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PV ArrAy  
Electrical Aggreg ation Strategies

Larger inverter sizes  
and accelerating PV 
deployment are on  
the horizon, making it 
paramount to increase 
safety and create  
effective, repeatable 
solutions for dc  
conductor aggregation. 
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A
s solar modules represent a diminishing 
piece of overall PV system cost, dc conduc-
tors and associated dc electrical equipment 
represent a growing slice of the pie. There-
fore, appropriate dc electrical aggregation 
strategies can improve cost competitiveness 
and innovation. At the same time, it is critical 

to not sacrifice safety to cut costs. 
In the US, National Electrical Code Article 690 provides 

safety requirements for PV systems that serve as guidelines 
for designers and local AHJs. For example, the NEC helps sys-
tem designers properly size equipment and indicates where 
to locate safety disconnects, fuses and other safety devices. 
However, the NEC does not help you make holistic and eco-
nomical product selections. It is important to make wise and 
informed electrical component selection choices because 
safe and cost-effective solutions are vital to the industry’s 
long-term viability.

In this article, we focus on the electrical aggregation 
of dc circuits in large-scale, monopolar PV arrays, which 
are typical of most PV systems in development today. 
We discuss these items within the context of the most 
common PV installations, namely large-scale rooftop 
and ground-mounted commercial and utility-scale PV 
systems. We explore the factors that system designers 
should consider when planning and developing strat-
egies for the aggregation of a PV array circuit: safety 
issues, array layout geometries, equipment mechanical 
constraints, array combiner fusing, PV source-circuit siz-
ing, conductor consolidation and conduit fill effects, and 
system installation and BOS economic considerations.

Many typical dc aggregation strategies have been 
implemented through the use of larger-capacity 
combiner boxes—as this reduces the total number 
of combiners—along with larger dc feeder (homerun 
conductor) sizes to the inverter. The rationale is sim-
ple: Buy fewer, bigger boxes; spend more on USE-2 PV 
Wire; and save money in the process. We would like 
to “peel the onion” a bit to see if these are wise design 

decisions. It is critical to understand the ramifications of dc 
conductor design choices on safety to people and property, 
Code compliance, O&M optimization and maximum array 
production over the life of the system. 

BEgin with thE End in Mind: SAfEty 
While levelized cost of energy is invariably the main focus 
of project development, safety should be a primary design 
driver when considering array aggregation strategies. To 
ensure the safety of people and property over the lifetime of 
a PV system—which now averages in excess of 25 years—the 
design, installation and maintenance of BOS components 
must adhere to the highest quality standards and current 
industry best practices.

Rooftop fires involving dc conductor faults in PV arrays 
have exposed system weaknesses that need to be consid-
ered when weighing electrical aggregation strategies. (See 
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Figure 1  The load-break–rated disconnect integrated into this 
SunLink HomeRun 100 A combiner box complies with the new 
fuse servicing disconnect requirements found in the 2011 NEC 
Section 610.16(B). 
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“The Bakersfield Fire,” February/March 2011, SolarPro maga-
zine.) At the same time, you need to be aware of future Code 
requirements, like those concerning combiner box discon-
nection, dc arc-fault protection and personal protective 
equipment (PPE).

Array segmentation.  When using higher-capacity com-
biner box sizes, and thus larger feeder sizes, as an aggrega-
tion strategy, array segmentation can prove valuable from  
a safety standpoint. Segmenting disconnects greatly increases 
safety, especially when high design currents are used. Section 
690.16(B), which was added to the 2011 NEC, requires that  
disconnects be located near PV fuses and thus in the vicinity of 
combiner boxes. The primary role of these segmenting discon-
nects is to protect workers during fuse servicing. 

Combiner box disconnects also allow firefighters to 
disconnect energy to feeders in the event of a fault. When 
fewer and larger combiner boxes and feeders are used, these 
disconnects provide an increased level of safety by sepa-
rating the PV source-circuit combiners from the inverter-
input combiner, which is the largest contributor to fault 
energy. When segmenting disconnects are used at the PV 

source-circuit combiners in addition to the dc disconnects 
required at the inverter, it becomes possible to isolate PV 
feeders from all current sources.

Using segmenting disconnects also allows for more-
efficient O&M activities during commissioning and over the 
life of the system. These devices incorporate load-break–
rated switches that break the ungrounded current-carrying 
PV output-circuit conductor, which carries current from 
the fused and consolidated PV source circuits back to the 
inverter. Opening these disconnects is a safe and expeditious 
way for service personnel to electrically isolate segments of 
and components in a PV array. 

