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22 PV System Energy  
  Performance Evaluations 

A PV system energy test, or energy perfor-
mance evaluation, documents the energy yield 
of a PV system over a period of time, leading 
to an assessment of whether the system is 
performing according to the model used to 
estimate energy production. In this article, we 
explain how you can run an energy test to dem-
onstrate that an investor-owned PV system is 
installed and operating properly across the full range of 
site conditions.
BY TIMOTHY DIERAUF, ADRIANNE KIMBER,  

REBEKAH HREN AND SARAH KURTZ 

42 Module-Level Power Electronics 
Contemporary microinverter systems were intro-
duced in 2008. Six years later, the potential benefits—
performance optimization, shade mitigation, system 
modularity and the elimination of a single point of 
failure—all still hold true. However, today the deploy-
ment of module-level power electronics is often 
as much about improving project economics and 
meeting regulatory requirements as it is about simply 
increasing a system’s energy generation over its 
operational lifetime. Here we present vendor profiles 
and equipment specifications for nine microinverter 
and three dc optimizer systems manufacturers.
BY JOE SCHWARTZ 

56 Rating PV Modules for Field  
  Performance

In this article, we present a perspective on 
how PV module ratings have evolved to 
reflect the prevailing design and procure-
ment criteria. Many in the industry agree 
that current nameplate ratings—specifically 
the power rating under standard test condi-
tions (STC)—taken alone do not adequately 
represent PV module performance in today’s 
competitive marketplace. So what should 
buyers look for in PV module performance 
characteristics?
BY BRIAN GRENKO, ADRIANNE KIMBER AND 

SARAH KURTZ 
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San Diego Gas & Electric purchases the electricity 

generated by the 170 MWac Centinela Solar Energy Project 

under a 20-year power purchase agreement. LS Power 

financed and owns the project. Fluor, one of the world’s 

largest EPCs, designed and deployed the system in two 

stages, and also operates and maintains the facility. Major 

system components include PV modules from Yingli Solar, 

RPS power stations from Bonfiglioli USA, combiner boxes 

and cable harnesses from Bentek Solar, and DuraTrack HZ 

single-axis trackers from Array Technologies.
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SolarEdge Announces Rapid 
Shutdown Functionality
[Fremont, CA]    All SolarEdge inverters now have the functionality that NEC 2014 Section 690.12 
requires. The inverter, power optimizer and monitoring provider has completed testing through 
Intertek laboratories, which grants the ETL Mark, to verify that its system meets the rapid shut-
down requirements in Section 690.12 (1) through (4). To initiate system-level rapid shutdown, users 
simply turn the inverter’s safety switch to the off position. This enables PV source circuits to be 
de-energized to less than 30 Vdc in less than 10 seconds, thereby meeting the NEC 2014 require-
ments. For existing installations, the company is offering rapid shutdown kits that include cables for 
retrofitting SolarEdge inverters in the field. The rapid shutdown kits include cables for retrofitting five 
inverters and are currently available for $125 per kit.

SolarEdge / 877.360.5292 / solaredge.com 

the Wire Industry Currents

GameChange Racking 
Updates Ballasted PV 
Roof Mount 
[New York, NY]   The new GC Roof 15.0 system from 
GameChange Racking features a wind deflector to minimize 
ballast requirements (2.2–3.9 PSF typical loading) and is rated 
for 120 mph wind speeds. The snap-together wind deflec-
tors set row-to-row spacing and include six lance punches 
per deflector for wire management using stainless steel cable 
ties or clips. The GC Roof 15.0 is available in 5°, 10°, 15° and 
20° tilt options. The company offers ballast pans with pre-
attached EPDM Slip Sheets to protect the roof membrane. 
GameChange top-mount clamps, certified to ETL/UL 2703 
and 467, provide electrical bonding.

GameChange Racking / 212.359.0205 / gamechangeracking.com 

Solmetric introduceS 
30-Amp pV AnAlyzer 
[Sebastopol, CA]    Solmetric, a solar software and 
hardware developer, now offers a 30 A version of 
its PVA-1000S PV Analyzer. The 1,000 Vdc I-V curve 
tracer has a voltage accuracy of ±0.25 V, a current 
accuracy of ±40 mA, and can capture either 100 or 
500 trace points per curve measurement. The PVA-
1000S includes Solmetric’s SolSensor wireless PV 
reference sensor. The SolSensor has a 300-foot wire-
less range that minimizes the need for sensor repo-
sitioning, allowing technicians to efficiently perform 
system measurements. The sensor has a  
typical irradiance measurement  
accuracy of ±2%.

Solmetric / 707.823.4600 / solmetric.com 

http://www.solaredge.us
http://www.solmetric.com
http://www.gamechangeracking.com
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the Wire

CAB Products Offers 
PV Cable Manage-
ment Solutions
[Ebensburg and Johnstown, PA]    The Cambria 
County Association for the Blind and Handicapped 
provides rehabilitation and employment services to 
persons with disabilities living in Cambria County, 
Pennsylvania. Under its CAB Products brand, the 
organization manufactures a range of products that 
include cable rings and saddles for PV cable manage-
ment. Intended primarily for ground-mounted com-
mercial, industrial and utility-scale PV plants, CAB 
Products cable rings and saddles work in conjunction 
with elevated cable systems to provide a similar func-
tion to a cable tray system. 
CAB Products PVC-coated 
rings and saddles feature a 
high–dielectric grade, flame-
retardant and UV-stabilized 
coating, applied to 100% 
of the product’s surface. 
The resulting products are  
electrically insulated and 
durable in corrosive environ-
ments. CAB Products offers 
an extensive range of PV 
wire management solutions, including multi-carrier 
hangers (shown here) that offer physical separation 
between dc source-circuit conductors, ac cables and 
data transmission circuits.

CAB Products / 814.472.5077 / cabproducts.com 

Ae SolAr energy  
releASeS inVerter  
mounting Kit 
[Fort Collins, CO]   One approach to meeting the rapid shutdown 
requirements in NEC 2014 is to mount a system’s string inverters on the rooftop 
at the edge of their corresponding array segments. AE Solar Energy’s AE 3TL Horizontal Mounting Kit provides a 
compact and cost-effective means to install AE 3TL string inverters in exposed rooftop locations. The kit enables  
the system designer to install the 3TL in direct sun, rain and snow, at a range of angles from horizontal to a 30° 
tilt. The product includes a sunshade, two low-power cooling fans and a base assembly. The mounting flanges are 
compatible with DURA-BLOK and Unistrut hardware, which allows for site-specific, customized mounting solutions.

AE Solar Energy / 877.312.3832 / advanced-energy.com

DPW Solar Announces 
Universal Pole Mount
[Albuquerque, NM]    DPW Solar released a new 
version of its Universal Top-of-Pole Mount (UTPM) 
designed for compatibility with most 60-cell PV mod-
ules sized 37–42 inches by 61–67 inches. The UTPM 
is available in several sizes that mount four to 15 
modules and up to approximately 4 kWdc on a single 
pole. The standard UTPM is designed for 90 mph 
wind zones and is constructed with powder-coated 
steel strongbacks and mounting sleeves, 6000 series 
aluminum rails and stainless steel mounting hard-
ware. Six tilt angle settings, ranging from 15° to 65° in 
10° increments, provide seasonal adjustability.

DPW Solar / 800.260.3792 / dpwsolar.com 

http://www.cabproducts.com
http://www.dpwsolar.com
http://www.advanced-energy.com
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the Wire

[Rocklin, CA]    SMA America has added two non-
isolated string inverter models to its line of trans-
formerless inverters equipped with Secure Power 
Supply. The Sunny Boy 3800TL-US is configured for 
homes with service-constrained 100 A distribution 

panels. higher-
capacity Sunny 
Boy 6000TL-US 
is intended pri-
marily for larger 
residential PV 
projects. Assum-
ing sufficient 
irradiance, SMA’s 
Secure Power 
Supply provides 
up to 1,500 W of 
daytime standby 

power in the event of a grid failure. With the addition 
of the 3800TL-US and 6000TL-US models, SMA now 
offers five inverters with Secure Power Supply and 
ac output capacities from 3,000 W to 6,000 W. These 
inverters feature two independent MPP trackers and 
integrated dc AFCI that meets the requirements in 
NEC 2011, Section 690.11.

SMA America / 916.625.0870 / sma-america.com

Aet introduceS 
String inVerter 
mounting Kit  
[Clinton Township, MI]   In jurisdictions that have 
adopted the new Code, NEC 2014, Section 690.12 rapid 
shutdown requirements are resulting in an increase in roof-
mounted string inverters for commercial applications. AET 
is one manufacturer that is meeting the growing industry 
need for inverter racking solutions designed for rooftop 
locations. AET’s Rayport-I Inverter Mounting Kit is compat-
ible with most string inverters available in the US market. 
The stainless steel product is lightweight (13 pounds) and 
available in 15° or 30° tilt. The Rayport-I system carries a 
15-year limited warranty.

AET / 586.466.5073 / aetenergy.com

Locus Energy Launches Irradiance Modeling Tool 
Solar monitoring and data analytics 

provider Locus Energy released its Virtual Irradiance (VI) 
modeling tool to provide more cost-effective irradiance 
monitoring for small systems, and to help PV fleet man-
agers of large systems overcome factors such as sensor 
miscalibration and soiling that may result in inaccurate 
measurements and other performance and O&M issues. 
VI uses data from weather stations and satellite imagery 

 
to provide highly accurate ground-level irradiance data 
for any location in the continental US. The VI model-
ing tool is compatible with existing system software or 
customers can add it on to Locus Energy’s SolarNOC 
(Network Operations Center) software. This cloud-based 
application provides professional tools for fleet managers 
to collect, organize and verify PV asset performance data.

Locus Energy / 877.562.8736 / locusenergy.com

SMA America Expands 
Secure Power Supply 
Product Line

[Hoboken, NJ]

http://www.sma-america.com
http://www.aetenergy.com
http://www.locusenergy.com
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Developers and PV system designers 
are challenged to stay competitive 

in the constantly evolving solar market-
place. With the steep decline of solar 
module prices, designers are exploring 
the economic benefits of increasing 
the array-to-inverter power ratio. Here 
I discuss dc loading in general, then 
focus on array-to-inverter sizing design 
approaches. I describe some scenarios 
supporting the trend for higher dc 
load ratios and present some relevant 
production modeling results. I also dis-
cuss typical inverter operational limits 
related to dc loading.

DC Loading
The array-to-inverter power ratio is 
defined as the relationship between 
array capacity in dc watts and inverter 
capacity in ac watts. Array capacity is 
determined by the array nameplate 
power rating under standard test con-
ditions (STC), meaning at 1,000 W/m2, 
25°C cell temperature and a reference 
solar spectral irradiance of air mass 
1.5. The total inverter maximum output 
power rating determines the inverter 
capacity. For example, if you connect  
a solar array with an STC rating of  
575 kWdc to one or several inverters 
with a total maximum rated output 
power of 500 kWac, then the resulting 
array-to-inverter power ratio is 1.15, 
or 115% (575 kWdc ÷ 500 kWac). Other 
terms for array-to-inverter power ratio 
include dc load ratio, dc-to-ac ratio, 
oversizing ratio and overloading ratio.

Evolving Design Practices
System design approaches to dc 
loading have evolved over the past 5 
years and are closely tied to module 
price trends. The traditional design 
approach to dc loading is conserva-
tive, as it was a direct response to 
high module prices. Newer design 
approaches use higher loading ratios, 

in large part because module prices 
are an increasingly smaller percentage 
of total project costs. 

Traditional approach. When module 
prices were high, the system designer’s 
main goal was to define a dc load ratio 
that ensured none or very little of the 
power produced by the expensive PV 
array was wasted. Designers specifically 
wanted to avoid inverter power limit-
ing, which occurs whenever the array is 

capable of producing more power than 
the inverter can process. They would 
typically determine a project’s optimal 
dc-to-ac sizing ratio by analyzing the 
annual energy production per kilowatt 
of PV energy at different loading ratios. 
This kWh/kW metric is known as spe-
cific yield and is a measure of produc-
tion efficiency.

The traditional design approach 
generally results in dc load ratios 
within a 1.1–1.2 range, depending on 
the project location and design details. 
These conservative overloading ratios 
allow the designer to offset a variety 
of environmental and system-level 
loss factors—such as cell temperature, 
irradiance, tilt angle, soiling, module 

mismatch, array degradation, conduc-
tor resistance and so forth—without 
exceeding the inverter capacity under 
typical real-world conditions. 

Higher dc loading approach. As mod-
ule prices have fallen, PV system design 
philosophy has shifted. Rather than 
focusing on production efficiency and 
maximizing the output of each indi-
vidual module, designers have begun 
designing for maximum financial effi-

ciency at the 
system level. 
In many cases, 
the incremen-
tal cost to 
increase PV 
array capac-
ity is small 
compared to 
the value of 
the associated 
energy produc-
tion gains. This 
allows system 
designers to 
capitalize on 
higher dc load 
ratios—up to 
1.5 and in some 

cases even higher—despite the poten-
tial for PV power generation to exceed 
inverter capacity during peak hours.

Rationale for High-DC Loading
Project developers and system designers 
might opt to increase dc loading beyond 
1.2 for several reasons. Higher dc load 
ratios allow designers to get more value 
from fixed development costs. They also 
allow designers to capitalize on high-
value energy rates, or time-of-delivery 
or time-of-day (TOD) rate structures 
that incentivize summer production. 
Increasing the dc load ratio is a com-
pelling design approach when there is 
a limit on ac system size but no cor-
responding limit on 

QA Quality Assurance

Optimizing Array-to-Inverter Power Ratio
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SAs module prices have fallen, PV system design 
philosophy has shifted. Rather than focusing 
on production efficiency and maximizing the 
output of each individual module, designers 
have begun designing for maximum financial 
efficiency at the system level.
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dc system size. It also allows designers 
to increase production in response to 
suboptimal conditions such as cloudy 
climates or long-term array degradation.

Fixed development costs. When 
system designers increase the dc-to-ac 
load ratio beyond 1.2, the total system 
cost does not increase in direct propor-
tion to the increase in array capacity 
since many of the project costs remain 
the same. These fixed costs include 
permitting, interconnection fees, legal 
fees, and inverter and ac interconnec-
tion hardware costs. Therefore, the cost 
to add array capacity is limited to the 
material and labor costs associated 
with adding more modules and dc bal-
ance of system components. By increas-
ing the dc loading ratio, designers may 
be able to take full advantage of these 
fixed development and structural costs. 

In their article “Designing for Value 
in Large-Scale PV Systems” (SolarPro 
magazine, June/July 2013), Graham 
Evarts and Matt LeDucq explain how 
getting the most value for the develop-
ment costs applies within the context 
of a ground-mounted PV power plant: 
“Developers have invested a lot of 
money in land, interconnection fees, 
lawyers and personnel to create the 
project opportunity. They have also 
built a substantial ac system infra-
structure—one that includes invert-
ers, transformers, switchgear and a 
substation—and they want to push 

as much energy as possible through 
that fixed investment over the life of 
the PPA [power purchase agreement], 
even if that means sacrificing produc-
tion efficiency.”

