Reassessing

DC VOLTA

A

sk almost anyone who works for a system
integrator how to size PV system conductors with respect to voltage drop, and
the nearly unanimous answer is “Keep voltage drop to less
than 2%.” Typically, PV system designers hold a maximum
2% standard on both the dc and ac sides of the inverter.
When pushed to explain why, nearly everyone (ourselves
included) answers with some form of “That’s how it’s
always been done.” As the industry continues to reduce
system costs, however, we must reassess this rule of thumb
to see if it still applies.
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Conventions

C ou r t e sy Robe r t A . Both m a n

While 2% voltage
drop has become
a de facto design
standard for
sizing PV system
conductors, our
data suggest that
the acceptable
voltage drop
threshold is
actually higher
than current
industry practice.

By Ryan Mayfield, Paul Gibbs and Paul Grana

The industry, after all, is changing quickly. System costs
and PPA costs are falling faster than anyone anticipated.
System voltages are moving from 600 V to 1,000 V, and, in
some applications, up to 1,500 V. System dc-to-ac ratios—
the ratio of module power to inverter nameplate power—
are increasing, from 1.2 to much larger numbers. These facts
can have significant effects on optimal conductor sizing. In
light of these changes, engineering analyses completed in
2012 may not be relevant in 2015.
We decided to dig a bit deeper into the voltage drop on the
dc side of the inverter to see if the 2% threshold is still ideal.

GE DROP

C o ur t es y A r r ay Te ch n o lo g ie s

Inadequate site assessments can lead
to overengineered and unnecessarily
expensive foundations. Worse, they can
lead to costly foundation failures.

We started by surveying
system integrators and
learned that many are making conductor-sizing decisions
based on the 2% voltage drop standard. However, some system
integrators have developed extremely complicated in-house
models to analyze in intense detail the cost and energy tradeoffs associated with conductor sizing.
In this article, we attempt to split the difference. We put the
2% rule under the microscope to see if it pencils out economically. We also rigorously analyze the effects of changing system
costs and design techniques. Rather than propose a single

model that will automatically determine the
ideal dc conductor sizes on any project, our objective is to help
system designers develop a stronger and more nuanced understanding of the factors driving their decisions. For this article,
we base all of our initial voltage drop calculations on standard
test condition (STC) ratings, as is most common within the
industry. We use production modeling and financial analysis
tools to quantify and monetize the actual voltage drop and
wire loss values. This helps us draw some realistic conclusions
regarding optimal conductor sizing.
solarprofessional.com | S O L A R P R O
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CALCULATING VOLTAGE DROP
The voltage drop calculation itself is actually quite straightforward. The formula that we use as the basis for this article’s calculations is Equation 1:

course of a year, the VMP value at STC is higher than the average operating voltage for the array; at the same time, the IMP
value at STC is higher than the average operating current.
In a sense, these two components offset each other, but the
offset is not linear. As the analyses that follow illustrate, voltVD% = (((2 x L x I x RC) ÷ 1,000) ÷ VSOURCE) x 100%
(1)
age drop estimates based on STC ratings produce conservative results compared to voltage drop calculations based on
where VD% is the voltage drop percentage, L is the one-way actual operating voltage and current values.
circuit length, I is the operating current, RC is the conducCircuit length. Circuit length is another important variable
tor resistance per 1,000 feet and V SOURCE is the voltage of the in voltage drop calculations. If you are looking at PV source
power source.
circuits, for example, one option is to use the length of the
You can use several voltage drop calculators to derive string that is farthest from the combiner box. While this
the answer to Equation 1 simply by entering the required length determines the largest possible voltage drop, this is
inputs. At first glance, the inputs to the equation seem sim- again a worst-case scenario that affects only a small portion
ple enough. However, if you want to analyze the impacts of of the total array. Another method that designers employ is
voltage drop, each input is critical and can drive the results to calculate the voltage drop for each individual source cirin different directions. So what are the correct reference val- cuit, and then determine a weighted average based on the
ues for calculating voltage drop?
length of the source circuits in relation to the combiner box.
PV circuit parameters. If you consider a single PV source cir- Of course, for a large-scale array, the task of evaluating the
cuit, VSOURCE varies for nearly every hour of the day, not to men- voltage drop for each source circuit is daunting, even for
tion from one day to the next. Early in
arrays with a uniform
the mornings, before the modules have
layout. This process
At first glance, the inputs to Equation 1
heated up, the operating voltage is
may be less challenghigher than in the middle of the aftering for smaller arrays,
seem simple enough. However, if you
but still requires the
noon. Average hourly cell temperature
want
to
analyze
the
impacts
of
voltdesigner to tabulate
values—which directly influence operand evaluate different
ating voltage—vary from day to day,
age drop, each input is critical and can
data points.
month to month and location to locadrive
the
results
in
different
directions.
This same issue
tion. Operating current is also highly
applies
to output cirvariable, based on system design
cuits,
which
connect
detail and environmental conditions.
source-circuit
combiner
boxes
to
subarray
combiners
or
However, operating current varies based on irradiance in the
inverter-input
combiners.
It
tends
to
be
easier
for
designers
plane of the array rather than on cell temperature. Therefore,
it is actually rather difficult to choose a single power-source to evaluate voltage drop in PV output circuits than in source
circuits, simply because they are fewer in number. But it still
voltage and operating-current value.
Some rebate programs require that designers estimate takes time to calculate the length of each circuit, determine
system voltage at a specific temperature for these types of cal- voltage drop percentage and apply these results to conducculations. Typically, these requirements specify an elevated tor sizing. At the same time, designers need to account for
design temperature based on summertime conditions. The mismatch losses associated with having circuits with differconcept is similar to sizing source circuits based on extreme ent voltage drop values—due to different circuit lengths and
cold temperatures: If you design for worst-case conditions, conductor sizes—connected to the same MPPT zone.
the array operates much better than calculated the majority
Conductor resistance. The last equation input to consider
of the time. This approach is valid for hard-stop design lim- is conductor resistance. The NEC details direct current
its, such as maximum system voltage, intended to protect resistances in Chapter 9, Table 8, for both copper and aluthe equipment from damage. However, it does not provide minum conductors. The values used for the table are based
as much value when applied to voltage drop, which is not a on 75°C temperatures. The table notes indicate that the valproduct-safety concern, because the worst-case design condi- ues given are for the properties listed and may change as the
tion represents only a small number of hours per year.
properties vary, especially the temperature. While the notes
A more common and simpler approach is to calculate accompanying the conductor properties in Table 8 detail an
voltage drop based on maximum power voltage and cur- equation for accounting for temperature change, we have
rent values (VMP and IMP) at STC, which assumes a cell tem- used the conductor resistance values at 75°C in our analyses
perature of 25°C and an irradiance of 1,000 W/m2. Over the for consistency.
C O N T I N U E D O N PA G E 5 2
50

S O L A R PR O | May/June 2015

DC Voltage Drop

out a reference array. Based on this
MODELING VOLTAGE DROP
When we model voltage
design, the program determined actual
The alternative to performing static
drop
in
systems
with
a
PV source circuit and output conductor
voltage drop calculations is to use softlengths, and modeled system perforware to model voltage drop over a typihigh inverter load ratio,
mance based on variables such as PV
cal meteorological year. One benefit to
we
find
that
the
effective
module and inverter model, circuit conproduction modeling is that it accounts
ductor sizes and so forth.
for all array operating conditions. This
wire losses are much
Other production modeling proapproach also allows you to vary spelower
than
expected.
grams
can also model conductor losses
cific input parameters and see how this
based
on
various inputs. For example,
affects system performance, in terms of
PVsyst
can
model many of the scenarboth energy yield and cost.
ios
that
we
analyzed, and it produces
In the analyses that follow, we sumsimilar
results.
However,
the
results
would not be identical
marize the modeled results for various voltage drop scenarto
those
modeled
using
HelioScope,
simply because minor
ios. For example, we illustrate that designing for 2% voltage
differences
between
modeling
methodologies
would ripple
drop based on STC ratings does not result in 2% wire losses
through
the
outcomes.
in the real world. We model how voltage drop effects vary
Wherever possible, we kept design variables constant from
according to system voltage and inverter loading. We also
model parallel mismatch losses resulting from different con- one analysis to the next. Our intention is not to reduce the
importance of different design variables or decisions, but rather
ductor lengths.
We modeled the scenarios using HelioScope, a software to limit the number of permutations for analysis. For example,
program by Folsom Labs that integrates system design func- we assume in every case that the PV source-circuit conductionality with component- and conductor-level performance tors are copper (Cu), while the PV output-circuit conductors
modeling. We used the program’s design component to lay are aluminum (Al). This is certainly not C O N T I N U E D O N P A G E 5 4
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Figure 1 While a PV system in Atlanta operates approximately 4,700 hours per year, it is exposed to high-irradiance
conditions (over 800 W/m2) only 11% of the time, roughly 500
hours per year.