Minimum requirements found in earlier Code cycles  
(Section 690.15) required PV equipment disconnecting 
means at the inverter only. If just these minimum discon-
nection requirements were met, then service personnel 
would have to open the inverter disconnecting means, walk 
out into the array, open an enclosure that houses live circuits 
and then open all of the nonload-break–rated fuse holders 
within the combiner box to isolate the feeder or safely test 
individual source circuits.   C O n t i n u E d  O n  pa g E  5 4
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PV-Class Fuses Slow blow  
The all-purpose 
ac/dc fuse 
used in this 
inverter-input 
combiner has 
time-delay 
characteristics 
that are ideal 
for ac power 
applications, 
but less so for 
PV array fault 
protection.

Fuses used in PV systems are typically designed for ac power 
and control applications and listed to the uL 248 series of 
standards. these current-limiting fuses are generally designed to 
handle the higher available fault currents from the utility and have 
time delays built in to accommodate loads with in-rush currents, 
such as electric motors and transformers. 

Based on the nature of the circuit they are protecting, fuses 
in pV systems have distinctly different requirements, particu-
larly with respect to extreme temperatures, thermal cycling 
and current cycling. in addition, pV systems have limited avail-
able fault currents, and they do not include loads with in-rush 
currents. due to these differences, ac-type fuses used on the 
dc side of a pV system can be slower to respond to a fault 
and thus lead to higher incident-fault energies. 

to address the unique characteristics of pV systems, the 
uL 2579 and iEC 60269-6 standards were created to facilitate 
the design of dc fuses for use in pV applications. these fuses 
provide faster response times at the lower fault currents typical 
of pV systems. in some pV-class fuses, the fault sensitivities can 
be as low as 1.35 times the fuse rating.

uL 2579 includes specific performance tests related to 
pV applications that are not currently found in uL 248. these 
include verification of fuse-interrupting capabilities after thermal 
cycling, at temperature extremes of 500°C and after current 
cycling. at the moment, uL 2579 listings are common for class 
R, J, and M (midget) fuses. Similar fuse performance character-

istics are used in iEC 60269. However, the fuse class designa-
tion is gpV. iEC 60269 listing is common for class nH1 and M 
fuses, as well as XL fuse styles. 

using pV-class fuses in place of ac fuses in subarray com-
biners has a minimal effect on system cost. Because they offer 
additional protection—like faster trip times at lower fault cur-
rents—pV-class fuses are an intelligent choice for the protec-
tion of pV feeders, especially when using an array aggregation 
strategy that leads to higher design currents. inverter manu-
facturers, especially those with integrated subarray combiners, 
can increase system safety by including pV-class fuses when 
obtaining uL certification for their equipment. {
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DC arc flash and PPE requirements. Section 110.16 of the 
2011 NEC requires that equipment likely to be used for ser-
vice or maintenance activities while energized be labeled  
or otherwise field-marked in a manner that identifies 
potential arc-flash energies. This requirement is intended 
to warn qualified persons of the electrical arc-flash hazard 
present and thus to identify the PPE needed to mitigate  
the hazard. 

The Electric Power Research Institute (EPRI) and the 
Institute of Electric and Electronics Engineers (IEEE) have 
done extensive work related to ac arc flash. Out of these 
studies, IEEE Standard 1584 came into existence in 2002. 
The IEEE is currently finalizing a standard for the determi-
nation of dc arc-flash potential based upon previous IEEE 
analyses. While these analyses provide a framework for the 
calculation of arc-flash incident energy for dc applications, 
this standard is currently not fully defined for dc applica-
tions. NFPA 70E: Standard for Electrical Safety in the Work-
place provides specific PPE requirements for common ac 
electrical equipment, but nothing is currently provided for 
dc equipment.

We have found that dc arc-flash incident energy mag-
nitudes for typical 600 Vdc and 1,000 Vdc systems are more 
sensitive to working distances from live parts than they 
are to voltage and current. Because there are no clear stan-
dards on dc arc-flash calculation, we typically recommend 
extremely cautious arc-flash judgment for worker safety. 
Sometimes this requires wearing a full arc-flash suit when 
working on energized dc gear. However, simply wearing pro-
tective eyewear and lineman gloves 
is suitable in other instances. 