High-value rate structures. System 
designers have more incentive to 
increase dc load ratios when the value 
for the produced energy is high, as is 
the case with Ontario’s feed-in tariff 
program, or when energy generated 
on summer afternoons is subject to 
preferential on-peak pricing, as is the 
case with some utilities serving the 
desert Southwest. Increasing dc load 
ratios allows designers to deliver more 
high-value electricity.

Evarts and LeDucq explain how 
TOD multipliers for on-peak energy 
can influence system design decisions: 
“To capitalize on energy values that are 
two to three times the baseline rate, 
designers oversize the dc-to-ac ratio so 
that inverters run at full power when 
energy is the most valuable. The general 
idea is that you are willing to give away 
(via clipping) 2 MWh of energy at $100/
MWh to get 1 MWh of energy at $250/
MWh, because this nets you $50.” Figure 
1 illustrates how designers can use a 
high dc-to-ac load ratio in response to 
on-peak pricing to generate more high-
value energy.

AC capacity limits. Since the NEC 
2011 edition, Section 705.12(A) specifi-
cally limits the capacity of supply-side 

interconnected electric power produc-
tion sources: “The sum of the ratings 
of all overcurrent devices connected 
to power production sources shall 
not exceed the rating of the service.” 
Furthermore, Section 690.8 requires 
that the overcurrent device rating for 
an inverter output circuit be no less 
than 125% of the inverter continuous 
output-current rating. Taken together, 
these requirements effectively limit the 
inverter capacity rating for a supply-
side connection to no more than 80% 
of the service transformer kVA rating. 
For a site served by a 500 kVA trans-
former, the maximum interconnected 
inverter capacity is 400 kW. 

In this scenario and others pertain-
ing to load-side interconnections, the 
NEC places a hard limit on inverter 
capacity. However, manufacturer 
product specifications and available 
array area are the only hard limits to 
dc system capacity. Therefore, as long 
as system designers use the inverter 
according to the manufacturer’s instal-
lation instructions, they can increase 
the PV array capacity until the available 
array area is fully utilized or there is 
no economic justification for installing 
additional modules.

There are also scenarios where a 
designer might choose to limit the 
ac system capacity and use a high dc 
load ratio to avoid high capital costs 
associated with 

1 MWac
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(energy not generated due 
to inverter power limiting)

Additional energy generated
by increasing dc-to-ac ratio

High value energy generated
during summer afternoons
(subject to high TOD multiplier)

Figure 1  The idealized 
power curves in this figure 
represent system perfor-
mance on a cool, sunny day 
in early summer in an area 
with a high TOD multiplier for 
energy produced between 
noon and 6pm. While the 
system with the low dc-to-
ac ratio will have the better 
production efficiency (kWh/
kW), the system with the 
high dc-to-ac load ratio will 
generate more revenue and 
better financial returns.
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purchasing specialized equipment or 
upgrading a service. For example, the 
utility may have special requirements—
such as redundant relaying or direct 
transfer trip—above a certain capac-
ity threshold, or the existing electrical 
infrastructure or building service may 
limit the ac system size. A designer 
might also opt to limit inverter capacity 
in response to break points in a feed-in 
tariff program.

Suboptimal conditions. In the desert 
Southwest, PV modules are routinely 
exposed to irradiance values approach-
ing and even exceeding 1,000 W/m2. 
These high-irradiance conditions are 
less common in other parts of North 
America. For example, in Ontario or 
New England the plane-of-array irradi-
ance on a typical clear day might reach 
800 W/m2. In locations like these, it 
makes sense for designers to increase 
the dc load ratio.

PV system designers can also 
use a high dc load ratio to offset the 

inevitable impacts of array degradation. 
As PV arrays age, module performance 
degrades. Ideally, this degradation is 
linear and the annual power loss does 
not exceed 0.5% annually. If designers 
want to ensure that a PV array’s power 
output fully loads an inverter under 
certain conditions in the summer of 
year 10 or year 20, then they must 
specify a higher dc-to-ac ratio than is 
required to accomplish this same load-
ing in year 1.

Modeling Performance
The best way for system designers to 
optimize the array-to-inverter power 
ratio for a specific project is to use a 
PV system modeling program such as 
HelioScope, PVsyst, PV*SOL or System 
Advisor Model (SAM). By keeping the 
inverter capacity constant and vary-
ing the array capacity, designers can 
model the financial and production 
efficiencies resulting from different dc 
loading options. They can then select 

the optimal design based on typical 
meteorological year weather data and 
other project-specific variables. When 
choosing the PV system model, design-
ers must select a simulation program 
that can model the effects of inverter 
power limiting and changes in inverter 
efficiency based on different voltage 
and power levels. 

The basis of comparison when 
optimizing dc loading ratio is typi-
cally a financial metric like cost per 
kilowatt-hour, levelized cost of energy, 
net present value or internal rate of 
return. Several project-specific factors 
determine the optimal level of dc load-
ing, including location, system design 
and inverter topology. The project’s cost 
structure and financial goals also drive 
design decisions. On average, design-
ers and developers reach a point of 
diminishing economic returns at array-
to-inverter ratios of about 1.5. Beyond 
that, they eventually reach a tipping 
point above which 
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the incremental cost to increase array 
capacity outweighs financial gains 
from the additional energy produc-
tion. This tipping point is unique 
for every project. To ensure that a 
project meets energy production and 
financial performance goals, it is 
important for designers to optimize 
dc-to-ac power ratios on a project-by-
project basis.

For example, Figure 2 shows the 
modeled internal rate of return (IRR) 
at three different load ratios for a 
project in Ontario, where the available 
solar resource is modest but the value 
of PV-generated energy is relatively 
high. The model inputs assume that 
installed system costs are relatively 
low, as might be the case with aggres-
sive module pricing, and that the sys-
tem is deployed using high-efficiency 
transformerless string inverters. The 
results confirm that higher dc load 
ratios can increase a project’s IRR, 
even though initial installation costs 
are greater. Of course, the optimal dc 
load ratio is very different in Ontario 
than in New Mexico. Similarly, the dc 
load ratio sweet spot might be dif-
ferent for a project that uses central 
inverters rather than distributed 
string inverters.

Inverter Operational Limits 
To deploy PV systems with high dc 
load ratios, designers and develop-
ers need to account for the effects 
of array oversizing and observe any 

operational limits that the inverter 
manufacturer imposes.

Common-sense limits. When the 
available dc power from a PV array 
exceeds the inverter maximum power 
rating, the control logic in the inverter 
responds by moving the PV array off its 
maximum power point. Limiting power 
in this manner ensures that excess 
power is not dissipated as waste heat in 
the inverter. In effect, the inverter com-
ponents are not exposed to this excess 
power under normal operating condi-
tions. However, an inverter with a high 
dc load ratio is still exposed to higher 
internal operating temperatures com-
pared to an inverter with a low dc load 
ratio, simply because an overloaded 
inverter operates at its maximum rated 
power more often and for longer peri-
ods of time. Further, the inverter may 
operate less efficiently when limiting 
array power, with an increase in inter-
nal waste heat.

Designers can account for this 
effect by designing the system to 
promote optimal inverter cooling. 
Additionally, system owners and O&M 
providers should ensure that inverter 
cooling system components—like fans 
and filters—are maintained properly.

Hard design limits. Designers 
must use inverters in accordance 
with the manufacturer’s installa-
tion instructions. As part of UL 1741, 
the product safety standard for 
“Inverters, Converters, Controllers and 
Interconnection System Equipment 

for Use with Distributed Energy 
Resources,” inverters are subjected to 
a series of abnormal-condition tests. 
During the output-overload test, a 
technician applies twice the rated 
input current to the inverter, which 
must maintain its rated output power. 
While this test proves that a listed 
inverter can limit power under normal 
operating conditions, it is only one 
of several factors that determine the 
maximum equipment rating.

Another critical factor is the 
amount of short-circuit current that 
internal components such as busbars 
and disconnect switches can with-
stand during a fault on the dc side of 
the inverter. In the unlikely event that 
the inverter’s firmware fails to limit 
the input current from the PV array, 
the inverter components must be able 
to withstand the full short-circuit 
current of the dc source for the dura-
tion of the fault without breaking or 
compromising safety. For this rea-
son, designers should follow inverter 
manufacturers’ recommendations for 
maximum allowable array-to-inverter 
ratios. Most importantly, design-
ers must ensure that the available 
PV array short-circuit current never 
exceeds the manufacturer’s published 
maximum dc input short-circuit cur-
rent value. 

—Verena Sheldon /  
AE Solar Energy / Sacramento, CA / 
solarenergy.advanced-energy.com 

Figure 2  This figure compares the modeled IRR at three 
load ratios (1.2, 1.5 and 1.7) for a PV system in Ontario. In 
each case, the cost of the inverters, ac switchgear and per-
mits are essentially constant, and adjustments were made 
to reflect changes in the number of modules and dc wiring 
runs. While the increase in IRR is significant when the dc 
load ratio is increased from 1.2 to 1.5, the economic returns 
begin to flatten out between 1.5 and 1.7.
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By Timothy Dierauf, Adrianne Kimber, Rebekah Hren and Sarah Kurtz

           PV System  
Energy Performance Evaluations
To demonstrate that a large-scale  

PV system is installed and operating  

properly, run an energy test to verify  
its performance across the full range 

of site conditions. 
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A
PV system energy test, or energy performance 
evaluation, documents the energy yield of a 
PV system over a period of time, leading to an 
assessment of whether the system is perform-
ing according to the model used to estimate 

energy production. In this article, we define test objectives 
and explain the theoretical approach. We describe the test 
calculation philosophy and methodology. Finally, we discuss 
the process for validating data, running test calculations 
and reporting results. 

Verifying PV System Performance 
To meet investors’ financial expectations, PV systems must per-
form predictably over many years. In “PV System Performance 
Guarantees” (SolarPro magazine, June/July 2011), Mat Taylor 
and David Williams explain: “To finance and construct a large-
scale solar project, there has to be a risk-mitigating mechanism 
in place to reassure investors, which include large banks and 
institutional investors. A PV performance guarantee contract 
is the tool used to give the at-risk owner confidence that the 
system and investment will perform as expected.” 

A performance guarantee is, at its root, a simple concept: 
a seller promises a buyer that a PV system will produce a 
certain amount of energy. However, it is customary for the 
buyer to assume the weather risk associated with the guar-
antee. The guaranteed energy is not a fixed quantity, but 
instead varies based on the measured weather conditions 
during the guarantee period. 

Unlike a short-term performance ratio test or a capac-
ity test, which establishes the power rating of a PV system 
under very specific environmental conditions, a long-term 
energy test verifies PV system performance over the entire 
range of environmental conditions at a given site over a cal-
endar year. An energy test can provide greater confidence 
that a PV system is installed and operating properly.

Capacity test. The capacity test determines a PV power 
plant’s generation capacity or effective power rating. This 
test is often conducted prior to the plant’s commercial 
operation date, typically during system commissioning, and 
compares the facility’s expected capacity with its measured 
capacity. As such, a capacity test is a critical step in the pro-
cess of verifying that a PV system is properly designed and 
installed. Different approaches to capacity tests are outlined C
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in standards published by the ASTM International—includ-
ing ASTM E2848, “Standard Test Method for Reporting 
Photovoltaic Non-Concentrator System Performance,” and 
ASTM E2939, “Standard Practice for Determining Reporting 
Conditions and Expected Capacity for Photovoltaic (PV) Non-
Concentrator Systems”—as well as industry technical reports.

It is relatively easy to incorporate a capacity test into proj-
ect commissioning activities, in part because you can perform 
the test over a period of days or weeks. However, the results 
of a capacity test are of limited value for making long-term 
predictions about system performance. The authors of the 
National Renewable Energy Laboratory (NREL) Technical 
Report “Analysis of Photovoltaic System Energy Performance 
Evaluation Method” (see Resources) explain: “The power gener-
ation of a PV system may be documented by a capacity test that 
quantifies the power output of the system at set conditions, 
such as an irradiance of 1,000 W/m2, an ambient temperature 
of 20°C, and a wind speed of 1 m/s. A longer test must be used 
to verify the system performance under a range of conditions.”

Short-term performance ratio test. You can also describe a 
PV power plant qualitatively according to its performance 
ratio, expressed as a percentage. This ratio compares a 
plant’s actual energy production to its theoretical energy-
generating potential and describes how efficient a PV power 
plant is in converting sunlight incident on the PV array into 
ac energy delivered to the utility grid. International standard 
IEC 61724, “Photovoltaic System Performance Monitoring—
Guidelines for Measurement, Data Exchange and Analysis,” 
published by the International Electrotechnical Commission, 
defines this performance metric.

You can use performance ratios to compare PV power 
plants across different locations around the world, which 
makes these ratios popular with some companies and financ-
ers. Unfortunately, performance ratio test results depend on 
weather, which makes them susceptible to seasonal bias. 

Depending on the environmental conditions at the time of 
testing, the results may be artificially high or low, as shown 
in Figures 1a and 1b. Unless you correct the performance 
ratio for a PV system to neutralize weather bias, tests may 
obtain substantially different values in the summer ver-
sus the winter. The authors of the NREL Technical Report 
“Weather-Corrected Performance Ratio” (see Resources) 
elaborate: “[A] colder site will provide a higher [performance 
ratio], implying more electricity generation if everything else 
is equal. Unfortunately, associated with this dependence 
on the weather is a bias error in the metric that introduces 
unnecessary risk in contractual acceptance testing.”

Long-term energy test. An energy test demonstrates that a 
PV system is functioning correctly across the full range of site 
conditions. A well-monitored energy test can provide much 
insight into PV system operations. An energy test may be 
useful or required when project stakeholders are closing out 
a construction contract, processing a change in ownership, 
assessing system health or degradation, monitoring O&M 
procedures or verifying the results of an energy production 
model. However, the most common purpose of an energy test 
is to maintain or enforce an energy performance guarantee.

When the performance guarantee requires assessment 
of system performance under a range of conditions, a long-
term energy test is appropriate. A 1-year test period is useful 
for assessing all seasonal performance characteristics since 
it samples weather, shading and energy production associ-
ated with all seasons. While shorter test periods may inte-
grate better with project schedules, they can result in higher 
uncertainty due to seasonal bias. This is especially true if the 
accuracy of the energy estimation model is inconsistent over 
the course of a year, such as when you incorrectly quantify 
shading. A shorter test period may not capture other fac-
tors that occur during certain times of the year, or to vary-
ing degrees during the year, including C O N T I N U E D  O N  PA G E  2 8
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Figures 1a & 1b  These plots appear in the NREL Technical Report “Weather-Corrected Performance Ratio” and illustrate
the weather-dependent nature of performance ratio tests. As shown in Figure 1a (left), raw performance ratio data (in blue) 
collected in hot summer months are artificially low compared to weather-corrected data (in red). In cold winter months, the 
opposite is true, as shown in Figure 1b (right). Note that these data are collected at two different sites.