the case on every project. However, based on our conversations
with system integrators, such a scenario is representative of
many large-scale systems.
In some cases, the design variables are analogous from
one analysis to another, rather than constant. For example,
in each case source circuits are designed so that the array
operating voltage is always within the inverter’s MPPT input
window, even in high voltage drop scenarios. In other words,
we assume that a skilled engineer can select compatible components and size source circuits appropriately. (For more
information, see “Array Voltage Considerations,” SolarPro
magazine, October/November 2010.)
2% voltage drop at STC. While designers often use voltage drop
at STC as a proxy for line losses in a PV system, this is an imperfect
measure if we want to understand the actual energy losses over
the course of the year. Specifically, estimating voltage drop based
on STC ratings tends to overstate the actual energy losses. This is
because STC ratings are measured at an irradiance of 1,000 W/
m2, and plane-of-array irradiance is seldom this high in the field.
Instead, fielded PV arrays typically operate at lower power and
current levels than their nameplate ratings.
As an example, the average irradiance intensity for a
south-facing PV array with a 15° tilt in Atlanta, Georgia,
is just over 600 W/m2, as illustrated in Figure 1. Since the
operating current of a PV source is directly proportional
to irradiance, average irradiance intensity impacts wire
loss calculations. According to Ohm’s Law—specifically,
the expression P = I2 x R—wire losses are a function of the
square of the circuit current. This means that reduced irradiance intensity results in reduced effective wire losses, the
losses calculated for actual operating conditions over a year.
In fact, when we model the effective wire losses for a PV system in Atlanta designed for 2% wire losses at STC, we find
54
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out that the actual wire losses are 1.2%, as shown in Table 1,
which is 60% less than expected.
Furthermore, the actual energy losses over the course
of the year differ from location to location, due to weather
patterns and irradiance intensity. For example, Phoenix has
more high-intensity sun than Atlanta, with 21.6% of sun
hours greater than 800 W/m2 and an average irradiance of
708 W/m2. As a result, an array in Phoenix designed for 2%
voltage drop at STC has an effective wire loss of 1.4%. By
comparison, a system designed to the same 2% voltage drop
at STC standard in Seattle, where the average irradiance is
537 W/m2, has an effective voltage drop of just 1%.
Increasing system voltage. As 1,000 V PV systems increase
in popularity, designers need to analyze voltage drop at
these higher voltage levels. How much does an increase in
the nominal system voltage actually affect voltage drop?
Assuming the same power, system designers intuitively
recognize that increasing voltage decreases current. All else
being equal, 1,000 V PV systems have fewer conductors compared to 600 V systems. As you increase the number of modules per series string, you also decrease the total number
of PV source circuits. Both of these factors have a positive
impact on the overall voltage drop in the system.
With PV source circuits, the amount of current in the
conductors is the same regardless of the number of modules per string, but increasing the nominal system voltage
from 600 V to 1,000 V helps to reduce line losses. In addition,
designers may be able to decrease the length of the sourcecircuit homerun based on the array layout and wiring methods used. Depending on the number of source circuits per
combiner box, the amount of current in the output-circuit
conductor may or may not be reduced. On one hand, you
could have less current per output-circuit conductor; on the
other, you could have fewer output conductors overall.
For our system voltage analyses, we modified the previous
model for Atlanta by increasing the number of modules per
source circuit without adjusting the PV C O N T I N U E D O N P A G E 5 6