The process of selecting the exact 
PPE will be improved with the intro-
duction of PV-specific dc overcurrent 
protection devices, because these 
will increase the options available 
to system designers. For example, 
the time that a fault persists can be 
reduced by using dc arc-fault circuit-
protection devices and PV-class 
fuses—which have faster trip times 
than all-purpose fuses (see p. 52)—
allowing for lower arc-flash energy 
values and thus more clearly defined 
PPE requirements.

ArrAy LAyout ConSidErAtionS 
When planning PV array layouts, the 
physical space and the associated 
geometric considerations are often 
a starting point in the design pro-
cess. The type of array layout used for 

a given site is dependent on factors ranging from PV source-
circuit lengths to the mounting structure that will be used. In 
our experience, however, layout types can be divided into three 
distinct classes: continuous, segmented and fragmented arrays. 

Continuous arrays. For the purposes of this discussion, a 
continuous array layout is one in which large portions of the 
array can be electrically aggregated using relatively straight-
forward wire-routing practices. An example of this layout 
is a rooftop array. The PV source circuits in a rooftop array 
can be routed almost anywhere they are needed, because 
they can easily cross rows and other array sections without 
affecting the electrical system’s overall efficiency. 

In a continuous array, the combiner-box footprint—the 
area of the array that is electrically aggregated to a particu-
lar combiner box—is not constrained by the geometry of the 
mounting system. This does not necessarily mean that the 
array is contiguous, unbroken or installed in a uniform grid 
pattern. As shown in Figure 2, the module layout may have 
to accommodate skylights, HVAC equipment, pathways 
required by local fire codes and so forth. However, these 
spacing requirements do not dictate how circuits are electri-
cally aggregated at the combiner boxes. 

As long as it is not impractical for electricians to install 
jumpers in PV source circuits, you can specify a relatively 
simple electrical design. The ability to use jumpers in 
source-circuit conductors effectively allows you to increase 
the combiner box footprint as desired. To the extent that 
more of the array capacity can be dedicated to each PV 
source-circuit combiner, then combiner  C O n t i n u E d  O n  pa g E  5 6  
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Figure 2  While the module layout in this continuous array is irregular and broken up to 
accommodate roof access and skylights, the use of PV source-circuit jumpers allows 
for large sections of the array to be electrically aggregated at each combiner box.
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box size can be increased. The 
result is a consistent aggrega-
tion of larger electrical subsets 
of the PV array. 

Segmented arrays. In a seg-
mented array, the combiner-box 
footprint tends to be smaller and 
more granular than in a continu-
ous array. This is often a response 
to constraints imposed by the 
mounting system or shading 
considerations. An example of a 
segmented array is the ground-
mounted PV system illustrated 
in Figure 3. Arrays mounted on 
carports and single- or dual-
axis trackers are other common 
examples. In these systems, the 
combiner-box footprint can eas-
ily be matched to the footprint 
of the individual mechanical 
assemblies to simplify conduc-
tor routing. 

While a segmented array lay-
out may be driven by the difficulty 
or cost to route PV source-circuit 
conductors between structures, 
the use of a logical and granular 
segmentation of an array simpli-
fies future O&M activities. In the 
event of a ground fault, for exam-
ple, identification and remedia-
tion activities are simplified if 
PV source circuits can easily be 
traced and opened for testing. 
Customer preference may also dictate a finer consolidation 
and segmentation of an array layout. For example, some clients 
prefer that each tracker drive block be electrically continuous 
and that source circuits not be shared between other tracker 
blocks or rows. To the extent that more combiner boxes are 
distributed throughout the array, the relative capacity of each 
combiner can be reduced.  

Fragmented arrays. In a fragmented layout, the array is not 
electrically aggregated in a consistent manner. This is often due 
to physical layout constraints that make it impossible to har-
monize the electrical aggregation of the array with its support 
structure or mounting system. Fragmented array layouts may 
also accommodate an unusually high number of site obstruc-
tions: water sources, easements, shade zones and so forth. In a 
fragmented array layout, the combiner-box footprint is irregu-
lar relative to the mechanical layout of the array, with source-
circuit conductors routed between different structures or rows 

to aggregate fragmented sections 
of the PV array. 