78

82

86

90

94

P
er

fo
rm

an
ce

 r
at

io
 (%

)

2/2 2/3 2/4 2/5 2/6

Corrected performance ratio

Uncorrected performance ratio

78

82

86

90

94

P
er

fo
rm

an
ce

 r
at

io
 (%

)

2/2 2/3 2/4 2/5 2/6

Corrected performance ratio

Uncorrected performance ratio



chintpower.com/na                                                                                        855-584-7168AmericaSales@chintpower.com

Value.  Performance, Bankability, Cost Leadership

http://www.chintpower.com/na


26 S O L A R PR O   |   October/November 2014

PV Energy Test

Data filtering criteria: the types of data to include in the 
test and the types of data and events that will lead to 
exclusion. For example, if the primary irradiance mea-
surement device malfunctions, the results may exclude 
data from the start of the malfunction to the time that 
technicians repaired or replaced the sensor. 

Delivery point: the location where the test will be measuring 
electrical energy. This will be part of the test boundary.

Energy test method: the energy performance evaluation 
method that you will be using. The IEC Technical Com-
mittee 82, Working Group 3, responsible for PV-related 
standards, is currently reviewing the method outlined in 
this article.

Expected energy: the energy generation predicted when 
you enter the primary meteorological data collected dur-
ing the test period into the chosen PV system model.

Force majeure: circumstances and events that parties to an 
energy test consider outside the control of the system 
seller or operator and therefore outside the test bound-
ary. Test calculations typically exclude data collected 
during a force majeure event. 

Guaranteed energy: the amount of energy below which  
the seller will incur financial penalties for not producing. 
This value is usually a function of the expected energy, 
and it may include test uncertainty and other contrac-
tual tolerances. 

Measured energy: the measured amount of electricity a PV 
system generates during the test period, typically mea-
sured at the test boundary.

PV system model: the equations used to predict the amount 
of energy a PV system will produce based on histori-
cal or measured meteorological data and plant design 
inputs. The test uses the same PV system model or 
simulation to generate the predicted energy and the 
expected energy values. 

Predicted energy: the energy generation that the chosen PV 
system model predicts based on historical weather data 
inputs considered to be representative for the system 
site. Project stakeholders commonly use predicted 
energy to generate a financial pro forma assessing the 
economic value of a PV plant.

Primary measured data: data from any sensor or meter 
used to calculate the test result. These may include 
meteorological and electrical data measured during the 
course of the test. 

Secondary measured data: backup meteorological, electri-
cal, inverter or other data measured during the course 
of the test that may help diagnose system perfor-
mance issues or validate the quality of the primary 
measured data. 

Test boundary: a delineation between the variables consid-
ered to be part of the system under test versus those 
considered to be outside of the system. In addition to 
defining the physical test boundaries and identifying the 
electrical meter quantifying the electricity production, 
the test boundary definition must identify the locations 
of all test measurements. 

Test period: the time between the start date and the end 
date of the test. 

Test report: documentation regarding the test period, 
boundary, conditions, results and conclusions.

Test uncertainty: the combination of measurement uncer-
tainty and other uncertainties associated with the test 
and calculations, including those introduced by the 
choice of test boundary and data filtering. This provides 
a confidence interval around the test result.

Validated data: the final measured dataset used to com-
pute the expected energy. You must filter this dataset 
for anomalies and other situations that may affect test 
results, such as utility-grid outages.{

Contractual Definitions

B efore starting a PV system energy performance evaluation, all parties to the test need to contractually define the 
test objective, participants and methodology. Typically multiple stakeholders are invested in the results and execu-
tion of an energy test. These might include the original system integrator or EPC contractor, the system owner or 

project developer, the energy off-taker, the project financer and the O&M provider. All these parties should understand 
that executing the energy test brings associated costs. These costs may include paying for additional higher-accuracy 
instrumentation, operational performance monitoring, and engineering analytics during and after the test. The contract 
should clearly delineate the testing responsibilities for each of the parties. These responsibilities could include operat-
ing the facility, maintaining the data acquisition system, archiving data, modeling production, performing the energy test 
calculation and maintaining records.

To ensure success of the energy test, the contract should also clearly define the following terms.
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seasonal soiling, sensitivity to high temperatures, rapid or 
increased degradation, and inverter curtailment.

Theoretical Approach
You use the PV system energy test to determine whether an 
installed system is performing according to the model that 
generated the predicted energy used to evaluate the financial 
value of a PV power plant. Determining whether a PV system 
has met the performance guarantee is a matter of comparing 
the system’s measured energy to the guaranteed energy. If the 
measured energy is lower than the guaranteed energy, or fails 
to meet agreed-upon pass/fail criteria, the system is deficient.  
(See “Contractual Definitions,” p. 26.). 

Currently, there is no comprehensive standard for a long-
term energy test. It has proven difficult to develop a consen-
sus standard for several reasons. For example, PV projects 
vary considerably in size and system specifics, and O&M 
responsibilities differ. In addition, the industry uses a vari-
ety of production models to predict system energy output. 
Finally, parties to a performance guarantee might define the 
test boundary in different ways.

A primary challenge associated with designing a PV sys-
tem energy test is setting up a method to determine the guar-
anteed energy that separates the weather (the “fuel input”) 
from the system under test to allocate risk fairly. Energy tests 
usually measure system output at the plant’s net production 
meter. Meanwhile, the sensors used to measure meteoro-
logical conditions during the test period determine the fuel 
input to the test and the conditions considered external to 
the test. In other words, sensor selection determines the test 
boundary, as shown in Figures 2a and 2b.

To test system performance rather than evaluate the 
weather, it is important to use the same PV system model to 
calculate the expected energy that you used to calculate the 
predicted energy. For example, if you used PVsyst to evalu-
ate the financial value of a PV power plant, you must use the 
identical PVsyst model to generate the expected energy for 
the purpose of the energy test. If you use hourly historical 
weather data and collect measured data on a shorter interval, 
the test results may vary. Similarly, the results may vary if you 
collect measured data from a sensor in the plane of the array 
and the historical data include global horizontal irradiance or 
a combination of direct normal and diffuse horizontal irradi-
ance. If you modify the PV system model in one of these ways, 

PV Energy Test
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Figures 2a & 2b:  The test boundary in Figure 2a (left) is recommended for energy test purposes. It places global horizontal 
irradiance, ambient temperature and wind speed outside of the test boundary, aligning the measured data types with those 
contained in most historical weather data files. Measuring module temperature instead of ambient temperature, as shown 
in Figure 2b (right), moves the test boundary; in this scenario, the test cannot discern between a hot year and an installation 
that does not provide proper air circulation around the modules.

the changes may appear small—but even a small difference in 
implementing the model could mean the difference between 
passing or failing a performance guarantee assessment.

Due to weather’s natural variability, the meteorological 
conditions over a 1-year test period are rarely equivalent to 
the historical conditions that typical meteorological year 
(TMY) data represent. Since you use these TMY data to esti-
mate plant performance, the expected energy value rarely 
matches the predicted energy value. However, this differ-
ence lies outside the test boundary and is not relevant to the 
result of the energy test, which compares expected and mea-
sured energy. The authors of “Analysis of Photovoltaic System 
Energy Performance Evaluation Method” explain that the 
difference between the predicted and expected energy should 
align with the differences between the historical weather file 
and the weather during the test. This difference should not 
affect the test result, but will affect the revenue that the PV 
plant generates.

Energy Test Method
The PV system energy test method that we recommend 
is currently under consideration as an IEC standard (TC 
82/826/NP). It is meant to help project stakeholders develop 
specific test procedures that meet the challenge of accu-
rate testing and fair risk allocation. Since the test method 
does not depend upon any particular performance model, 
you may use any PV system model, however simple or com-
plex, to generate energy output predictions. This method 
emphasizes the importance of defining a test boundary and 

ensuring that you hold the selected PV performance model 
constant throughout the test. Ultimately you get a result 
that is independent of weather and any other parameters 
outside the test boundary.

The energy test consists of the following steps.

STEP 1: Determine and document the fixed and variable 
model inputs—such as historical weather data; system 
loss factors; assumptions regarding soiling, shading, 
outages and so forth—and calculate the predicted 
energy using the PV system model of choice.

STEP 2: Measure the meteorological and electrical data of 
the operating PV system over the test period to generate 
the measured energy value.

STEP 3: Identify and document anomalies during the test 
period, and then create validated test data by aligning 
time intervals with the historical archive and assessing 
and, if required, correcting the measured meteorologi-
cal and electrical data.

STEP 4: Use the PV system model to calculate the expected 
energy based on the fixed model inputs from Step 1 and 
the validated test data from Step 3.

STEP 5: Aggregate the measured energy and expected 
energy over equivalent test periods. For example, 
remove a week to account for force majeure events from 
the totalized values for both expected and measured 
energy. (Alternately, substitute predicted energy in both 
the expected and measured data records during force 
majeure events.)

STEP 6: Compare the expected and measured energy val-
ues to determine test success or failure.
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STEP 7: If the performance guarantee requires quantifica-
tion of the confidence level for the energy test results, 
then evaluate the test uncertainty. We recommend 
using the methods outlined in ISO 5725 or ASME PTC 
19.1. You may also use ISO GUM guidelines, but this 
extra rigor may not be necessary.

MODEL INPUTS
Before initiating an energy test, catalog and define the fixed 
and variable model inputs as well as the PV system model, 
as shown in Figure 3. Fixed model inputs include system 
design assumptions and relevant equipment specifications. 
Variable model inputs include historical weather data, 
which are often based on NREL-published TMY data. (See 
“Production Modeling for Grid-Tied PV Systems,” SolarPro 
magazine, April/May 2010.) Weather data should include 
global horizontal irradiance, ambient temperature and 
wind speed. 

When documenting the fixed model inputs, include prod-
uct specifications and potential sources of system losses. In 
addition to basic performance parameters for PV modules 
and utility-interactive inverters, found in PAN files or prod-
uct datasheets, product specifications may include variables 
such as efficiency variations due to irradiance, temperature or 
power, and module incident angle–modifier losses. Potential 
sources of system losses to document include module mis-
match losses, dc and ac wire losses, parasitic losses associated 
with auxiliary loads, and system availability losses. Also docu-
ment internal shading losses, such as row-to-row shading 
within the array, and external shading losses, which include 
shading from trees, buildings or geographical features outside 
the array, as well as soiling and snow. 

After defining and documenting fixed and variable model 
inputs, use the PV system model to determine the PV plant’s 
predicted energy output value. In addition to document-
ing the PV system model used to set the predicted energy 
value, be sure to document the transposition model and fac-
tor used to convert global horizontal to plane-of-array irra-
diance. Perhaps most important, document the predicted 
energy value that the PV system model produces.

Power factor losses. Since most simulation programs for 
PV systems do not model power factor effects, the test proce-
dure needs to address what to do when the power factor dif-
fers from unity. During the test period, the net energy meter 
measures power factor. For large projects, there may be a differ-
ence between the power factor measured at the energy meter 
and the power factor measured at each inverter. (See “Reactive 
Power Control in Utility-Scale PV,” SolarPro  magazine, June/
July 2014.) In this situation, it may be more appropriate to mea-
sure the power factor at the inverter rather than at the energy 
meter. However, this depends on the terms of the energy guar-
antee. On one hand, if the agreement stipulates measurement 
of the power factor at the delivery point, then you should log 

the power factor at the net energy meter. On the other, if the 
guarantee states that inverters operate at a given power factor, 
then you need to measure each inverter’s power factor inde-
pendently for correction purposes. 

Soiling losses. Energy losses due to soiling or snow on PV 
arrays present some of the largest unknowns when estimat-
ing the energy performance of a PV project prior to con-
struction. Soiling and snow are quite variable, even within 
a relatively small region. Whether soiling and snow belong 
inside or outside the test boundary depends upon the needs 
of and negotiations between the parties involved in the test. 
Both soiling and snow accumulation are linked closely to 
weather and environmental conditions, so you can make 
an argument that they belong outside the test boundary. 
However, in cases in which the project developer is also 
responsible for ongoing O&M, including module cleaning, it 
may be prudent to place the soiling component inside the 
test boundary. 

It is important to document the levels of soiling and 
snow effects that the performance model includes. If the 
performance guarantee includes soiling C O N T I N U E D  O N  PA G E  3 2

PV Energy Test

Figure 3  This figure depicts the relationship of predicted, 
expected and measured energy. The same fixed model 
inputs and PV system model determine both the predicted 
and expected energy values. However, the model calculates 
predicted energy based on historical meteorological data, 
while it calculates expected energy based on meteorological 
data measured during the test period. 
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losses, there is no need to measure the soiling level. If the 
guarantee does not include soiling losses, you need to take 
additional measurements to calculate the soiling loss so you 
can credit the measured energy value. 

If necessary, you can measure and monitor the impact 
of soiling on PV system performance using a method 
outlined in the paper “Direct Monitoring of Energy Lost 
Due to Soiling on First Solar Modules in California.” (See 
Resources.) The authors explain that their soiling measure-
ment technique eliminates the need for complex equip-
ment such as I-V curve tracers by relying on short-circuit 
current measurements taken on two reference modules 
mounted in the same orientation. You regularly clean one 
of these reference modules, the control, while allowing the 
other to become soiled. You monitor and store the short-
circuit data for both modules using a datalogger. You can 
then quantify soiling impacts with a good degree of accu-
racy by comparing these short-circuit data.

If you decide to measure soiling, these data become part 
of the primary measured data. You then have to consider 
how many sensors to use and where best to locate them to 
minimize uncertainty. Placing a sensor close to a frequently 
traveled dirt road, for example, is not advisable. 

DATA MEASUREMENTS
It is important to specify the appropriate data measurements. 
Taken together, the PV system model and the test boundary 
determine the variables that you must track during the test 
period to capture the primary measured data. These data may 
include global horizontal irradiance, ambient temperature, 
wind speed and energy. In addition to this primary dataset, 
collect the following secondary measured data: plane-of-
array irradiance; module temperature; dc voltage, current and 
power in to the inverter(s); ac voltage, current and power out 
of the inverter(s); and angle of array (if mounted on trackers). 

Primary measured data. Sensor accuracy is critical for all 
measurements, but especially for primary data measure-
ments. Minimize measurement and overall test uncertainty 
by choosing high-quality, accurate sensors, and properly cal-
ibrating and maintaining these sensors over the test period. 
In addition, average the measurements from multiple redun-
dant sensors to increase confidence in measured values.

Before selecting the sensors, perform an uncertainty anal-
ysis to highlight which sensors contribute the most to overall 
test uncertainty. Typically, irradiance sensors contribute the 
majority of test uncertainty. For example, a single 4% accu-
rate irradiance measurement results in a test uncertainty of 

PV Energy Test
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4.6% after you include the accuracy of 
the other primary instruments (ambient 
temperature, wind and electric meters). 
Adding a second 4% sensor reduces 
this uncertainty to 3.6% after you prop-
erly track the systematic and random 
uncertainty components of the total 
instrument uncertainty. If you improve 
irradiance sensor accuracy to 2%, this 
further reduces the test result uncer-
tainty to 2.6%. If the project agreement 
requires it, complete a formal project-
specific uncertainty analysis. (We fol-
lowed the approach detailed in ASME 
PTC 19.1 to compute the above values.)