Effective Annual Wire Losses
Location

Percentage of
high-irradiance
(>800 W/m2)
operating hours

Average annual
irradiance
(W/m2)

Effective wire
losses
(VD%)

Seattle

6.6%

537

1.0%

Atlanta

10.7%

604

1.2%

Phoenix

21.6%

708

1.4%

Table 1 This table shows the effective wire losses—modeled
hourly over the course of one year for Seattle, Atlanta
and Phoenix—for south-facing PV arrays tilted at 15° and
designed for 2% voltage drop at STC ratings.

DC Voltage Drop

source or output conductor sizes. In this scenario, the effective
voltage drop decreased from 1.2% for the 600 V system to 0.8%
for the 1,000 V system. Additional modeling indicates that voltage drop losses are minimal in 1,000 V PV systems even when
you use Code-minimum conductor sizes.
Increasing inverter loading. Another trend in large-scale
PV projects is the use of higher inverter load ratios (the
ratio of dc to ac power in the system). The popularity of this
design approach is directly related to module price declines.
(See “Optimizing Array-to-Inverter Power Ratio,” SolarPro
magazine, October/November 2014.) Our analyses indicate
that this trend has a dramatic—though not entirely selfevident—impact on voltage drop considerations.
Designers naturally expect voltage drop increases
when operating current values are highest. In systems
with a high inverter load ratio, however, elevated operating current conditions are coincident with periods of
inverter power limiting. In other words, when the solar
resource is greatest, the array is capable of producing
more power than the inverter can process. On clear days,
this phenomenon results in a clipped or flat-topped power
curve. These periods have interesting and far-reaching
system design implications.
When we model voltage drop in systems with a high
inverter load ratio, we find that the effective wire losses are
much lower than expected. This is largely because inverter
power limiting prevents the realization of potential wire losses
during high irradiance, as shown in Figure 2. Technically, the
2.0
1.8
1.6

Power (MW)

1.4
1.2
1.0
0.8
0.6
0.4
0.2

wires are still losing energy due to their resistance during
these periods. However, as long as the inverter determines the
system output, it does not matter whether the resistance of
the circuit conductors is relatively higher or lower. In other
words, there is no financial impact associated with wire losses
whenever the inverter power curve is clipped.
As a result, designers can actually dismiss wire losses that
occur during periods of inverter power limiting. This means
that the effective wire losses, which should drive our design
decisions, are only those wire losses that occur below the
inverter power-limiting threshold. As shown in Figure 3, the
results are striking when we model the relationship between
inverter load ratio and effective wire losses. At an inverter
load ratio of 1.1, the wire losses for our reference system in
Phoenix are nearly 1.2%. If we increase the load ratio to 1.6,
that cuts the effective losses roughly in half.
Mismatch losses. To many people, mismatch is synonymous with hard shade that results in series mismatch: differences in output current between modules in the same string.
But parallel mismatch can also affect an array. When strings
connected in parallel feed a common inverter circuit, they
must harmonize to the same voltage at the inverter input.
To the extent that homerun conductor length varies, these
source circuits experience different amounts of voltage drop
and operate at a different voltage level.
An inverter with a single MPPT zone, for example, instantaneously operates an array based on a single input voltage
that is optimal for source circuits in the middle of the array,
but not for the shortest or longest strings. Strings that are
farthest from the inverter operate at a higher native voltage
to compensate for the increased voltage drop. The opposite
is true for strings with shorter homeruns. Since HelioScope
models the performance of each system component individually, we can use it to calculate parallel energy losses associated with voltage drop mismatch.
Our analyses indicate that these energy losses are lower
than most would expect. In a typical commercial array, parallel mismatch losses associated with voltage drop range
from just 0.05% to 0.10%. Even when we model an array with
5% voltage drop, the overall impact of mismatch losses on
total energy production remains negligible, on the order of
0.03%. These results suggest that designers can generally disregard parallel mismatch losses due to voltage drop.