Installers tend to take differ-
ent approaches to array fragmen-
tation. One approach is to route 
PV source-circuit conductors all 
over heaven and earth to use every 
fused input to a combiner box. In 
addition to the potential added 
cost, this layout can present chal-
lenges when someone has to find 
a faulty or open circuit. We have 
seen source circuits in fragmented 
arrays travel some remarkable 
routes—running hundreds of feet 
in free air and underground, in 
conduit or directly buried—just to 
fully load the input fuse section of 
a distant combiner box. Ultimately, 
however, most fragmented array 
layouts are the result of physical 
constraints that are beyond the 
system designer’s control.

While the use of a fragmented 
array layout can make sense in 
many instances, we recommend 
a less-is-more approach. Think 
about array maintenance. Before 
finalizing the design, ask your-
self: “If I were going out into the 
array to locate a ground fault or 
an open circuit, would I be able to 
find it without having to do major 
surgery at the site?”

String-to-CoMBinEr ConSidErAtionS 
The primary design considerations involving the aggrega-
tion of PV source circuits include equipment constraints, 
string sizing, string routing and voltage drop. 

Equipment constraints. Successful array aggregation strate-
gies must accommodate limitations imposed by the electrical 
BOS components. For example, the maximum cable size rating 
for input terminals at subarray combiners, inverters or service 
disconnects effectively limits the size of the inbound feeder 
conductor. Similarly, the physical size of an equipment enclo-
sure imposes limits on the maximum allowable wire-bending 
radius. While it may be possible to use cable reducers in some 
instances, the enclosure must be large enough to accommo-
date the allowable wire-bending radius plus the dimensions of 
the reducer. 

Structural considerations may also constrain equipment 
selection and deployment. Many buildings are intentionally 

Array Aggregation

Figure 3  In a ground-mounted array like the one 
pictured here, it can be difficult to route source- 
circuit conductors between one mechanical  
assembly and another. Therefore, Blue Oak Energy 
electrically aggregated the PV source circuits in a 
segmented manner corresponding with the mount-
ing system’s mechanical divisions. 
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designed to be “structurally lean,” meaning that additional 
structural carrying capacity is minimal. When this is the case, 
it can be problematic to introduce a rooftop PV system and 
the associated BOS components. For example, in a rooftop PV 
system with a ground-mounted inverter, a structural engineer 
needs to consider the structural implications of routing a large 
number of array conductors and conduits together. Custom 
racking is required in some instances to distribute the loads 
associated with this equipment in a manner that prevents 
damage to building parapets, exterior walls and the roof.

String sizing. At a fundamental level, the electrical aggre-
gation of a PV array starts with the PV source-circuit con-
figuration. As Bill Brooks illustrated in the article “Array 
Voltage Considerations” (October/November 2010, SolarPro 
magazine), this is a module-, inverter- and location-specific 
exercise. Regardless of whether you are using an online string-
sizing tool or performing your own calculations, the accept-
able range of series-connected modules needs to be based on 
historical weather data and the published inverter input and 
operating parameters. 

Assuming these calculations indicate that more than one 
source-circuit configuration is acceptable, you can specify an 
odd or even number of series-connected PV modules. Even 
numbers of modules are generally easier to work with, simply 
because even numbers provide more divisibility and hence 
more design flexibility. This is helpful when harmonizing the 
electrical design with constraints imposed by a mechanical 
assembly with fixed dimensions.

The design parameters on one of our projects called for the 
use of an odd number of modules per PV source circuit. This 
meant that we needed to lay out groups of 11 series-connected 
modules atop multiple carport structures that were not uniform 
in size. The smaller carports, in particular, were challenging 
with regard to string layout and PV source-circuit wiring. The 
physical constraints necessitated a fragmented array layout. 

While using an even number of modules is not necessarily a 
panacea, in this instance it would have simplified the array wir-
ing, as illustrated in Figure 4 (p. 58). Since source-circuit sizing 
depends on the relationship between module voltage and the 
inverter’s operating voltage range, you may be able to eliminate 
or alleviate layout constraints by considering different combi-
nations of components.

String routing. Source-circuit routing is another important 
aspect of the array layout process. While most system own-
ers want to optimize energy production, some simply want 
to minimize the initial installation and material costs. When 
a customer wishes to maximize energy production, the design 
team can spend more time arranging the layout and location 
of PV source circuits on the racking system in a manner that 
minimizes shading losses. When the customer’s goal is to mini-
mize up-front costs, string orientation is not as important as 
minimizing the overall length of the wire runs. The relative 

3197R2 Heyco 3.4x9.6:Layout 1  7/7/11  11:45 AM  Page 1
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importance of each of these factors is worth considering when 
planning PV array aggregation strategies.