Following are general guidelines and 
recommendations for measuring pri-
mary test data.

Global horizontal irradiance: Care-
fully place and align pyranometers to 
eliminate shade and reflections. For 
redundancy, install at least two sensors 

Module soiling   
Parties to an energy test must decide how to treat module soiling. If they con-
sider soiling level a function of the weather, then there is no need to measure it. 
However, O&M providers still need to track soiling levels to determine if and when 
to clean arrays.
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and calibrate them annually per ASTM G167 or a similar 
standard. If the PV array area is large, use additional sensors 
as appropriate.

Ambient temperature: You should install at least one 
sensor for PV plants of less than 5 MW and at least two for 
plants larger than 5 MW. Place ambient temperature sensors 
at a sufficient distance from PV modules and other equip-
ment so that system elements such as inverter exhaust do 
not affect the measurements. 

Wind speed: Use one sensor for plants less than 5 MW and 
at least two for plants larger than 5 MW. Place wind speed 
sensors at a height of 10 meters or at a height consistent with 
wind speed measurements in the historical weather data. 

Energy: Use a revenue-grade meter at the test boundary 
that complies with ANSI C12.1-2008, the “American National 
Standard for Electric Meters Code for Electricity Metering.“  
You can use this meter to measure either energy or power. 
Measure the power factor as well, either at the point of deliv-
ery or at the inverter.

Secondary measured data. Use secondary measured data 
to verify the quality of the primary measured data, and for 
system monitoring as it relates to O&M or troubleshooting 
during the test period. Place secondary data sensors with 
the same care as primary measured data sensors, but for 
cost savings the secondary sensors may be of lesser quality 
or accuracy. Just bear in mind that measurement accuracy is 
still valuable for these data. 

In some cases you will use second-
ary sensors to measure the same variable 
as a primary sensor, in which case it may 
be desirable to use a lower-quality sensor 
for the redundant measurement. In other 
cases, you may wish to use secondary sen-
sors to measure a value that is an inter-
mediate quantity in the PV system model 
for purposes of comparison. For example, 
global horizontal irradiance may be a pri-
mary measurement input in the PV system 
model, which the model uses along with 
other factors to develop a value for plane-
of-array irradiance. If you measure plane of 
irradiance during the test period, you can 
use these secondary data to verify the qual-
ity of the global horizontal irradiance data.

Ideally, every primary measurement 
has a secondary data source. If the budget 
allows, install redundant instrumentation. 
This helps to detect instrument issues  
such as calibration drift or outright fail-
ure. Where you cannot add redundancy, 
be creative. For example, compare the sum 
of inverter outputs with the test boundary 

energy meter, or use a local airport weather station to vali-
date measured ambient conditions.

TEST INITIATION
Validate the data systems before initiating the energy test. 
For sensors, compare each primary measurement with an 
independent device and look for agreement. Make sure 
that you have programmed dataloggers for maximum reso-
lution. If you are using more than one datalogger, have all 
the devices synchronized to an established master clock 
and account for daylight saving time shifts in spring and 
fall. These steps will avoid any issues with confounded time 
stamps for data.

The ultimate validation is to run a short-term pilot test 
before beginning the actual energy test. Since this is a dress 
rehearsal for the energy test, be sure to follow the test proce-
dure closely. The purpose is to run the data acquisition sys-
tem, perform the energy test calculations and then compare 
the measured results with the expected results. If you find a 
difference, there may be an issue with the data systems—or, 
more important, with the PV system equipment—that you 
need to correct before starting the real test period. 

Operations monitoring. While conducting the energy test, 
be hypervigilant in monitoring weather data and plant opera-
tions. It is important to avoid situations where data collection 
issues render the data unusable. Detect and resolve equip-
ment performance issues promptly.
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Irradiance sensors  Since irradiance sensor data contribute the most to test 
uncertainty, it is important to specify high-quality, accurate sensors. You can 
install additional sensors for redundancy. Also, you can use data from second-
ary plane-of-array irradiance sensors to verify the quality of the primary global 
horizontal irradiance data.
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You need to clean irradiance sensors periodically dur-
ing the test period, so everyone involved in the energy test 
should agree upon the cleaning frequency before starting the 
test. A soiled sensor biases the test result. Since soiling can 
be a stochastic or random variable, be sure to keep track of 
soiling levels during the test. If the performance guarantee 
includes soiling, the O&M team should monitor this closely 
to determine when or if the array needs washing. If the guar-
antee does not include soiling, it is important to ensure that 
the device used to measure soiling levels is accurate, since 
this is now a primary measurement. 

Maintain an operations log documenting all site activities 
during the test period. This log should include all periodic 
and corrective maintenance activities, equipment program-
ming changes, and a description of any sensor maintenance 
events or cleanings. 

POST-TEST DATA VALIDATION 
After completing the energy test period, conduct a detailed 
review of the collected dataset to identify potential issues. 
These issues may include signal flatline, time stamp shift, sen-
sor malfunction, out-of-range values and many other possibil-
ities. Ideally, prior to the test period, make sure to document 

approved methods for validating data. Since PV system com-
plexity makes this a difficult task, the parties involved in test-
ing may need to define a mutually agreed-upon process during 
or after the test period. The final test report must document 
any filters applied and data removed. 

The exact data verification procedure varies depending 
on the data collected and the project specifics. Following are 
suggested practices that may not apply universally. (The arti-
cle “PV System Energy Test” details additional strategies and 
systematic data verification methodologies, and documents 
the results of an energy test case study. See Resources.)

Filtering data. Check each data stream for out-of-range or 
missing data, or unreasonable trends, as shown in Table 1. 
After flagging questionable data, examine these data to deter-
mine the underlying cause and decide whether to retain the 
flag. Depending on the conditions, the details of the plant 
design and the addition of other data streams, you may decide 
to modify the range-checking criteria. If so, the final test 
report needs to document these changes.

To inspect measured values for out-of-range data or 
other variations that seasonal and daily weather variations 
cannot explain, create preliminary plots, including a time 
series for each measured value, or perform a visual check 

PV Energy Test
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Example criteria for flag

Description

Irradiance  

(W/m2)

Temperature  

(°C)

Wind speed  

(m/s)

Output power  

(kWac)

Value outside of 

reasonable bounds
<-6 or >1,400 <-30 or >50 <0 or >32

<0.01 or >1.02  

of max power

Data flatline during time 

step in daylight
standard deviation = 0 standard deviation = 0 standard deviation = 0 standard deviation = 0

Values change rapidly  

in raw dataset
>800 >4 >10 >80% of max power

Table 1  This table describes example criteria for flagging out-of-range or missing data, or unreasonable trends. 
A paper delivered at the 40th IEEE PVSC in June 2014 outlines additional systematic data verification method-
ologies. (See Resources.)

Flags for Identifying Questionable Data

of the data. If measured energy data are missing because 
of a communications or metering problem, document that 
sequence of time as missing data. If the PV system was off-
line due to an equipment failure, then report the PV out-
put as zero—even if you did not directly measure it—and 
report the measured meteorological data, as the analysis 
should include it. If irradiance data is missing and you 

cannot replace it, label the time period as missing data. 
The final test report needs to include information about 
these missing data and details on the impact of removing 
or replacing the data. 

Verifying irradiance data. Because the energy test is sensi-
tive to irradiance data, give special attention to these data. 
Remove irradiance data that may result from accidental 
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shading or a sensor malfunction before taking the average 
of the data from the remaining sensors. We recommend the 
following procedure for identifying such data.

STEP 1: Identify a clear day in each quarter. 
STEP 2: Compute the average irradiance value for each 

sensor during each time-step interval and compare each 
individual value with the average value for all sensors. If 
this difference is greater than the uncertainty of the sen-
sors, inspect the data to identify a probable cause. Note 
that if you are taking the data more frequently than 
once per minute, you should average them over a time 
period of at least 1 minute.

STEP 3: Look for drift in the sensor calibration. 
STEP 4: Discard data that you can trace to sensor or data 

acquisition system malfunction. 
STEP 5: Discard individual data points that sensor mainte-

nance or cleaning have compromised. 
STEP 6: If you remove all data for some time periods, treat 

these time periods as missing data. In the test report, 
document the missing data, the reasons why you 
removed the data and the impact of the removal. 

To achieve a test result with low uncertainty, accurately 
calibrate all primary irradiance sensors before and during the 
test period. Confirm that irradiance sensors were calibrated 
as planned. Also check the nighttime data to verify that the 
zero-point calibration is accurate. A pyranometer reading 
that indicates a negative signal of 1–3 W/m2 is common at 
night. Before discarding any data, make sure that all parties to 
the test agree to the removal.

Erroneous data. Sensor data used as inputs to the PV sys-
tem model should be the average of the available measure-
ments, except where you determine that one measurement is 
erroneous, in which case the input should be the average of 
the remaining measurements. If the primary sensors do not 
provide irradiance, wind, temperature or energy production 
data, but these data are available from another sensor that 
represents actual data, you can substitute that data. The final 
test report must document both the rationale for determin-
ing that the other measurements are representative and the 
uncertainty associated with this substitution. For example, if 
you substitute data from a less accurate or more remote sen-
sor, you can compare values for time periods when both sen-
sors are operating. All parties to a test should agree on any 
data-source substitutions.

Discard out-of-range data and poor data that result from 
equipment malfunction such as drift out of calibration. 
Base the method for determining equipment malfunction 
on nearby sensor data from similar equipment or clear-sky 
models, rather than comparison to the modeled output of 
the PV system. Identify these data on a daily basis so that 

you can resolve problems before they have a significant 
impact on the test result. 

Missing data. When electricity or irradiance data are 
available for part of a time period—for example, the model 
is using hourly averages and the data are available for only 
part of the hour—document the data as missing if more than 
10% is missing. Reduce the missing data threshold for tem-
perature and wind data to more than 20% and more than 
50%, respectively. When the fraction of missing data is small 
enough that the data for that hour is usable, average the 
existing data for that hour. When categorizing data as miss-
ing, remove both the irradiance and the PV performance 
data for the same time period.

System curtailment. The system model you used to calcu-
late predicted energy should assume curtailment and quantify 
energy accordingly. Make sure to calculate the expected energy 
in the same way. If the original test contract documented a 
planned outage as excludable, then you should take the pre-
dicted energy as zero during this time period. If a planned out-
age or an unplanned outage does not qualify as excludable, 
then you must include the predicted energy for this time period 
in the energy test. Everyone involved in an energy test should 
agree in advance about the treatment of force majeure events 
and document these terms for later reference. 

Energy balance. Before creating the final set of validated data 
used for the energy test calculation, perform an energy balance 
check. This is a powerful diagnostic for assessing data fidel-
ity, and the PV system model is the perfect tool for this task. 
To check energy balance, import the measured meteorologi-
cal data into the PV system model and compare the expected 
power with the measured power for each time stamp. If you 
detect a significant difference between the C O N T I N U E D  O N  PA G E  4 0
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PV system model  Since the energy test method presented 
here is performance-model agnostic, parties to an energy 
test may use any agreed-upon PV system model, including 
Folsom Labs’ HelioScope (pictured here), NREL’s System 
Advisor Model (SAM), PVsyst’s PVsyst, SunPower’s PVSim 
or Valentin Software’s PV*SOL.
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expected and measured power, there may be a data issue. When 
this occurs, it is important to determine whether the root cause 
is a data or an equipment issue. There are many ways to deter-
mine the root cause of the discrepancy, such as reviewing the 
operations log, confirming that all inverters are generating the 
expected power and verifying that all primary measurement 
devices are providing validated results.

ENERGY TEST CALCULATION 
After addressing all data anomalies and validating the mea-
sured test, confirm the fidelity of the PV system model used to 
set the predicted energy before using the model to assess the 
energy test. The simplest way to accomplish this is to rerun 
the simulation program with the agreed-upon model inputs, 
using the historical meteorological data, and confirm that the 
predicted annual energy has not changed, at least within the 
model’s computational numeric resolution. 

Once you have confirmed the simulation model, input 
the validated measured meteorological data into the model 
to calculate total expected energy. Include soiling loss if you 
have designated this as outside the test boundary. Confirm 
the consistency of the time-series results, using the energy 
balance technique described previously.

To assess the energy test, compare the test period’s total 
expected energy with the total measured energy from the vali-
dated dataset. If the guarantee includes a contract tolerance 
to account for measurement uncertainty or other items, use 
the following equation to determine a successful result:

Measured Energy > [1 − Contract Tolerance]  
× Expected Energy

The project contracts or test procedure should address 
possible actions in the event that the test is not successful. 
These actions could include test restart if a catastrophic 
event occurred, such as a transformer failure, cure and 
retest, or determination of liquidated damages. 

Documenting test results. Document the energy test results in 
a formal report. The test report should include this information:

f Date and time of test start and finish
f Description of test boundary and conditions under  
 which you conducted tests 
f Data validation documentation 
f Summary of test results
f Comparison of test result parameters to project  
 performance guarantee conditions
f Test result conclusions, including uncertainty  
 analysis if materially required by contracts
f Appendix with formal test procedure (if applicable) 
f Appendix with instrument cut sheets 
f Appendix with sensor calibration records 

You may include plots of the raw primary data measure-
ments in the report body or appendices. You may also pro-
vide the raw and reduced data collected during the energy 
test in electronic format.

Path to a Standardized Method 
Because energy tests are so important for evaluating PV sys-
tem performance, the industry would highly value a stan-
dard test method to govern such tests. For this reason, NREL 
organized a group of industry experts to draft a standard-
ized method, documented in “Analysis of Photovoltaic Sys-
tem Energy Performance Evaluation Method.” This report 
expands on many of the ideas and concepts we have covered 
here. The IEC Technical Committee 82, which is responsible 
for PV-related standards, is currently reviewing it. 

The authors would like to acknowledge Evan Riley, Jeff 
Newmiller, Jacob McKee, Robert Flottemesch, Pramod 
Krishnani and Lauren Ngan for their contributions to this 
article and to the development of a standardized energy test 
method. The US Department of Energy partially supported 
this work under Contract No. DE-AC36-08-GO28308 with the 
National Renewable Energy Laboratory. 
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W
hen Enphase Energy introduced its 
first-generation microinverter sys-
tem in 2008, it revived and reimag-
ined a solar product class that had 
previously failed to gain commercial 
traction. In the 1990s, Ascension 

Technologies and NFK Electronics developed and sold 
microinverters in the US, but by the early 2000s other 
companies acquired both these businesses and pulled 
the plug on their microinverter lines. The potential 
benefits that these early microinverter manufactur-
ers saw in their products—including performance 
optimization, shade mitigation, system modular-
ity and the elimination of a single-point failure at a  
system level—all still hold true today. But contem-
porary microinverter and module-level dc optimizer 
systems offer additional benefits, and as the industry 
continues to evolve and expand, so does the market 
for these products.