0.0
6am

12pm

6pm

Time of day
Figure 2 This figure shows wire losses in relation to an idealized power curve for a system with a high dc-to-ac loading
ratio. Since the power curve will be clipped above 1 MW,
designers can ignore any wire losses that occur during periods of inverter power limiting.
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FINANCIAL ANALYSIS
Conductor sizing represents a tradeoff between up-front hardware cost and lifetime energy yield. Money saved on smaller
conductors will result in greater resistive losses and therefore
reduced revenue over the lifetime of the system. In addition,
Code-mandated minimum conductor sizes are based on the
required ampacity of the conductor. Ideally, designers choose
conductors that minimize total cost of ownership, balancing
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0
1.0
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Inverter load ratio
Figure 3 This figure shows how the effective wire losses for
a reference system in Phoenix change according to inverter
load ratio.

the up-front cost of conductors and the future cost of resistive
losses, while adhering to Code requirements.
To estimate these costs and compare conductor sizing options, we used Microsoft Excel to develop a financial

modeling tool that accounts for relevant design and financial
variables. Design variables include conductor size, length
and cost per linear foot, and dc resistance per 1,000 feet.
Financial variables include estimated annual energy production, value of the energy delivered to the utility, annual
energy escalation rate and discount rate. We then used this
spreadsheet to analyze three design scenarios: Scenario A
is a reference 1,000 V nominal PV system. Scenario B is a
system with a high inverter load ratio. Scenario C is a 600 V
nominal PV system.
Scenario A. We developed the following 1,000 V nominal
reference system as a baseline for comparison:
ARRAY CAPACITY: 1.58 MWdc
MODULES: 5,184 Trina TSM-305 PA14, 305 WSTC
INVERTERS: three Sunny Central 500CP XT, 500 kVA

nominal

ARRAY: 18 modules per 5,490 W source circuit and

16 source circuits per combiner

LOCATION: Atlanta, 33°N

We then modeled the total cost of ownership associated
with four PV source- and output-circuit conductor sizes, as

solarprofessional.com | S O L A R P R O
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Scenario A: 1,000 V Nominal System
Conductor size option:
source and output circuit

System voltage
(Vdc)

Nominal wire
losses at STC

Effective
wire losses

Source
circuit cost

Output
circuit cost

Lifetime
energy cost

Total cost of
ownership

Option 1:
14 AWG Cu and 300-kcmil Al

1,000

2.6%

1.9%

$9,583

$21,762

$31,743

$63,088

Option 2:
12 AWG Cu and 300-kcmil Al

1,000

2.1%

1.5%

$10,308

$21,762

$25,034

$57,104

Option 3:
10 AWG Cu and 300-kcmil Al

1,000

1.8%

1.2%

$12,691

$21,762

$20,805

$55,258

Option 4:
10 AWG Cu and 400-kcmil Al

1,000

1.5%

1.0%

$12,691

$26,000

$17,411

$56,102

Table 2 This table details total cost of ownership—including conductor material and labor costs, and revenue opportunity
costs associated with resistive losses—based on different conductor sizes. In this scenario, which depicts a 1.58 MWdc system with a dc-to-ac ratio of 1.05, Option 3 provides the lowest total cost of ownership.

detailed in Table 2, assuming a reasonable Year 1 energy value
($0.09/kWh) and representative conductor material and installation labor costs. In many cases, the minimum source-circuit
conductor size required by Code—based on a maximum series
fuse rating of 15 A—is actually 14 AWG copper, as assumed in
Option 1. However, due to voltage drop considerations, few
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system designers we polled use 14 AWG source-circuit conductors in practice. Designers effectively use 12 AWG sourcecircuit conductors as a de facto industry minimum conductor
size, as specified in Option 2. In some cases, you might upsize
PV source-circuit conductors to 10 AWG copper, as detailed
in Option 3. If you wanted to drive down C O N T I N U E D O N P A G E 6 0

DC Voltage Drop

Scenario B: High Inverter Load Ratio
Conductor size option:
source and output circuit

System voltage
(Vdc)