Voltage drop. A good electrical designer balances voltage 
drop effects and system cost considerations when determin-
ing an optimal array aggregation strategy. The intent is not to 
improve system efficiency at any cost, but rather to optimize 
the dc voltage drop allowance as it relates to system cost and 
performance. (See the QA “Voltage Drop in PV Systems,” Febru-
ary/March 2010, SolarPro magazine.)

Voltage is a measure of electrical pressure. Valuable solar-
generated electrons are invariably lost in any PV 
system due to conductor resistance, in much 
the same way that water pressure is lost due to 
friction in a pipe. The total percentage of voltage 
drop in PV circuits is a summation of the per-
centage of voltage drop in the string-to-combiner 
conductors and in the combiner-to-inverter con-
ductors. Therefore, it is useful to consider how 
different array aggregation strategies influence 
the proportion of the allowable voltage drop per-
centage that is incurred in each of the circuits. 

For example, when system designers distrib-
ute a larger number of smaller-capacity com-
biner boxes throughout an array, then the dc 
voltage drop incurred in the PV source circuits 
is generally less than it would be if fewer and 
larger combiner boxes were used. With a more 
granular distribution in the field, it is possible to 
locate the combiner boxes physically closer to 
the aggregated PV source circuits. Conversely, 
the use of larger combiners generally means 
that more voltage drop is incurred on the PV 
source-circuit conductors, because the larger 

combiner-box footprint requires longer wire runs. Whichever 
strategy you employ, you need to ensure compliance with 
overall voltage drop design constraints.

The logical choice with respect to circuit length would be 
to locate all of the combiners and inverters within the array 
field—as we did with the system shown in Figure 5—to reduce 
the length of the dc feeder runs. In practice, this is sometimes 
beyond the system designer’s control. For example, rooftops 
often have structural loading constraints that require invert-
ers to be on the ground; PV carports  C O n t i n u E d  O n  pa g E  6 0 
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11 modules per string

Dummy modules 
or open space

B4-1 B4-2

B4-3

B4-4

12 modules per string

B4-1 B4-2 B4-3 B4-4

Figure 4  Because 11 is both an odd number and a prime number, it does not allow much design flexibility in relation to 
the carport section shown on the left. Using 12-module strings would improve divisibility and design flexibility. When the 
12-module strings are configured as two columns, as shown on the right, source-circuit routing back to the combiner box is 
greatly simplified compared to the 11-module string layout, as are any wiring activities associated with prepanelizing indi-
vidual columns of modules.
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Figure 5  Locating inverters and combiner boxes within the array field 
reduces the length of the dc feeders, which reduces the need to upsize 
conductors to account for voltage drop.
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have to accommodate dual uses (power generation and 
parking), which may result in large distances between arrays 
and inverters. 

Exceptionally long wire runs can prove challenging. The 
maximum size of the feeder conductors is effectively lim-
ited by equipment compatibility at the subarray combiner. 
One technique for reducing voltage drop without increas-
ing feeder size is to reduce the number of PV source circuits 
aggregated at the combiner boxes located farthest from the 
inverter-input combiner.

Even though PV system designers typically use module 
STC ratings for design calculations, these are not the best  
values to use for voltage drop calculations. A PV array oper-
ates at its rated maximum power only under specific condi-
tions and at certain times of the year. Rather than design for 
a maximum instantaneous voltage drop in the PV array—
such as 2% voltage drop at maximum power conditions—the 
design intent is to limit the overall percentage of annual volt-
age drop losses. 

The best way to calculate the year-round percentage 
of voltage drop losses is to use a simulation program like 
PVsyst. If this is not an option, consider using 80% of the 
array operating current (Imp) along with the nominal oper-
ating voltage (Vmp) in design calculations to estimate the 
annual percentage of voltage drop losses. While many in 

the industry use 2% voltage drop as a de facto design stan-
dard for the dc side of a PV system, this practice is subject 
to review based on conductor costs and the price the utility 
pays for PV-generated electricity. 

CoMBinEr-to-invErtEr ConSidErAtionS
The primary goal of any array aggregation strategy is to col-
lect all the PV output-circuit conductors at the dc input to the 
inverter. With regard to these feeder conductors, the two main 
design considerations are fuse sizing and conductor routing.