Today, the deployment of module-level power elec-
tronics (MLPE) is as much about improving project 
economics and meeting regulatory requirements as it 
is about simply increasing a system’s energy genera-
tion over its operational lifetime. Microinverter sys-
tems can lower the cost of system design, inventory 
management and O&M. Module-level dc optimizer 
systems allow integrators to increase the number of 
modules in a dc source circuit and correspondingly 
reduce wiring, labor and BOS costs. 

Virtually all modern MLPE systems include 
web-based monitoring that enables technicians to 
remotely diagnose system performance or equip-
ment issues at the module level and avoid or stream-
line truck rolls. The granularity of MLPE monitoring 
can assist integrators with module warranty claims 
and provide unprecedented visibility into the perfor-
mance and failure rates of modules and of the MLPE 

By Joe Schwartz

Module-Level 
Power Electronics

Microinverters and DC Optimizers
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products themselves. Finally, these systems offer 
potential safety enhancements, especially for roof-
top systems, and solutions to meet changes in the 
NEC, such as the rapid shutdown requirements in the 
2014 edition of the Code.

MICROINVERTERS
“The Resurgence of Microinverter Technology” 
(SolarPro, October/November 2009) explores some of 
the early developments in the microinverter product 
class. The article surveys five microinverter vendors 
that were active at the time, including Enphase Energy 
and SolarBridge Technologies. Since then, some manu-
facturers—such as Azuray Technologies, Direct Grid 
Technologies and Exeltech Solar—have exited the 
market. New microinverter manufacturers—including 
ABB, APS, Darfon, iEnergy and ReneSola—are bringing 
products to market. Today, nine vendors offer microin-
verter systems in the US.

 ABB. In July 2013, ABB, a global provider of power 
and automation technologies, completed the acqui-
sition of Power-One to become the world’s second 
largest manufacturer of solar inverters in terms of 
revenue, as reported by IHS Technology. In May 2014, 
ABB transitioned Power-One into the ABB brand. 
Power-One’s existing inverter offerings and product 
family names (Aurora Uno, Aurora Trio and Aurora 
Ultra) remain the same. All of its product certifica-
tions remain valid as well.

In 2011, ABB introduced two microinverters 
developed for the US market. More recently, the 
manufacturer added a microinverter designed for 
compatibility with high-voltage modules. Three 
main components comprise ABB’s microinverter 
system: the microinverter, the Concentrator Data 
Device (CDD) and the Aurora Vision Plant Viewer 
web-based monitoring interface.C
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ABB’s microinverters include the 250 Wac MICRO-
0.25-I, the 300 Wac MICRO-0.3-I and the 300 Wac 
MICRO-0.3HV-I. All three microinverter models can be 
integrated with 208 Vac and 240 Vac utility services. Their 

absolute, temperature-adjusted maximum input voltages 
are 65 Vdc, 65 Vdc and 79 Vdc, respectively. ABB’s proprie-
tary ac trunk cable, which is compatible with 60-, 72- and 
96-cell modules in both portrait and landscape orientation, 
aggregates the individual microinverters in ac circuits. The 
maximum number of MICRO-0.25-I units per 20 A circuit 
is 15 at 240 Vac. The MICRO-0.3-I and the MICRO-0.3HV-I 
models can be configured in 20 A circuits of 12 microinvert-
ers at 240 Vac.

The microinverters communicate wirelessly with the CDD. 
A single CDD can directly monitor up to 30 ABB microinvert-
ers at a maximum unassisted CDD–to-microinverter distance 
of 164 feet. The system’s Aurora Plant Viewer remote monitor-
ing interface enables free module-level monitoring on the web 
as well as on mobile devices. ABB provides a 10-year standard 
warranty that covers the entire system, including the micro- 
inverters, the CDD and ac trunk cabling. 

APS America. Located near Seattle in Poulsbo, Washington, 
APS America is the North American headquarters of Altenergy 
Power System (APS). Founded in Silicon Valley in 2009, the 
company established a joint venture in Jiaxing, Zhejiang, 
China, in 2010. APS currently has global C O N T I N U E D  O N  PA G E  4 6
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Input Data (dc) Output Data (ac) Warranty

Manufacturer Model

Rec. max. 
PV power 
(W STC)

Max. input 
voltage 
(Vdc)

MPPT voltage 
range 
(Vdc)

Max. usable 
input current 

(Adc)

Nominal 
output power 

(Wac)

Nominal  
output voltage 

(Vac)

Max. output 
current 
(Aac)

CEC-weighted 
efficiency 

(%)

Max. units  
per 20 A circuit 

(Aac)

Warranty  
std./ext.

(yrs.)

ABB MICRO-0.25-I 300 65 25–60 10.5 250 208/240 1.2/1.04 96 13/15 10

ABB MICRO-0.3-I 360 65 30–60 10.5 300 208/240 1.44/1.25 96 11/12 10

ABB MICRO-0.3HV-I 360 79 30–75 10.5 300 208/240 1.44/1.25 96 11/12 10

APS America YC250A 310 55 22–45 11.5 250 240 1.04 94 17 10/15

APS America YC500A1, 2 2 × 310 55 22–45 2 × 11.5 500 208/240 2.4/2.08 95 6/7 10/15

Darfon MIG240 260 60 24–40 10 220 240 0.92 95 16 25

Darfon MIG300 300 60 24–40 10 250 240 1.04 95 16 25

Enecsys SMI-240W-60-UL 260 44 23–35 12 2253 240 0.94 93.5 17 20

Enecsys SMI-480W-60-UL1 2 × 250 44 24–35 2 × 11 4503 240 1.88 94.5 8 20

Enecsys 24060MP 270 44 24–35 10.4 2403 240 1 96 DNR 25

Enecsys 26060MP 295 44 24–35 11.2 2603 240 1.08 96 DNR 25

Enecsys 28060MP 315 44 24–35 12.3 2803 240 1.17 96 DNR 25

Enecsys 30060MP 335 44 24–35 13.1 3003 240 1.25 96 DNR 25

Enphase Energy M215 270 48 27–39 10 215 208/240 1.1/0.9 96.5 254/17 25

Enphase Energy M250 300 48 27–39 9.8 240 208/240 1.15/1 96/96.5 244/16 25

iEnergy GT260-USA 265 59 25–50 10 230 240 0.96 92 17 10/15, 20, 25

ReneSola Replus-250A 250 60 22–55 14 2253 240 1 95 15 25

ReneSola Replus-250B 250 60 22–55 14 2173 208 1.2 95 12 25

SMA America Sunny Boy 240-US 250 45 23–32 8.5 240 240 1 96 12 10/15, 20, 25

SolarBridge Pantheon II P250LV 280 48 18–37 10 238 208/240 1.14/0.99 95 244/16 25

SolarBridge Pantheon II P250HV 280 64 25–50 7.5 238 208/240 1.14/0.99 95 244/16 25

Microinverter Specifications 

ABB In July 2013, ABB completed 
its acquisition of Power-One, 

whose product family included 
three microinverter models. The 

MICRO-0.3HV-I unit has an  
absolute maximum input  

voltage of 79 Vdc,  
the highest of the  
models surveyed. 

1 Two modules per inverter
2 Dual MPPT
3 Maximum output power rating (Wac)
4 3-phase
DNR = Did not report

Footnote Key
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subsidiaries in Australia, China and the US. It reported cumu-
lative worldwide shipments of 80,000 microinverters as of 
March 2013. GTM Research ranked APS number two in global 
microinverter suppliers by shipments in 2013.  

In recent months, APS America announced new distribution 
channels in the US, including Fortune Energy ( fortuneenergy.
net) and Blue Frog Solar (bluefrogsolar.com). Blue Frog distrib-
utes APS microinverters certified as made in Washington for 
the state incentive program, which offers increased payments 
for systems that use components manufactured in the state.

APS America currently offers two microinverter products, 
the YC500A and the YC250A. The 500 Wac YC500A optimizes 
and converts the dc output of two PV modules and includes an 
independent MPP tracker for each module. The microinverter 
has a 55 Voc maximum input voltage and interconnects with 
208 Vac and 240 Vac services. At 240 volts, 20 A branch circuits 
of seven YC500A microinverters (14 modules) are allowed. The 
250 Wac YC250A has a nominal output voltage of 240 Vac and 
a 55 Voc maximum input voltage specification. The maximum 
units per ac branch circuit is 17 per 20 A breaker and 21 per  
25 A breaker. APS has announced the development of the 
YC1000-3, a 900 Wac 3-phase microinverter that will enable up 
to 13 units (52 PV modules) per ac circuit.

The APS microinverter system offers module-level moni-
toring via its integrated APS Energy Communication Unit. 
Power-line communication (PLC) transmits module perfor-
mance and operational data over the ac cabling system. APS 
Energy Monitoring and Analysis software allows web-based 
module- and microinverter-specific analysis and event 
alerts in real time. 

Darfon America.  Darfon Electronics Corporation is a 
Taiwan-based company established in 1997. The company is 
one of the world’s largest notebook keyboard and power sup-
ply manufacturers, with global offices in the Czech Republic, 
South Korea and Taiwan. Its US headquarters is located in 
Mountain View, California. The company’s US subsidiary, 
Darfon America, is one of 16 independently operated com-
panies in the BenQ Group. In 2011, it leveraged its experi-
ence in designing and manufacturing power supplies to 
enter the solar market. 

Darfon America has developed two microinverter models 
for the US market. The MIG240 has a maximum continuous 
ac output power rating of 220 W and a maximum dc input 
voltage rating of 60 Vdc. The system’s ac trunk cabling can 
support up to 16 inverters per 20 A branch circuit. Darfon’s 
MIG300 has a continuous ac output power rating of 250 W 
and, like the MIG240 unit, has a maximum dc input voltage 
rating of 60 Vdc. The manufacturer specifies ac branch cir-
cuits of up to 16 MIG300 microinverters per 20 A branch cir-
cuit and 24 units per 30 A branch circuit. The microinverter 
system’s monitoring package includes a PLC Box for local 
PC-based monitoring via an RS-485 connection. An optional 

datalogger that connects to the building’s local area network 
(LAN) enables web-based monitoring. 

Enecsys. Microinverter system manufacturer Enecsys 
is headquartered in Cambridge, UK, and operates sales 
and support offices in Bad Homburg, Germany; Newark, 
California; and Taipei City, Taiwan. Enecsys offers six 
microinverter models that are certified to the UL 1741 
standard, as well as a gateway and web-based monitor-
ing system. The company uses trunk cable to aggregate 
the microinverters into ac branch circuits. Each microin-
verter contains built-in ZigBee communication technol-
ogy to send module-level performance data to the Enecsys 
Gateway. The Enecsys Monitoring System tracks energy 
generated at the module and system level, and it includes 
an Apple iPhone app for mobile system monitoring.

Enecsys’ microinverter offering includes two first- 
generation models. The SMI-480W-60-UL, designed for 
two-module input, has a single MPP tracker with a 44 Vdc 
maximum input voltage and a maximum ac output power 
rating of 450 W. Aggregated ac circuits can have up to eight 
SMI-480W-60-UL units (16 modules) per 20 A branch circuit 
and six units (12 modules) per 15 A branch circuit. Designed 
for single-module input, the Enecsys SMI-240W-60-UL 
inverter has a 44 Vdc maximum input voltage and a 225 Wac  
maximum output power rating. AC branch circuits of 17 
microinverters are allowable per 20 A branch circuit and 
12 microinverters per 15 A branch circuit. The SMI-480W-
60-UL and SMI-480W-60-UL models are both designed to 
interconnect to 240 Vac utility services.

Released in 2013, the four-model MP Series line is the  
second-generation (Gen 2) microinverter offering from 
Enecsys. The Gen 2 units all have a maximum dc voltage of  
44 Vdc and are compatible with most 60-cell PV modules. The 
24060MP, 26060MP, 28060MP and 30060MP microinverters 
have maximum ac outputs of 240 W, 260 W, 280 W and 300 W, 
respectively, and interconnect at 240 Vac. 

Module-Level  Power Electronics

Enphase Energy  Enphase introduced its first-generation 
microinverter system in 2008 and thereby created the 
contemporary microinverter product class. In July 2013, it 
released its fourth-generation microinverter, the M250.
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Enphase Energy. Enphase Energy is 
headquartered in Petaluma, California, 
and operates international offices in 
Australia, China, France, Italy, New 
Zealand and the UK. The company intro-
duced its first microinverter system in 
2008, thereby creating the contemporary 
microinverter product class. Enphase 
Energy went public in 2012, and in July 
2013 it introduced its fourth-generation 
microinverter, the M250. In January 2014, 
the company surpassed 1 GW of microin-
verter system shipments.

Enphase Energy’s current sys-
tem includes two microinverter mod-
els and its Engage Cabling System, 
Envoy Communications Gateway and 
Enlighten Monitoring system. The M250 
has a maximum dc input voltage of  
48 Vdc and a continuous ac power out-
put of 240 W. The microinverter can interconnect with 240 Vac 
and 208 Vac services. Up to 16 units can be aggregated per  
20 A branch circuit at 240 Vac. A 3-phase 208 Vac configura-
tion allows a maximum of 24 units per branch circuit. The 
company’s second microinverter model, the M215, has a 
maximum input voltage of 48 Vdc and a continuous ac output 
power rating of 215 W. At 240 Vac, the maximum number of 
units per ac branch circuit is 17. In a 3-phase 208 Vac configu-
ration, the maximum number of units per branch circuit is 25.

Enphase designed both microinverters for compatibility 
with most 60-cell modules. The products’ integrated ground 
meets NEC requirements for ungrounded PV arrays. The 
microinverter’s dc circuit is isolated from ground and does 
not require a grounding electrode conductor between each 
inverter, thereby eliminating the need to run a separate cop-
per conductor to bond the inverters electrically. The ground 
conductor internal to Engage Energy’s trunk cable acts as 
the system’s equipment-grounding conductor. 

The Envoy Communications Gateway provides network 
access to the microinverters’ module-level performance 
data and can support up to 600 Enphase microinverters. The 
Enlighten Monitoring system offers web-based monitoring. 
The company provides end users with performance infor-
mation via its MyEnlighten interface. For professionals, it 
offers Enlighten Manager to streamline fleet management. 
Enlighten Manager allows integrators to compare actual 
system performance data to modeled data, remotely diag-
nose issues affecting system performance and access perfor-
mance data for PV module warranty claims. 

iEnergy. Headquartered in Taipei City, Taiwan, iEnergy 
was founded in 2009. Its i-Micro inverter GT260-USA is con-
tract manufactured in Thailand by Delta Electronics, one of 

the largest manufacturers of 
power supplies worldwide. The 
iEnergy system includes the 
GT260-USA microinverter, the 
i-Manager data communica-
tion device and the i-Energy 

Solar Energy Monitor System (EMS).
The GT260’s 59 Vdc maximum input voltage is on the 

high end of the microinverter models surveyed for this arti-
cle. One downside is that its CEC-weighted efficiency is the  
lowest at 92%. The product has a maximum ac power output 
of 230 W and allows up to 17 inverters per ac branch circuit. 
PLC provides communication between the inverters and  
the i-Manager gateway. 