Nominal wire
losses at STC

Effective wire
losses

Source circuit
cost

Output
circuit cost

Lifetime
energy cost

Total cost
of ownership

Option 1:
14 AWG Cu and 300-kcmil Al

1,000

2.6%

0.5%

$9,583

$21,762

$14,584

$45,929

Option 2:
12 AWG Cu and 300-kcmil Al

1,000

2.1%

0.4%

$10,308

$21,762

$11,319

$43,389

Option 3:
10 AWG Cu and 300-kcmil Al

1,000

1.8%

0.4%

$12,691

$21,762

$9,442

$43,895

Option 4:
10 AWG Cu and 400-kcmil Al

1,000

1.5%

0.2%

$12,691

$26,000

$5,044

$43,735

Table 3 This table details total cost of ownership associated with different conductor sizes for a PV system with a 1.58
dc-to-ac ratio. In this scenario, Option 2 provides the lowest total cost of ownership.

voltage drop further, you could upsize the PV output-circuit
conductors, as modeled in Option 4.
The goal of our financial analysis is to determine which
of these design options is optimal, based on the total cost
of ownership for the conductors. Table 2 (p. 58) details the
results of our financial analysis for Scenario A, breaking out
the estimated costs to install the PV source- and outputcircuit conductors based on representative material prices
(in Q1 2015). We also assumed a negligible labor cost differential to install different-diameter PV source-circuit
conductors. The data in the lifetime energy cost column quantify the economic value of the wire losses associated with
different conductor sizes. To arrive at this value, we held the
array layout constant while changing the conductor sizes.
This allowed us to determine the resistive losses associated
with each design option. We then used a net present value
formula to monetize the value of the energy lost due to voltage drop over 25 years, assuming a 7.5% discount rate.
The data in the total cost of ownership column are the
sum of the PV source-circuit conductor costs, the PV
output-circuit conductor costs and the lifetime energy costs.
We can compare these values in Table 2 to determine the
optimal conductor sizing for different design scenarios. For
example, in our reference system, we can reduce the total

cost of ownership nearly $6,000 by increasing the sourcecircuit conductor size from 14 AWG (Option 1) to 12 AWG
(Option 2). While we can squeeze a little more value out
of the system by upsizing the source-circuit conductors to
10 AWG (Option 3), upsizing the output-circuit conductors
to 400-kcmil (Option 4) is too much of a good thing.
Scenario B. In this scenario we eliminated one of the
500 kVA inverters from the previous example, increasing the
dc-to-ac load ratio to 1.58. To the extent possible, we did not
change any other system design or array layout parameters.
We then modeled the total cost of ownership based on the
four conductor sizes described for Scenario A. The results of
this analysis are presented in Table 3.
Two things are striking when we compare the total cost
of ownership associated with different conductor sizes in this
scenario with a high inverter load ratio. First, compared to
our reference scenario, which assumes a 1.05 dc-to-ac ratio,
Scenario B has a significantly reduced lifetime energy cost and
lower total cost of ownership values. This is largely because
we can ignore wire losses that occur during periods of inverter
power limiting. Second, in this scenario, the optimal configuration of conductor sizes shifts to Option 2.
While the nominal wire losses at STC do not change
between Scenarios A and B, the effective C O N T I N U E D O N P A G E 6 2

Scenario C: 600 V Nominal System
Conductor size option:
source and output circuit

System
voltage
(Vdc)

