led some 
designers and installers to use nonmetal-
lic components just to avoid any poten-
tial for misinterpretation.

Section 490.22, “Isolating Means.” This 
section has general requirements for the 
complete isolation of equipment from 
ungrounded components. It allows the 
use of non–load-break–rated disconnect-
ing means and fuseholders. The conven-
tional wisdom is that these requirements 
do not differ from those found in Article 
690. However, it is a good idea to be famil-
iar with this section should it come up in 
discussions with an AHJ. 

Section 490, Part III, “Equipment—Metal-
Enclosed Power Switchgear and Indus-
trial Control Assemblies.” Sections 490.30 
through 490.47 cover  C o n t i n u e d  o n  pa g e  3 6 

1,000 Vdc PV fuses  These Cooper 
Bussmann gPV-class fuses are  
certified to UL standards at 1,000 or  
1,500 Vdc. 

“The financial benefits of 1,000 V 

PV systems are clear upon close analysis.  

The only question has been: When will 

listed 1,000 V–rated PV system components 

be available?”

—Bryan Thomas, Power-One
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switchgear and control assemblies and should not be a source 
of conflict concerning source-circuit or subarray combiner 
boxes or other equipment listed to UL 1741. Section 490.35(A) 
reiterates that doors that would allow unqualified persons 
access to high-voltage energized parts must be locked.

Section 490.46, “Circuit Breaker Locking.” Note that this  
section requires the use of circuit breakers capable of being 
locked in the open position. If circuit breakers are used in PV 
source or output circuits in equipment that is not part of a UL 
1741–certified assembly, then 490.46 applies.

Advantages of and Limitations  
to 1,000 Vdc Designs 

As shown in Table 1, the advantages of 1,000 Vdc designs are 
self-evident in utility applications. For example, if a multi- 
megawatt PV power plant is designed in 1 MW building blocks, 
then typically each inverter or inverter container or skid is cen-
trally located within a four- to six-acre subarray, depending on 
the module power density, the site latitude and the nature of 
the racking solution ( fixed tilt or single-axis tracking). Not only 
do higher utilization voltages better accommodate the long 

distances in the dc collection system, but also com-
ponent reductions at the source-circuit and subarray 
combiner-box levels are realized many times over 
across the total system. Often the designer optimizes 
source circuits for voltage and identifies a racking 
configuration that accommodates the desired string 
length. After the designer identifies an optimal sub-
array layout, he or she replicates this basic building 
block as many times as necessary or possible accord-
ing to the desired array capacity and the constraints 
of the site.

While the benefits of higher utilization voltages in 
utility applications outweigh any disadvantages asso-
ciated with the costs of buying 1,000 V–rated compo-
nents, this is not necessarily true in all nonresidential 
applications. At least in the short term, getting AHJ 
approval to design and deploy 1,000 Vdc PV systems 
in commercial applications is more involved than 
permitting and inspecting 600 Vdc PV systems. Even 
if all else were equal, some nonresidential applica-
tions would be better suited than others to 1,000 Vdc 
designs based on factors like system capacity, source-
circuit length and conductor size.

AHJ approval. While language in NEC Section 
690.7 allows for the installation of PV systems that 
operate above 600 V in nonresidential applications, 
the final yea or nay in regard to approved equipment, 
materials, installations and procedures resides with 
the AHJ. Every jurisdiction is different, and most are 
at the start of the learning curve in regard to permit-
ting and inspecting 1,000 V PV systems.

If you want to design and install a PV system that oper-
ates over 600 V, then you should be prepared to have a 
detailed discussion in advance with building department 
representatives, the fire marshal and other authorities. Make 
certain that appropriate parties understand and sign off on 
your proposal. If you need waivers for any special equipment 
or installation methods, make sure you get these before 
ordering and installing the equipment. (See “Designing and 
Installing a 1,000 Vdc Rooftop PV System,” p. 32.)

While some jurisdictions may already have clearly defined 
policies in place for 1,000 V systems, most are undoubtedly 
reviewing and approving these projects on a case-by-case 
basis. Assume nothing. It is entirely possible that an AHJ 
might approve a 1,000 V PV system in a ground-mounted 
application, but not approve essentially the same system on 
a commercial rooftop. Some jurisdictions may not approve 
any 1,000 V PV systems at this time. Many probably do not 
know what their policy is. 

Avoiding this uncertainty is a compelling argument in 
favor of 600 V PV systems in the short term. However, the 
process of designing and installing 1,000 V  C o n t i n u e d  o n  pa g e  3 8  

Table 1: Impact of Increasing PV Utilization Voltage 
from 600 Vdc to 1,000 Vdc

Table 1  Increasing the utilization voltage from 600 Vdc to 1,000 Vdc for 
a representative 500 kW PV array reduces the number of source circuits 
by approximately 40%. This increase similarly reduces the number of 
overcurrent protection devices in the dc collection system and the total 
length of the source-circuit and PV-output conductors. Note that while 
component reductions are inversely proportional to the increase in volt-
age, reductions in wire losses throughout the system are not linear but 
are proportional to the square of the current (PLOSS = I2 x R).