The company released two ac modules that factory- 
integrate the GT260 with a 60-cell 250 W monocrystal-
line module (ACM 250-S) or a 245 W 60-cell polycrystalline  
module (ACM 245-M). Both products are listed to UL 1741 
and UL 1703. 

ReneSola. ReneSola is a vertically integrated OEM ser-
vice provider and manufacturer of solar products including 
monocrystalline and polycrystalline PV wafers, cells and 
modules. It is headquartered in Shanghai, China, and oper-
ates several manufacturing facilities throughout China  as 
well as more than 40 offices worldwide, including its US 
offices in Newton, Massachusetts; El Segundo, California; 
and San Francisco.

ReneSola manufactures two microinverter models for the 
US market, the Micro Replus-250A and Micro Replus-250B. 
Both models have a maximum dc voltage of 60 V. The Replus-
250A has a rated continuous output power rating of 225 W, 
interconnects at 240 Vac and can aggregate 15 units on a 20 A 
branch circuit. The Replus-250B has a rated continuous out-
put power rating of 217 W, interconnects at 208 Vac and sup-
ports 12 microinverters per 20 A branch circuit. 

For system monitoring, ReneSola offers the Micro Replus 
Gateway (MRG). The system uses PLC to transmit module-
level data to the gateway. The MRG can monitor up to 80 
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SMA America  SMA  
began shipping its Sunny 
Boy 240-US microinverter 
system in August 2013. To 
limit the number of compo-
nents exposed to heat stress 
under the module, the system 
includes the Sunny Multigate-
US, an electrical and com-
munications interface located 
between the microinverters 
and a site’s utility service and 
communication network.
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microinverters and offers local monitoring via an Ethernet 
connection as well as direct remote monitoring of an indi-
vidual ReneSola Micro Replus installation. 

SMA America. With its global headquarters in Niestetal, 
Germany, SMA Solar Technology AG continues to be the 
world’s largest inverter manufacturer in terms of 2013 revenue, 

according to IHS Technology. Its US subsidiary, SMA America, is 
headquartered in Rocklin, California. SMA America Production 
operates manufacturing facilities in Denver, where the com-
pany manufactures its new Sunny Boy 240-US microinverter, 
along with other models in SMA’s inverter line.

The Sunny Boy 240-US has a maximum input voltage of  
45 Vdc and a rated ac power output of 240 W. A single ac 
source circuit can utilize up to 12 Sunny Boy 240-US microin-
verters. A daisy-chained wiring configuration eliminates the 
need for an ac trunk cable. Each source circuit terminates 
at an SMA Sunny Multigate-US unit that provides remote 
inverter control and communications via an Ethernet con-
nection to the building’s router. That unit also integrates sys-
tem power output with the building’s single-phase 240 Vac  
distribution panel. SMA designed the Sunny Multigate US for 
a maximum power input of 2.88 kW, and PV system design-
ers have no practical limit on how many Multigate units (and 
corresponding ac branch circuits) they designate at a given 
site. Users can view module-level inverter and system per-
formance data on SMA America’s Sunny Portal website or 
via SMA’s Apple iPhone and Android apps. 

SolarBridge Technologies. Of the nine microinverter man-
ufacturers covered in this article, SolarBridge is unique in 
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SolarBridge  Unlike other manufacturers that sell microinvert-
ers as add-on products, SolarBridge has based its path to 
market on partnerships with PV module manufacturers that 
develop factory-integrated ac modules listed as an assembly. 

MICROINVERTER

http://www.apsamerica.com
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that its path to market does not include the direct sale of 
microinverters. Rather, Austin, Texas–based SolarBridge 
partners with third-party module manufacturers to develop 
listed ac module assemblies that the company brands as 
part of its TrueAC system. Listed ac modules that integrate 
SolarBridge microinverters are currently available from 
companies including BenQ, ET Solar and MAGE SOLAR. 
TrueAC modules are certified to UL 1703 and UL 1741, and 
they come with a standard 25-year power and product war-
ranty. The SolarBridge TrueAC system includes its Pantheon 
II microinverter, Power Manager gateway and Power Portal 
web-based monitoring interface, which comprise the 
SolarBridge Management System.

SolarBridge’s current generation of microinverters for 
the US market, Pantheon II, offers a high- and a low-voltage 
model—the P250LV-208/240 and the P250HV-208/240. The 
temperature-corrected maximum dc voltages of the units 
are 48 Vdc and 64 Vdc, respectively. Both models have a nar-
row, rectangular form factor (10.7 by 4 by 1.4 inches) and a 
maximum continuous ac output power rating of 238 W. 
The Pantheon II can interconnect with 240 Vac and 208 Vac  

services. At 240 Vac, the microinverter supports up to 
16 SolarBridge TrueAC modules per branch circuit. The 
SolarBridge TrueAC system uses a module-to-module design 
rather than an ac trunk cable for branch circuit aggrega-
tion. In addition, SolarBridge’s insulated ac cable includes an 
equipment-grounding conductor and eliminates the need for 
a separate EGC. 

MODULE-LEVEL DC OPTIMIZERS
Three manufacturers, Ampt, SolarEdge and Tigo Energy, cur-
rently offer module-level dc optimization systems in the US 
market. These systems allow integrators to increase the num-
ber of modules per source circuit and reduce related wiring, 
labor and system BOS costs. (See the Cobalt Power Systems 
project profile, pp. 80–81, for an example.) They also offer 
monitoring solutions and some unique safety features for 
rooftop arrays. 

Ampt. Headquartered in Fort Collins, Colorado, Ampt 
offers a range of power optimization and monitoring solu-
tions developed to increase system output and decrease O&M 
costs via module- and string-level power C O N T I N U E D  O N  PA G E  5 2
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Module-Level Add-on DC Optimizer Specifications

1 For 60-cell modules 
2 For 72- and 96-cell modules 
3 For thin-film modules
4 For two 60-cell modules 

Input Data Output Data Listing and Warranty

Manufacturer Model 
Rated power 

(W)

Max. input 
voltage 
(Vdc)

MPPT voltage 
range 
(Vdc)

Max. dc input 
current 
(Adc)

Max. output 
voltage 
(Vdc)

Max. output 
current 
(Adc)

Max. system 
voltage 
(Vdc) Listing agency

Warranty 
(yrs.)

Ampt V40-x 260 46 10–38 8.5 33.3 9.4 DNR CSA 25

Ampt V50-x 320 58 17–48 9.2 40.6 9.2 DNR CSA 25

Ampt V100-x 360 102 25–80 6.1 63.6 6.7 DNR CSA 25

SolarEdge P300 1 300 48 8–48 12.5 60 15 1,000 ETL 25

SolarEdge P400 2 400 80 8–80 12.5 60 15 1,000 ETL 25

SolarEdge P405 3 405 125 12.5–105 12.5 85 15 1,000 ETL 25

SolarEdge P600 4, 6 600 96 12.5–80 12.5 85 15 1,000 ETL 25

SolarEdge P700 5, 6 700 125 12.5.–105 12.5 85 15 1,000 ETL 25

Tigo Energy MM-2ES 50 7 2 × 375 52 16–48 2 × 10 104 2 × 9.5 600 CSA 25

Tigo Energy MM-2ES 75 7 2 × 375 75 30-65 2 × 7.5 150 2 × 9.5 600 CSA 25

Representative AC Module Specifications
Output Data (ac) Module Data (dc)

Manufacturer Model Inverter

Output 
voltage 
(Vac)

Output 
current 
(Aac)

Max. continuous 
output power 

(Wac)

Max. units per 
20 A circuit 

(Aac)

CEC-weighted 
efficiency 

(%) Cell count Cell type
Power

 (W STC)

BenQ Solar AC Unison SolarBridge Pantheon II 208/240 1.14/0.99 238 24/16 95 DNR DNR DNR

iEnergy ACM 250-S iEnergy GT 260-USA 240 0.96 230 17 92 60 mono 250

ET Solar ET-P660260WBAC SolarBridge Pantheon II 208/240 1.14/0.99 238 24/16 95 60 poly 260

MAGE SOLAR 250/6 PL US AC SolarBridge Pantheon II 208/240 1.14/0.99 238 24/16 95 60 poly 250

Phono Solar PS250P [ac] Enphase M250 208/240 1.15/1 240 24/16 96/96.5 60 poly 250

5 For two 72-cell modules
6 Compatible with SolarEdge 3-phase inverters only
7 Can be used with one or two modules
DNR = Did not report

Footnote Key
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optimization and monitoring, as well as to reduce BOS costs by 
increasing PV source-circuit length. Ampt is a founding mem-
ber of the HDPV Alliance, an industry association with approxi-
mately 20 members that includes inverter manufacturers such 
as Bonfiglioli and KACO new energy; module manufacturers 
including JA Solar, Upsolar and Suniva; and monitoring pro-
viders AlsoEnergy, DECK Monitoring and meteocontrol. The 
group formed with the intent of collaboratively developing a 
standard to help reduce project BOS costs, primarily through 
the incorporation of distributed power architecture.

The company’s products include three models in the 
Ampt-x line of dc-to-dc external power optimizers that incor-
porate module-level MPP tracking, output voltage and cur-
rent limits, plus optional two-way wireless communication 
compatible with third-party monitoring solutions. Ampt also 
offers four models in the Ampt-i line of integrated optimiz-
ers, which it developed for full factory integration at the mod-
ule level. Ampt’s optimizers require the use of its Home Run 
Diode in each series string to prevent reverse current flow in 
the aggregated PV source circuits. In July, Ampt announced its 
new String Optimizer. This product can double the allowable 
string length when used with third-party inverters equipped 
with a smart module mode setting, referred to as Ampt Mode, 
which optimizes the inverter for use in systems with a distrib-
uted power architecture. Select inverters, including models by 
Bonfiglioli and KACO, are currently compatible with Ampt’s 
power optimization products. 

SolarEdge. Founded in 2006 and headquartered in Hod 
Hasharon, Israel, with sales offices worldwide—includ-
ing its US headquarters in Fremont, California—SolarEdge 
offers an end-to-end power electronics solution for distrib-
uted power systems. Its system includes module-level power 

optimizers, single- and 3-phase string invert-
ers, and module-level monitoring. SolarEdge 
reports that it has shipped more than 4 million 
optimizers and 150,000 inverters worldwide 
and that it currently has 20% of the US residen-
tial market share.

SolarEdge manufactures five external 
P-Series power optimizer models for the 
US. The P300, P400 and P405 units are com-
patible with SolarEdge single- and 3-phase 
inverters. SolarEdge designed the P300 to pair 
with 60-cell modules, the P400 to pair with 
72- and 96-cell modules, and the P405 to pair 
with thin-film modules. The optimizers’ CEC-
weighted efficiency is 98.8%. For commercial 
and industrial applications, SolarEdge offers 
the P600 and P700 models. These units opti-
mize and monitor two 60-cell modules and 
two 72-cell modules, respectively. Each has a 
weighted efficiency of 98.6%. SolarEdge’s P600 

and P700 optimizers are compatible with its 3-phase com-
mercial inverter models.

SolarEdge manufactures seven single-phase (3 kW– 
11.4 kW) and three 3-phase (9 kW–20 kW) string inverters 
for use with its P-Series optimizers. All of its inverters feature 
a fixed dc voltage input. Since MPP tracking happens at the 
module level, the inverter itself primarily performs dc-to-ac 
conversion. Additional inverter features include NEC 2011–
compliant Type 1 arc-fault protection, a preassembled safety 
switch and optional revenue-grade data reporting certified 
to ANSI C12.1. The SolarEdge system C O N T I N U E D  O N  PA G E  5 4
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SolarEdge  Unique to the market, SolarEdge’s  
system includes module-level dc-to-dc optimiz-
ers that integrate with the company’s single- and 
3-phase string inverters. The system’s SafeDC 
feature holds the output of each optimizer to 1 Vdc 
when the system’s inverter is de-energized. 
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Trinasmart  Trina Solar and Tigo Energy partnered to 
develop the Trinasmart dc-optimized solution. The product 
line features dc optimization that is fully integrated with the 
module’s junction box. Tigo’s PV-Safe button deactivates an 
array at the module level. Its Smart Curve technology holds 
module output at Vmp, enabling longer PV source circuits 
and reducing dc wiring, BOS and labor costs. 
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includes the SafeDC feature, which ensures an output of 1 Vdc  
per optimizer when the inverter is de-energized. With the 
SolarEdge Rapid Shutdown Kit installed, the inverters meet 
NEC 2014, Section 690.12, requirements.

The web-based SolarEdge monitoring portal provides 
performance monitoring, fault detection and alerts at the 
module, string and system level. The system manages com-
munication between the individual power optimizers via 
PLC over the dc conductors. Supported communication 
interfaces include RS485, RS232, Ethernet and optional 
ZigBee. The vendor provides web and mobile (Apple iPhone 
and Android apps) monitoring interfaces and free monitor-
ing for 25 years. 

Tigo Energy. Headquartered in Los Gatos, California, 
Tigo Energy operates regional sales and support offices in 
Australia, China, France, Israel, Italy and Japan. Of the three 
dc optimizer vendors currently active in the US market, Tigo 
Energy is the first to commercialize full optimizer integration 
at the module level, with the optimizer integrated inside the 
module’s junction box. In 2009, Tigo Energy achieved certifi-
cation to UL 1741 on its first-generation add-on Maximizer 
module-level optimization products. Today, while Tigo 
Energy continues to offer its add-on Dual Maximizer–ES 
(MM-2ES), its core focus is establishing partnerships with 
module manufacturers to develop and list dc-optimized 
smart modules that feature integrated dc optimization. The 
company reported that smart modules accounted for 65% of 
its revenue in Q1 2014.

The Tigo Energy system includes modules by manu-
facturers such as Jinko Solar, Trina Solar and Upsolar, plus 
the Smart Junction Box, the Tigo Energy Gateway, the 
Maximizer Management Unit (MMU) and web-based moni-
toring software. The Smart Junction Box (model MM-JES50) 
has a maximum output-power rating of 375 W and an abso-
lute maximum open-circuit input voltage rating of 52 Vdc. 
The Smart Junction Box features the company’s Smart Curve 
technology, which limits module open-circuit voltage. For 
example, its Tigo Energy–optimized Trinasmart modules, 
launched in 2012, have predictable and controlled output 
voltage that can increase string length by 30% in many sys-
tems. The output voltage of the Trinasmart 60-cell modules 
is limited to 33.4 Vdc, while the 72-cell Trinasmart modules 
are limited to a 39.4 Vdc maximum voltage. 