Fuse sizing. NEC Section 690.9 requires fuses at inverter-
input combiners (or at external subarray combiners) to 
provide overcurrent protection from all current sources. 
The intent is to limit current backflow through the collec-
tion system to the source-circuit combiner boxes. There are 
several potential causes of reverse or backfeed current in a 
PV array, including incorrect combiner box wiring, lightning 
events, insulation faults and human error during commis-
sioning or O&M activities. Fuse protection is essential for 
ungrounded current-carrying feeder conductors.

While stand-alone subarray combiners are available, 
most modern inverters offer integrated fused inputs. When 
planning array aggregation strategies, the fuse sizing options 
that are available from the manufacturer often become criti-
cal design drivers. The associated maximum and minimum 
fuse sizes are particularly relevant because they determine 
the number of inverter input circuits, the size of the feeder 
conductors and ultimately the number of PV source circuits 
that can be dedicated to each combiner box. (See “Central 
Inverters for Commercial PV Applications,” December/Janu-
ary 2012, SolarPro magazine, and “DC Combiners Revisited,” 
February/March 2011, SolarPro magazine.)

Mechanical termination is another important consider-
ation. Many inverter input combiners have mechanical lugs 
that accept a specific range of conductor sizes, which limits 
design flexibility. Fortunately, inverter manufacturers have 
recently begun to recognize the wisdom of accommodat-
ing terminations using single- or double-hole compression 
fittings. An example of this type of termination method is 
shown in Figure 6. In addition to reducing the maintenance 
requirements at the inverter—such as eliminating the need to 
periodically retorque mechanical lugs—compression fittings 
tend to accommodate a wider range of dc feeder sizes, a fea-
ture that system designers value.

Conductor routing. Conduit fill temperature effects are 
important to consider when deciding how to physically route 
aggregated PV circuits back to the subarray combiner. When 
combiner boxes are deployed in a more granular fashion—
using a larger number of smaller-capacity combiners—it is 
often tempting to consolidate multiple PV output circuits 
into a single raceway. However, doing  C O n t i n u E d  O n  pa g E  6 2 
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Figure 6  This inverter-input bus allows for the use of single-
hole compression fittings on the array feeder conductors. 
This not only accommodates a wide range of conductor 
sizes, but also simplifies future maintenance activities. 
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so decreases conductor ampacity—as shown in Figure 7—
according to the adjustment factors found in NEC Table 
310.15(B)(3)(a).

Because PV source circuits are often routed in free air, 
they are generally not subject to conduit-fill adjustment fac-
tors. However, conduit-fill effects must be considered when-
ever multiple dc feeders are consolidated into one raceway 
and whenever paralleled sets of circuit conductors are used 
in place of larger feeders. As illustrated in Figure 7, an 80% 
adjustment factor is required whenever two cables are par-
alleled per current-carrying conductor in a PV feeder. If four 
cables are paralleled per current-carrying conductor, then 
you must adjust conductor ampacity by a 70% factor. 

Applying these adjustment factors to paralleled sets of 
conductors translates into an increase in the cross-sectional 
area of copper per current-carrying conductor. Increasing 
the conductor area can be a useful way to limit voltage drop 
according to system design criteria. To avoid incurring fur-
ther adjustment factors, some installers prefer to dedicate 
large paralleled sets of conductors to a single conduit. A sec-
ondary benefit of this approach is that having just one circuit 
per raceway also makes it easier to isolate any faults.

Especially on large ground-mount PV systems using 
larger feeder sizes, you need to consider heat transfer effects 
between underground dc conductors. Soil and air have very 
different insulating properties. Site soil resistivity is a criti-
cal component of heat transfer, since it indicates the extent 
to which soil properties will resist the flow of electricity and 
create a voltage drop or a heating effect in the conductor. Soil-
resistivity measurements are necessary to design an efficient 
underground electrical system, ensure adequate conductor 

spacing and minimize conductor ampacity reductions. 
Knowledge about soil resistivity and how it varies across a site 
is also essential to the proper design of the electrical ground-
ing system, especially for a site with a substation.

For ground-mounted PV systems in general, aggregation 
schemes that reduce the length and width of the trenching 
runs are beneficial. These schemes not only help control 
costs, but  also reduce site disturbance, which can be a hard 
limit to the development of some sites.