Module 

specifications

600 Vdc 

string*

1,000 Vdc 

string

Percent 

change

Number of modules 1 14 23 +64%

VOC 37.0 V 518 V 851 V +64%

ISC 8.4 A 8.4 A 8.4 A 0%

VMP 29.5 V 413 V 679 V +64%

IMP 7.8 A 7.8 A 7.8 A 0%

PSTC 230 W 3,220 W 5,290 W +64%

IMAX per 690.8 10.5 A 10.5 A 10.5 A 0%

VMAX @ -13°F 42.2 V 591 V 971 V +64%

Strings per 500 kW — 156 95 -39%

IMAX per 500 kW — 1,638 A 998 A -39%

*Refer to “Array Voltage Considerations” by Bill Brooks, PE (SolarPro magazine, October/
November 2010) for details regarding 600 Vdc calculations.

1,000 Vdc Uti l izat ion Voltages
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systems will get easier over time. According to 
Bryan Thomas, a product manager at Power-
One, “The move to 1,000 V PV systems repre-
sents a rare opportunity for the industry to lower 
costs without compromising quality. We expect 
that the majority of nonresidential applications 
will transition from 600 V to 1,000 V by 2016.”

Ken Christensen, a product manager of power 
plant solutions at SMA America, agrees: “The eco-
nomic benefits of 1,000 V PV systems will drive 
market adoption. SMA believes 1,000 V systems 
will quickly displace 600 V systems. The rate of 
adoption will be limited only by the availability of 
1,000 V modules listed to UL standards and acceptance by the 
local AHJ.”

System capacity. There are two ways in which system capac-
ity can serve as an indicator of whether a nonresidential appli-
cation is suitable for a 1,000 V design. The first consideration 
relates to economies of scale. As system capacity increases, so 
does the financial incentive to increase system voltage to 1,000 
Vdc. With a small commercial system, there is little incentive 
to complicate permitting, inspection or product procurement. 
However, with a large commercial system, like the 4 MW rooftop 

project discussed on p. 32, any modest cost 
increases associated with permitting or pur-
chasing higher-voltage–rated components 
are more than offset by the significant time 
and material savings during installation.

The second consideration with regard to system capacity 
relates to product availability. In today’s market, relatively few 
components are certified to UL standards at 1,000 Vdc, and 
most of the components listed for 1,000 V applications are 
intended for utility-scale or large commercial applications. In 
the short term, if you are working on a small- or medium-sized 
commercial project, then your 1,000 V equipment options are 
likely to be severely limited. The situation is clearly improving. 
It is reasonable to expect that equipment availability will be 
less of an issue over time.
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Capacity constraints  The Aurora Trio is 
a 3-phase string inverter from Power-One 
that is available as a 20 kW or 26.7 kW 
model. As of February 2013, the Trio is 
the only listed 1,000 V inverter available in 
North America with a nameplate capacity of 
less than 150 kW.
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Source-circuit length. While increasing the number of 
modules per source circuit is generally advantageous in  
utility-scale and large commercial applications, longer source 
circuits can be a liability on projects with space constraints. 
For example, on small- or medium-sized commercial rooftops 
or on carport structures, shorter source circuits may provide 
the system designer with greater design flexibility. Shorter 
strings may make it easier to work around obstacles to fully 
populate a roof surface or to hit a target system size. Source-
circuit length is more critical at sites with module placement 
restrictions than it is on large homogenous sites.

Conductor size. The conductors used for PV source or 
output circuits must meet the ampacity requirements that 
the NEC dictates. While these requirements determine the 
minimum Code-compliant conductor size, voltage drop con-
siderations may lead the system designer to specify a larger 
conductor. For example, it is not uncommon for a request for 
proposal to specify a maximum allowable percentage of volt-
age drop for the dc collection system.

If designers size PV source- or output-circuit conductors 
strictly based on Code-minimum ampacity requirements, then 
the up-front benefits of going from 600 Vdc to 1,000 Vdc are 
simply a function of the reduced number of circuits. However, 

if the designer needs to upsize the circuit conductors to keep 
the percentage of voltage drop below an allowable limit, then 
there is an additional incentive to increase the system volt-
age. Reductions in wire losses throughout the system are not 
linear in relation to voltage, but are proportional to the square 
of the current (PLOSS = I2 x R). Therefore, systems with longer 
circuit lengths stand to benefit the most from increasing PV 
utilization voltages.