Module-level performance data is transmitted wirelessly 
to the Tigo Energy Gateway, which is typically located in the 
center of the array with which it is communicating. The wire-
less range is 50 feet (line of sight), and each Gateway sup-
ports a maximum of 120 dc-optimized modules. The MMU 
communicates between the optimizers and the inverter, 
and sends data to a remote data center for online monitor-
ing. The MMU includes Tigo Energy’s PV-Safe, a button that 
deactivates the array at the module level, limiting electrical 

exposure to the open-circuit voltage of a single module. 
One MMU supports up to 360 modules and up to seven Tigo 
Energy Gateways.   

LOOKING AHEAD 
New entrants to the MLPE market and products are on the 
horizon. For example, Fronius announced its soon-to-be 
released FE Series inverter line, which will support MLPE 
system architectures. Jinko Solar recently announced 
the development of a new smart-module line featuring  
integrated circuitry that will perform MPP tracking on the 
cell-string level of an individual module. Considering the 
market acceptance and technological advancement that 
microinverter and dc optimization systems have achieved 
in the past six years, the next six years will be fascinating to 
track as MLPE vendors continue to scale up and their value 
proposition evolves in step with PV project economics and 
Code requirements.
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Microinverters 

ABB / 877.261.1374 / abb.com/solarinverters 

APS America / 844.666.7035 / apsamerica.com

Darfon America / 650.316.6300 / darfonsolar.com

Enecsys / 510.933.9700 / enecsys.com

Enphase Energy / 877.797.4743 / enphase.com

iEnergy / i-energyinc.com 

ReneSola / 877.600.6649 / renesola.com

SMA America / 916.625.0870 / sma-america.com

SolarBridge Technologies / 877.848.0780 / solarbridgetech.com

Module-Level DC Optimizers 

Ampt / 970.372.6950 / ampt.com

SolarEdge / 877.360.5292 / solaredge.us

Tigo Energy / 408.402.0802 / tigoenergy.com

Representative AC Modules

BenQ Solar / benqsolar.com

ET Solar / 925.460.9898 / www.etsolar.com

MAGE SOLAR USA / 844.624.3872 / magesolar.com

Phono Solar / 281.909.0646 / phonosolar.com

Representative DC-Optimized Modules 

Trina Solar / 800.696.7114 / www.trinasolar.com

Jinko Solar / 415.402.0502 / jinkosolar.com
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A
s the solar industry has grown and become more 
sophisticated in recent years, stakeholders have 
been basing PV system and procurement deci-
sions on total cost of ownership in addition 
to—or even instead of—installation cost. Own-

ership cost and asset valuation now often depend on the terms 
and conditions associated with the power purchase agreement, 
as well as how much electricity the PV system is expected to 
generate throughout its intended operating life, which is largely 
a function of component quality and system design and main-
tenance. As a result, PV systems are increasingly evaluated 
based on dollars per kilowatt- or megawatt-hour, rather than 
on dollars per watt.

In this article, we present a perspective on how PV mod-
ule ratings have evolved to reflect the prevailing design and 
procurement criteria. Many in the industry agree that current 
nameplate ratings—specifically the power rating under stan-
dard test conditions (STC)—taken alone do not adequately 
represent PV module performance in today’s competitive 
marketplace. So what should buyers look for in PV module 
performance characteristics? Many buyers still rely on mod-
ule ratings under PVUSA Test Conditions (PTC). Are PTC rat-
ings adequate? 

We review the motivations for and origin of the PTC mod-
ule rating. We discuss how PV project valuation practices have 
evolved away from single-point capacity metrics in favor of 
more comprehensive measurements and simulation models 
for predicting PV module performance in the field. In the pro-
cess, we highlight some promising new energy-based PV mod-
ule rating methods that industry stakeholders would be wise to 
adopt going forward. 

EVOLUTION FROM STC TO PTC RATINGS 
For many years, most PV system designers relied on the name-
plate or STC ratings of PV modules as a proxy for expected proj-
ect performance and the resulting return on investment. These 
ratings are based on PV module performance at standard test-
ing conditions (STC), which are defined in IEC 61215 as 25°C 
cell temperature, 1,000 W/m2 global plane-of-array irradiance 
and a solar spectral irradiance at air mass (AM) 1.5. The prob-
lem with STC ratings is that the nameplate power rating of 
any PV module inherently reveals only one aspect of how that 
product will perform once installed. The reason for this is two-
fold: PV module—not to mention PV system—performance is 
largely a function of operating temperature and irradiance, and 
temperature and irradiance are highly variable and dependent 
on site location. 

RATING PV Modules  
             for Field Performance
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While the solar industry has long relied upon  

single-point module performance metrics such as 

STC and PTC ratings, more comprehensive, multiple-

element performance matrices that better serve 

industry stakeholders are steadily replacing them.

RATING PV Modules  
             for Field Performance

By Brian Grenko, Adrianne Kimber and Sarah Kurtz



58 S O L A R PR O   |   October/November 2014

History of PTC ratings. Many PV system designers and 
installers use the PTC ratings system, which traces its ori-
gins to the PV for utility-scale applications (PVUSA) research 
project. The US Department of Energy, as well as local gov-
ernments and utilities, sponsored this project. A primary 
goal was to construct, maintain and monitor grid-connected  
utility-scale projects for evaluation and testing purposes. In 
1986, Pacific Gas and Electric Company (PG&E) commis-
sioned the construction of an 86-acre solar farm just outside 
Davis, California. The large size of the installation (especially 
for its time) and the scope of its unique monitoring capabili-
ties enabled PVUSA researchers to better understand what 
happens to PV module and system performance once a sys-
tem is installed and connected to the grid.

The PVUSA research team developed the PTC rating to 
evaluate overall system performance over time. The team 
designed this rating for comparing plant performance as a 
power-output rating to contractual requirements for the PV 
system. The rating conditions—1,000 W/m2 irradiance, 20°C 
ambient (not cell) temperature and wind speed equivalent to 
1 meter per second—represent the typical peak-production 
environment for an installed system in Northern California. 

The research team determined the PTC rating by continu-
ously monitoring the PG&E solar farm systems and performing 
regression analysis on the collected data, and then calculating 
the power output at rating conditions. This method eliminates 
the need to test under an exact condition or to scale a measure-
ment taken under different conditions. Since the exact combi-
nation of temperature, wind speed and irradiance occurs only 
rarely, performing regression analysis on continuously moni-
tored data enables more convenient and timely testing. This 
method also helps to avoid the larger uncertainties associated 

with scaling a single measured value under arbitrary conditions 
to a desired point.

System- versus module-level evaluation. The PVUSA research 
team makes clear its emphasis on system-level performance 
from its choice of rating condition values. For module-level rat-
ings, direct measurement determines the module or cell tem-
perature. For a system-level rating, measuring temperature is 
more complex because the operating temperature for cells and 
modules varies, sometimes dramatically, based on their loca-
tion in the array and exposure to the elements. In addition, the 
operation of the inverter and other BOS components is tem-
perature dependent. 

Since the varying temperature of so many components 
influences the system’s behavior, directly measuring PV mod-
ule temperature is not highly effective. For example, where  
do you place your thermocouple to measure the system tem-
perature? Recognizing this complexity, the PVUSA research 
team cleverly circumvented the problem by defining the  
rating condition using basic environmental data: ambient tem-
perature, wind speed and irradiance. These ambient conditions 
determine temperatures for all PV system components. The 
PVUSA team realized that it was not necessary to determine 
device temperatures to rate system capacity; indeed, it was 
easier to rate capacity based on ambient conditions.

ADOPTION OF PTC RATING METHODS 
The research team developed the PTC rating as a tool for the 
evaluation and contractual acceptance of utility-scale PV 
power plants at a time when no standards for such testing 
existed. As the solar industry matured, standards gradually 
evolved. PV system performance evaluation standards used 
within the US have drawn heavily on the C O N T I N U E D  O N  PA G E  6 0
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Rating PV Modules

Measuring NOCT  
To measure nominal 
operating cell tem-
perature, which third-
party testing laborato-
ries use  to calculate 
the module PTC rat-
ing, technicians must 
mount modules on 
an open rack at a 45° 
tilt and bordered with 
at least 0.6 meters of 
black aluminum plat-
ing or similar modules, 
as shown here. 
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work of the PVUSA team. For example, both the ASTM Inter-
national and the California Energy Commission (CEC) have 
effectively adopted the PTC rating method.

ASTM adoption. Two ASTM standards incorporate the 
PVUSA rating approach: ASTM E2527 (“Standard Test 
Method for Electrical Performance of Concentrator Ter-
restrial Photovoltaic Modules and Systems Under Natural 
Sunlight”) and ASTM E2848 (“Standard Test Method for 
Reporting Photovoltaic Non-Concentrator System Perfor-
mance”). In both cases, the E44.09 subcommittee evaluated 
the PVUSA rating method against other methods for deter-
mining the power-output rating of an entire PV system over 
a relatively short period of time. The subcommittee chose the 
PVUSA rating approach for its use of ambient environmental 
conditions rather than device temperature, as well as its rela-
tive ease of implementation. 

CEC adoption. In 1997, PG&E sold the Davis site to the CEC. 
Building upon the PVUSA team’s conclusions, the CEC subse-
quently decided to apply the PTC system-rating concept to PV 
modules to determine a financial incentive structure for PV 
projects. Since PV module performance drives system perfor-
mance, assigning incentive dollars in proportion to PV module 
capacity (kilowatts) seemed both logical and relatively simple 

to administer. Additionally, the CEC wanted to put in place an 
incentive scheme that would reward expected performance 
based on realistic operating conditions. 

In January 2007, the CEC launched the California Solar 
Initiative (CSI) program, which addressed industry concerns 
about the relevance of STC performance ratings by basing 
incentive payments on PTC ratings. While the industry wel-
comed the CEC’s decision to adopt PTC ratings, the practice 
created a new set of issues. Module manufacturers initially 
treated PTC reporting simply as a box-checking exercise that 
allowed them to become eligible for rebates in the CSI pro-
gram. However, they soon realized that a subtle difference in 
PTC ratings could significantly impact the economics of PV 
projects in development. 

To keep manufacturers from gaming the system, the CEC 
stopped accepting self-reported performance data in July 2009 
and instead required data from third-party laboratories. To 
become eligible for rebates, PV module manufacturers needed 
to have their products independently tested at PVUSA test con-
ditions. The premise behind the third-party test requirement 
was that independently verified PTC ratings would better rep-
resent real-world performance in Northern California. Thus, 
in principle, the PTC ratings reported to the CEC allowed PV 

Rating PV Modules
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system designers to make module-purchasing decisions with 
more confidence, at least for systems deployed in environ-
ments similar to Northern California. 

GROWING CONCERNS WITH PTC RATINGS 
For the past 7 years, the CEC has maintained a list of  
incentive-eligible PV modules on the Go Solar California web-
site (see Resources). A large number of PV system designers 
and installers across North America have relied on the PTC 
ratings reported in this list to provide a more realistic indica-
tion of expected field performance than module nameplate 
ratings offer. Unfortunately, the future of this list is uncertain. 
While the CSI program was instrumental in driving PV market 
growth in California, particularly with respect to distributed 
generation, it is currently oversubscribed in most utility ser-
vice territories and the incentive funds are largely exhausted. 
According to Terrie Prosper, the media contact for the Califor-
nia Public Utilities Commission, the Go Solar California site is 
funded through 2016. 

In addition to uncertainty about the CEC list’s lifespan, the 
PTC data it contains may be suspect: Third-party testing labo-
ratories report very different PTC ratings for modules with sim-
ilar packaging (such as crystalline silicon PV cells sandwiched 
between a glass front and a plastic backsheet). PTC ratings can 
have a significant impact on PV project financing. Do variations 
in these ratings indicate that similar PV modules will perform 
differently based on differences in their composite materials, or 
do they indicate problems with the testing process itself?

Deriving PTC ratings. In his article “Changes to the PTC 
Module Ratings” (SolarPro magazine, October/November 
2009), Blake Gleason points out that module PTC ratings are 
calculated rather than directly measured: “Certain module 
parameters are measured under specified conditions, and 
then those parameters are used to calculate the expected per-
formance of the module under different conditions. The PTC 
rating is the result.” 

Gleason continues: “Specifically, the nominal operating cell 
temperature (NOCT) is measured in the nominal terrestrial envi-
ronment, which is described in ASTM E1036-96, Annex 1 tech-
nical standard, and is basically 800 W/m2, 20°C ambient and  
1 m/s wind speed. The NOCT is used to calculate the expected 
module cell temperature under PTC, and then the temperature 
coefficient of power (measured separately) is used to determine 
the PTC power rating.” 

Problems with NOCT procedures. To explain the potential 
for measurement error, we need to consider the standardized 
test methods used to determine PTC ratings. Test methods for 
crystalline silicon PV modules are based on the IEC 61215, Edi-
tion 2.0, test standard. Sections 10.4 and 10.5 cover the mea-
surement of temperature coefficients and NOCT, respectively. 
However, testing labs interpret these sections differently, par-
ticularly 10.5, resulting in reproducibility error. 
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For instance, IEC 61215 calls for testers to 
attach cell temperature sensors by solder or 
thermally conductive adhesive to the backs of 
two solar cells near the middle of each tested 
PV module. Some labs interpret this direction 
by placing a thermocouple on the outside of 
the PV module backsheet, so as to not disturb 
the integrity of the laminate; other labs cut 
through the backsheet to place sensors as close 
as possible to the solar cell; and some labs do 
both, using multiple sensors. Both the test pro-
cedures and the type and quality of sensors 
vary, so the results may vary. A poster report 
by the CFV Solar Test Laboratory in Albuquer-
que, New Mexico (see Resources), indicates 
that even on clear days with low wind, module temperature 
measurements can vary by as much as 4°C based on thermo-
couple configuration.

To make matters worse, NOCT testing is conducted out-
doors where ambient conditions can influence the results. For 
instance, light spectrum can vary significantly with latitude, 
altitude and humidity. Identical NOCT tests performed on the 
same PV module are likely to generate different test results at 
different locations or at different times of the year, such as in 
Germany in spring versus in the US Southwest in the middle of 
summer. This variability is problematic, as there are currently 
more than 35 CEC-approved laboratories located throughout 
North America, Europe and Asia.

NOCT variability. Industry stakeholders have scrutinized 
the NOCT variability for several years because it can influence 
PV project financing and viability. As early as 2010, the CEC 
reported that third-party NOCT values differed by as much as 
10°C for similar rack-mounted crystalline silicon PV modules. 
This 10°C range represents a coefficient of variation greater 
than 20% and suggests that module selection alone could 
effect a 5% improvement in power. Given the similarity of the 
PV modules, the disparity in the third-party NOCT test results 
was surprising enough to warrant further investigation. 