EConoMiC ConSidErAtionS 
In practice, PV system design decisions are usually driven by 
economic considerations. As such, the aggregation strategy for 
each PV system should be analyzed to identify potential reduc-
tions in installation material and labor cost. The best approach 
is often site specific and influenced by the cost of material and 
labor at the time the project is being developed. 

Conductor costs. While there are many aspects of array 
aggregation that have economic implications, conductor 
cost is a major factor. As module prices continue to fall, 
conductor selection has an increasing impact on overall 
project economics. 

Given that conductor ampacity and cost are both depen-
dent on wire size and material, it is only logical to ask, “Is 
there a conductor size and material that provides the most 
ampacity per dollar?” If so, then knowing what this is can 
help you make the most economical design decisions. For 
example, system designs could be standardized around the 
most cost-effective conductor choices. 

The first step in this analysis is to determine the specific 
cost per rated amp for a typical range of PV array conductors, 

based on the ampacity ratings found in 
the NEC. In Figure 8 (p. 64), for example, 
we have plotted the relative cost per 
ampere ($/A)—based on Electrical Cost 
Data estimates published by RSMeans in 
2011—for 100-foot lengths of cable rang-
ing in trade size from 2 AWG through 600-
kcmil. We did not consider smaller cable 
sizes because they are generally not used 
for feeder conductors in commercial and 
utility-scale PV arrays. In addition, we did 
not consider 700-kcmil conductors due 
to their prohibitive cost and high labor 
requirements. 

While the cost per ampere in Figure 
8 increases along with conductor size, 
something more interesting is revealed 
when you compare these incremental 
cost increases. What is the specific cost 
increase per ampere to upsize a conduc-
tor by one standard  C O n t i n u E d  O n  pa g E  6 4  
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Figure 7  As the number of current-carrying conductors in a raceway is  
increased, the ampacity of the conductors needs to be adjusted according to 
the factors found in NEC Table 310.15(B)(3)(a), as summarized in this chart.

C
o

u
rt

e
sy

 B
lu

e
 O

a
k

 E
n

e
rg

y 



64 S o l a r Pr o   |   april/May 2012

trade size? Knowing this, you should be able to make informed 
decisions about when it makes sense to upsize conductors to 
increase current-carrying capacity and reduce voltage drop. 

The results of this comparative analysis are shown in Fig-
ure 9. For calculus lovers, this graph is the derivative of the 
graph in Figure 8. One of the things that stands out in Fig-
ure 9 is that upsizing to 1/0 copper conductors incurs the 
least cost increase per ampere. For example, using 1/0 over 1 
AWG saves roughly $0.12 per ampere per 100 feet of conduc-
tor; using 1/0 over the more common 2 AWG provides sav-
ings of $0.05 per ampere per 100 feet of conductor.

This is just one example of an economic analysis relat-
ing to array aggregation. A similar analysis can determine 
whether it makes economic sense to switch from copper to 
aluminum feeder conductors. 

Reducing costs. One common array aggre-
gation strategy is to reduce the quantity and 
variety of BOS components in an effort to drive 
down material costs. From an engineering 
standpoint, this is achieved by designing the 
system using a standard set of components, 
while still maintaining Code compliance and 
meeting minimum design standards. This 
could be achieved by using larger combiner 
boxes with larger feeders to reduce BOS costs. 
While this approach may leverage some econ-
omies of scale, it is not necessarily the best 
design approach overall. You need to deter-
mine whether the choice of components leads 
to additional labor costs, and, if so, whether 
these outweigh the material cost savings.

Another common approach to array aggre-
gation is to emphasize installation labor cost 
reductions. Labor can be a significant portion 
of project capital costs, and many installers 
actively seek out the system designs that are 
easiest to implement. For example, if additional 
pull boxes are used—beyond those required 
based on conductor pull lengths or the allow-
able bends in a raceway—material costs 
increase. However, labor costs are reduced 
because it is easier and faster for installers to 
pull the conductors. 

The challenge for PV system designers and 
developers is to find the balance between mate-
rial and labor cost reductions that ultimately 
results in the lowest cost overall. Our contention 
is that for most PV systems, a wise and holistic 
balance of the approaches we have outlined in 
this article typically produces the safest, most 
repeatable and most economical solution. 
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Figure 8  This graph shows the cost per ampere for 100-foot lengths of 
typical copper conductor sizes used for PV array feeders.
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Figure 9  This graph shows the relative increase in the specific cost per  
ampere associated with upsizing copper conductors. 
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