Safety Considerations 
While we have focused on the benefits and Code implications 
of higher PV utilization voltages, be keenly aware that work-
ing with higher voltage levels inherently involves higher risks 
in relation to the safety of persons and property.

Worker safety. The High Voltage Task Force appointed by 
the NFPA 70 Technical Correlating Committee determined 
that increasing utilization voltages from 600 V to 1,000 V 
“was of minimal or no impact to the system installation.” 
While the majority of Code-making panelists accepted this 
conclusion, dissenting opinions raised concerns about 
worker safety.

Todd Stafford is the senior director of instrumentation 
and alternative energy at the National Joint Apprenticeship 
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and Training Committee and repre-
sents the International Brotherhood 
of Electrical Workers on CMP 4. Staf-
ford was one of two panelists to vote 
against raising the nonresidential 
voltage threshold to 1,000 V in Sec-
tion 690.7(C) of NEC 2014. In his expla-
nation of the negative vote, which 
appears in the National Electrical Code 
Committee Report on Proposals: 2013 
Annual Revision Cycle  (see Resources), 
Stafford clarifies that though he “is in 
favor of increasing the voltage level to 
1,000 volts,” he is concerned about the 
“effects such a change will have upon 
the electrical worker.” Stafford points 
out that “meters and other testing 
equipment need to be properly evalu-
ated and tested for 1,000 V” and that personal protective 
equipment (PPE) also needs to be evaluated in relation to 
increased levels of arc hazards. He argues that more time 
is required to implement the “extensive training and equip-
ment research” that needs to take place before electricians 
are exposed to a new voltage threshold.

While much common electrical test equipment is indeed 
rated for a maximum of 600 V, 1,000 V wiring methods are 
not substantially different from 600 V methods. Pete Chur-
sin, assistant training director at the San Francisco Electrical 
Apprenticeship Training Program, does not believe that addi-
tional training is required to install 1,000 V PV systems. Chursin 
explains: “I don’t see why you would need any special training 
to install a 1,000 V PV system. Looking at it from what I know, 
it’s just 1,000 V. It is higher than 600 V and that’s about it.”

Obviously, any equipment used in 1,000 V applications 
needs to be listed to the appropriate maximum system volt-
age. Product standards and product listing address equip-
ment differences such as conductor insulation or terminal 
spacing. Further, many of the Code differences discussed ear-
lier in this article related to systems above 600 V may be elimi-
nated or greatly simplified under the 2014 edition of the NEC. 
If so, then properly rated PPE and electrical test equipment 
will largely address concerns about worker safety.

Matthew Seitzler, a project engineer at Blue Oak Energy, 
notes that differences in arc-flash potential are among his 
main areas of concern related to worker safety on PV systems 
above 600 V. He points out, “The project-specific arc-flash 
labels needed to meet OSHA and NFPA requirements can vary 
significantly according to the inverter dc bus configuration, 
especially with the combination of larger-capacity inverters 
and 1,000 Vdc.”

Property safety. The concern most often raised by prominent 
PV industry stakeholders relates to the fact that there is less 

margin for error at 1,000 V. In the article 
“High Voltage Photovoltaics” (SolarPro 
magazine, August/September 2009), Bill 
Brooks cautions: “Sloppy wire manage-
ment may result in an inoperative string 
at 600 Vdc, while the same mistake could 
be catastrophic at 1,000 Vdc. This is not 
to say that bad wire management is in 
any way acceptable at 600 Vdc, but rather 
that it is intolerable at 1,000 Vdc.”

John Wiles concurs: “Workmanship 
issues are my main area of concern. We 
have enough issues at 600 V, and moving 
to 1,000 V will stress these systems even 
more. The workmanship at 1,000 Vdc 
needs to be exceptional.”

According to Brooks, the indus-
try needs to beef up its training, com-

missioning, quality assurance and inspection programs to 
ensure that systems with higher utilization voltages operate 
safely for many decades. He explains: “Installation practices 
need to be heavily trained and heavily monitored. Everyone 
gives lip service to the need for high-quality installations, 
but lip service will not prevent fires—only good practices 
and procedures will.”
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1,000 V source circuits  Listed PV 
Wire—the conductor on the right with 
the thicker insulation—can be rated at 
600 V, 1,000 V or even 2,000 V. While 
USE-2 (on left) is commonly used in  
600 V applications, it is not rated for 
use in systems over 600 V.
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With our innovative technology REFUsol inverters 
achieve a maximum effi  ciency of 98.2%.

REFUsol 012K, 016K, 020K and 024K three-phase string 

inverters are light, compact and easy to install. 

As a leading technology company we supply fi rst class 

products of the highest quality. Our promise: creating 

innovative products that are at the leading edge.

Making progress, made by REFUsol.

Ralph M., Photovoltaic Development Engineer
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