Nominal
wire losses
at STC

Effective
wire losses

Source
circuit cost

Output
circuit cost

Lifetime
energy cost

Total cost of
ownership

Option 1: 14 AWG Cu and 600-kcmil Al

600

3.6%

2.5%

$12,821

$36,153

$39,099

$88,073

Option 2: 12 AWG Cu and 600-kcmil Al

600

2.8%

1.9%

$13,791

$36,153

$30,959

$80,903

Option 3: 10 AWG Cu and 600-kcmil Al

600

2.3%

1.6%

$16,979

$36,153

$25,308

$78,440

Option 4: 10 AWG Cu and 1,000-kcmil Al

600

1.8%

1.2%

$16,979

$46,150

$19,009

$82,138

Table 4 This table details total cost of ownership associated with different conductor sizes for a 600 V nominal PV system with
a 1.05 dc-to-ac ratio. In this scenario, Option 3 provides the lowest total cost of ownership.
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wire losses are much lower in systems with
Financial analyses are extremely
You typically get the
a high inverter load ratio, as illustrated in
sensitive to cost inputs, and no single
most bang for the buck
Table 3. This means that upsizing the PV
set of assumptions is appropriate across
source-circuit conductors from 12 AWG
different geographies and system sizes. You
by upsizing PV sourceto 10 AWG in Scenario B effectively promust use accurate input data. Compared to
circuit conductors
vides less benefit than it does in Scenario
the total project costs and revenues over 25
A. This is an important distinction, and
years, we are looking at very small amounts
rather than PV outputone that is not self-evident in the absence
of money. Therefore, very small changes
circuit conductors.
of a financial analysis.
in one value can change the optimal conScenario C. For our last scenario, we
ductor configuration. For example, our
wanted to analyze the cost of ownership of
analyses assume that the price differential
conductors in a 600 V nominal PV system.
between 12 AWG and 10 AWG copper conIn this case, the total array capacity does not change; further, ductors is $0.046 per foot. If that price differential increases to
the system uses the same modules and inverters described in just $0.07 per foot, then the results in Scenarios A and C tilt
Scenario A. The new array configuration is as follows:
in favor of the 12 AWG source-circuit conductors in Option 2,
despite the higher energy losses.
ARRAY: 12 modules per 3,660 W source circuit and
Equipment selection and configuration will also influ24 source circuits per combiner
ence the outcome of these analyses. In each of the scenarios
we analyzed, increasing the size of the source-circuit conducIn this scenario, modeled in Table 4 (p. 60), we have the tor relative to the minimum conductor size allowed by Code
same number of modules per source-circuit combiner box is financially beneficial. However, these results are specific to
(288). Because the array operating voltage is lower, how- modules with a 15 A series fuse rating. For a system designed
ever, the design current for the PV output-circuit conduc- using modules with a 20 A or 25 A series fuse rating, Codetors is higher. As a result, the Code-minimum PV output minimum conductors may prove optimal. Further, PV sysconductor size is 600-kcmil, as shown in Options 1–3. We tems with a high inverter load ratio generally favor smaller
increase the size of the PV output-circuit conductor to source-circuit conductors since the effective wire losses are
1,000-kcmil in Option 4.
relatively low in these designs.
Compared to the previous scenarios, the total cost of ownHaving modeled multiple scenarios and design options, we
ership of the conductors is highest in the 600 V nominal system. observed that you typically get the most bang for the buck by
We expect this result, since the lower voltage system requires upsizing PV source-circuit conductors rather than PV outputmore PV source circuits. The costs are also significantly higher circuit conductors. In many of the systems we modeled, the
for the larger-diameter output-circuit conductors.
overall wire losses were roughly evenly split between the source
In Scenario C, Option 3 provides the lowest total cost of circuits and the output circuits, suggesting that the opportuniownership based on the size of the PV source and output con- ties for conductor optimization are equal. This is not the case
ductors, which parallels the results in Scenario A. It is notable in reality, however. Even though the total length of the source
that the optimal conductor configuration in this case does not circuits is many times longer than that of the output circuits,
result in a nominal voltage drop of 2% or less as calculated the incremental cost to upsize from 12 AWG to 10 AWG, as an
based on STC ratings. While Option 4 succeeds in getting the example, is small compared to the incremental cost to upsize
nominal voltage drop percentage below 2%, the total cost of from 300-kcmil to 400-kcmil. Therefore, it is generally more
ownership for this configuration is actually higher than for cost effective to reduce wire losses by upsizing PV sourceOptions 2 or 3.
circuit conductors.
SIZING THINGS UP (OR DOWN)
In the previous scenarios, we did not intend to define the optimal conductor sizes for every application. Instead, we illustrated how you can structure a financial analysis to model the
impact of design variables. Further, we showed that design
variables such as system voltage or inverter load ratio drive
the optimal conductor configuration. While our scenarios are
illustrative rather than prescriptive, the results underscore
the importance of basing final design decisions on financial
metrics rather than rules of thumb.
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