Researchers at the National Renewable Energy Laboratory 
(NREL) acquired three PV modules representing the range of 
NOCT values that approved third-party testing laboratories 
reported to the CEC. They tested these three modules side by 
side for 1 year in an outdoor environment in Golden, Colo-
rado. The authors of a publication delivered at the 2012 IEEE 
Photovoltaic Specialist Conference, “Evaluating the IEC 61215 
Ed. 3 NMOT Procedure Against the Existing NOCT Procedure 
with PV Modules in a Side-by-Side Configuration,” detail the 
test results (see Resources). Table 1 shows that in spite of the 
10°C difference in NOCT that independent test laboratories 
reported, these three modules had very minor differences in 
NOCT values when tested at the same time. The repeatability 
and reproducibility errors evident in data reported by different 

testing labs cast doubt on the value of using the measured 
NOCT to derive the PTC rating.

While heat transfer theory, which suggests that simi-
larly packaged PV modules will have similar NOCT values, 
can explain these side-by-side test results, some of NREL’s 
other findings were more surprising. For example, out of a 
1-year test period in Golden, Colorado, only 25 days had the 
necessary environmental conditions to produce the num-
ber of data points required to determine NOCT as outlined 
in the product test standard. In addition, NREL researchers  
were able to model outdoor NOCT test results predicted under 
varying environmental conditions—including sky, ground 
and ambient temperature, and wind speed—and found that 
the possible range of results for the same PV module varied 
from 43.3°C to 51.9°C. 

To put NREL’s findings into perspective, as of May 1, 2014, 
the CEC’s eligible equipment list included 332 multicrystal-
line PV modules with a 250 W nameplate rating. The average 
PTC rating for this population was 224.3 W, while the range 
of PTC values for this group was 16.5 W. Most of this variabil-
ity may stem not from differences in the PV module design or 
quality of manufacturing, but instead from the testing labora-
tory or the local conditions at the time of the test. The CEC 
list of eligible equipment does not identify either the testing 
laboratories or the test dates.

To improve the accuracy of measuring module operating 
temperatures, NREL has investigated methods for improv-
ing the outdoor module testing. The decision to adopt this 
change lies with the committees developing the next editions 
of the International Electrotechnical Commission (IEC) stan-
dards, which proposes replacing NOCT with the metric nomi-
nal module operating temperature (NMOT). A key difference is 
that laboratories measure NMOT with the module operating at 
the maximum power bias condition instead of at open circuit. 
In the interim, we encourage PV system designers to consider 
similarities or differences in module construction when inter-
preting reported NOCT ratings. C O N T I N U E D  O N  PA G E  6 4

NOCT Test Data—Third-Party Lab vs. Side-by-Side Results
NOCT as reported 

by third-party 
laboratory 

(°C)

Minimum NOCT 
measured by 

NREL over 1 year 
(°C)

Maximum NOCT 
measured by 

NREL over 1 year 
(°C)

Average NOCT 
measured by 

NREL over 1 year 
(°C)

Module 1 42.4 45.1 50.2 47.4

Module 2 47.9 44.4 51.0 48.1

Module 3 52.3 44.9 50.7 47.9

Table 1  While third-party test results suggest that these modules have 
very different NOCT values—ranging from 42.4°C to 52.3°C—NREL’s  
side-by-side tests revealed only a 0.7°C difference after staff averaged  
1 year’s worth of test data. 
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Separating fact from fiction. While the PTC rating implies 
more-realistic device operating conditions, especially temper-
ature, than STC does, it is clear that adapting a system-level 
metric such as PTC to PV modules can open the door for error 
and even for gaming the system. The variation in PTC ratings 
for PV modules made with similar cells and components is 
sometimes smaller than the measurement uncertainty. Fur-
thermore, a company that measures the module operating 
temperature multiple times may be tempted to only record 
the most favorable value. 

The input values and assumptions for modules have faced 
an intensifying level of scrutiny because they strongly influ-
ence PV project valuation. For example, a subtle improve-
ment in the temperature coefficient for the PV modules used 
in a system can impact project valuation by thousands or even 
millions of dollars based on the modeled energy production. 
Though PV power ratings—such as a module’s or a system’s 
PTC rating—are valuable with respect to system design or 
acceptance, the real value of a PV project lies in its long-term 
energy-generating potential. For this reason, industry experts 
are currently focused on developing ratings and metrics 
designed to measure and predict energy generation at both 
the module and the system level. 

MOVING BEYOND SINGLE-POINT PERFORMANCE METRICS
While PV modules undoubtedly have a significant influ-
ence on overall PV system performance and value, they cre-
ate value only as an integrated part of a larger system—and 
design, operations and maintenance factors, such as module 
tilt, shading or soiling, also influence system performance. 
To be most valuable, the metrics used to evaluate PV mod-
ules must reflect and support the metrics used to evaluate 
entire systems. The PTC module rating arose from a method 
for evaluating PV system capacity rating, so a logical place to 
look for appropriate alternatives to STC and PTC ratings is 
system evaluation practices, which heavily emphasize energy 
estimation. 

The growth of the utility market sector, which is accus-
tomed to more-sophisticated product performance curves, 
has made the limitations of PV mod-
ule PTC ratings even more apparent. 
The PV industry urgently needs to 
create a practical and credible PV 
module energy rating system. To 
make such a system possible, indus-
try stakeholders must continue to 
define more-comprehensive PV 
module performance metrics that 
capture performance over a mean-
ingful range of environmental con-
ditions. Further, the industry needs 
to adopt new product labeling and 

datasheet standards to ensure that manufacturers and 
third-party labs publish and report these PV performance 
metrics consistently. 

More-comprehensive performance metrics. In 1982, a team 
from Arco Solar presented an “am/pm” approach—based 
on the concept of a standard solar day—for characterizing 
PV module behavior with respect to operating temperature, 
irradiance and air mass. In the 1990s, NREL, in conjunc-
tion with Endecon Engineering (which later became BEW 
Engineering, now a renewable energy division of DNV GL), 
expanded upon this work by developing a model that also 
considered load type, location and additional weather 
parameters. At the same time, Sandia National Laboratories 
developed an empirical PV array performance model based 
on outdoor PV module testing, known as the “King Method” 
(named after its creator, David King). In the US, PV design-
ers and simulation software use the King Method to this day. 
(See “Production Modeling for Grid-Tied PV Systems,” Solar-
Pro magazine, April/May 2010.) 

IEC Technical Committee 82, Working Group 2 (TC82/
WG2), the committee responsible for PV modules, also recog-
nizes the need to standardize PV module performance met-
rics beyond STC. In January 2011, after more than 15 years of 
debate and development, the group published IEC 61853-1, 
“Part 1: Irradiance and Temperature Performance Measure-
ments and Power Rating.” This first part of a proposed four-
part IEC 61853 standard describes the requirements for 
evaluating PV module performance over a 23-element maxi-
mum power matrix at different temperature and irradiance 
conditions (see Table 2). 

IEC 61853-1 serves as a guide for collecting measurements 
that labs can use to develop PV module parameters for perfor-
mance simulation tools. For instance, an independent testing 
lab may refer to IEC 61853-1 for the sets of conditions under 
which to measure PV module performance. The lab then 
uses the resulting measurements to develop a model input 
file for the prediction of long-term energy production at an 
installation site. Since PV modules operate under a range of 
temperatures, irradiances and sunlight 

23-Point Maximum Power MatrixTable 2  Part 1 of IEC 61853 speci-
fies a 23-element PV module perfor-
mance matrix based on four module 
temperatures and seven irradiance 
levels. Since this maximum power 
matrix provides more-comprehensive 
information compared to STC or 
PTC ratings, it can better predict the 
power and energy values of PV mod-
ules in the field. Note that this matrix 
structure could encompass virtually 
any I-V characteristic. D
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Module temperature (°C)

Irradiance (W/m2) 15 25 50 75

1,100 – 1 2 2

1,000 4 5 6 7

800 8 9 10 11

600 12 13 14 15

400 16 17 18 –

200 19 20 21 –

100 22 23 – –
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The 2011 release of IEC 61853-1 coin-
cided with the expansion of the California 
Renewables Portfolio Standard, which 

created a surge in demand for off-the-shelf PV 
system performance simulation tools for design-
ing PV systems and modeling energy production. 
Unfortunately, the limited number of commercially 
available options at that time—not to mention the 
limited confidence in the accuracy of simulated 
outputs—partially restricted the financing of some 
large-scale utility projects. However, the industry 
began to coalesce around PVsyst (pvsyst.com), a 
software program developed by the Swiss com-
pany of the same name. 

Three years and countless revisions later, 
PVsyst has played a significant role in financ-
ing billions of dollars of PV assets. The program 
allows users to define a PV system by entering 
basic design information—such as tilt and azi-
muth, string sizing, loss factors and so on—and 
then selecting input files corresponding to the 
PV module, the inverter and the site’s typical 
weather conditions. Once the user has defined 
the PV system, the program can simulate yearly 
annual energy production. 

While PVsyst is a popular software package among large 
commercial and utility PV system designers, US designers 
more widely use PVWatts, particularly for smaller PV systems. 
Originally developed at NREL in 1999 to provide rough esti-
mates of anticipated PV system production, the free online tool 
became popular at a time when few alternatives were avail-
able. According to Nate Blair, the group manager for energy 
forecasting and modeling at NREL, more than 20,000 users 
access PVWatts each month, making it one of NREL’s most 
popular websites. “Additionally, many key solar companies [are 
using the web service for PVWatts] behind their own websites, 
accounting for over 30,000 hits per month, thereby extending 
its value even further,” Blair elaborates. 

PVWatts users will be happy to know that the website 
recently received a major face-lift—NREL released the beta 
version of the new PVWatts site (pvwatts.nrel.gov) in the first 
quarter of 2014. NREL also made several improvements to 
the production model. While previous versions of the algo-
rithm were notorious for underestimating energy production 
by as much as 10%, the new version is much more accurate. 
Users will also have more flexibility in adjusting model inputs.

NREL provides a more sophisticated software platform for 
PV system modeling, the System Advisor Model (SAM; sam.
nrel.gov), also free of charge. SAM allows users to compare 
various solar technologies—such as PV, concentrating solar 
and solar hot water—using the same financial and perfor-
mance assumptions. While the original goal was to help NREL 
guide research and development decisions, NREL eventu-
ally distributed the model to the public, in part based on the 
popularity of PVWatts. NREL updates SAM on a regular basis, 
and it now includes advanced features such as parametric 
analysis and shade modeling.

Folsom Labs is a relative newcomer to the world of  
PV simulation tools. Its product, HelioScope (helioscope.
folsomlabs.com), combines the energy simulation features of 
PVsyst with a design-driven approach. In minutes, users can 
generate a physical layout of a PV system based on a Google 
Maps image. The user-friendly interface makes it relatively fast 
and simple to compare and contrast the effects of such design 
parameters as tilt, azimuth and shading. For advanced shading 
calculations, users can import 3D obstruction models from 
SketchUp into HelioScope. They can also import PAN files.{

Performance and financial model  NREL developed the  System 
Advisor Model (SAM) to model the cost and performance of renew-
able energy systems. This main window shows the monthly energy 
production and annual cash flow for a flat-plate PV system  
in Phoenix, Arizona.

Show Me the Model
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spectra, the 23-element perfor-
mance characteristics matrix 
in IEC 61853-1 provides more- 
comprehensive rating informa-
tion than a single-point value 
such as STC or PTC. Industry 
stakeholders will need to fully assess the uncertainty associ-
ated with the measurement of the characteristics matrix and 
module performance variability—within a production bin or 
under low-light conditions—to ensure that the matrix of mea-
surements provides a more meaningful basis of comparison 
than the NOCT measurements described previously.

Meanwhile, the other three parts of the 
standard are at different stages of development.  
IEC 61853-2, approved in draft format, will 
undergo final committee review in the second 
half of 2014; it will further develop module 
parameterizations for PV performance simula-
tion tools. IEC 61853-3 is in the early stages of 
development; it will present methods and mod-
els for predicting PV module energy production 
based on measurements obtained using Parts 1 
and 2, as well as a method for stating a numeri-
cal energy rating. Work on IEC 61853-4 has yet 
to begin; it will define standard time periods 
and weather conditions for use in the energy 
rating calculations.

Many in the industry speculate that IEC 
61853 Parts 3 and 4 will take years to complete, 

in part because some parties may lobby against them. PV 
module manufacturers may advocate for different standard 
weather condition sets to benefit their own technologies or 
products. Other committee members may advocate posi-
tions based on their testing capabilities or their in-house 
energy simulation models.
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PV energy label  In Brazil, the 
National Institute of Metrology, 
Quality and Technology (Inmetro) 
requires certification and testing 
in Brazil of all PV modules for 
sale in the country, to validate 
both conversion efficiency and 
energy production. An Inmetro 
energy label for a 240 W Yingli 
Solar module appears here.
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More-detailed labels and datasheets. Around the time of 
IEC 61853-1’s publication, DKE, the German nonprofit orga-
nization responsible for creating and maintaining standards 
covering the electronics industry in that country, issued a 
project progress report entitled “Energy Rating of PV Mod-
ules” (see Resources). Noting the slow progress on IEC 61853, 
the authors recommended integrating the module perfor-
mance matrix from IEC 61853-1 into EU 50380, “Datasheet 
and Nameplate Information for Photovoltaic Modules.” 

According to the DKE progress report, “The most obvi-
ous possibility to provide the data is the direct integration 
into the datasheet of the module in the form of the table.” 
Integrating the 23-element matrix from IEC 61835-1 into PV 
module datasheets is an intriguing proposition. Currently, 
PV module manufacturers typically provide performance 
data at STC and NOCT conditions, with a note regarding 
low-irradiance behavior. (The next edition of IEC 61215 is 
expected to require manufacturers to report module perfor-
mance at 200 W/m2.) If manufacturers provide all 23 data 
points, then industry stakeholders will have access to more-
transparent and more-reliable performance data. They can 
use these data to create meteorologically weighted matrices 
that represent module performance in different climates.

Alternatively, the DKE report notes, an energy label that 
describes performance based on parameters such as irradi-
ance, temperature or spectral conditions could identify PV 
modules. Such a label would resemble the yellow Energy- 
Guide label found on appliances in the US, except that it 
would estimate energy production rather than consump-
tion over the course of a year. The DKE energy label concept 
appears to have gained traction in some global markets, par-
ticularly in South America. While PV module performance 
at STC dictates the rating itself, labels also include esti-
mated energy production based on typical annual weather 
conditions in the specific country.

Expanded requirements for PV module labeling and 
datasheet requirements may be coming to the US market 
as well. The Solar America Board for Codes and Standards 
(Solar ABCs) has published its power-rating recommenda-
tions in a report, “Module Power Rating Requirements,” as 
well as in “A Proposed Standard for Nameplate, Datasheet 
and Sampling Requirements of Photovoltaic Modules” (see 
Resources). Solar ABCs has submitted its proposal as an out-
line for UL 4703, which is awaiting technical review. If UL 
4703 is approved, it would require that manufacturers report 
PV module performance at five rating conditions specified 

                        

 CAB® Cable Rings & Saddles 

Large Cost Savings Compared to Buried Cables or Cable Tray 

HIGHEST QUALITY SOLAR CABLE MANAGEMENT
Proven Performance for over 30 Years in Electrical & Utility Industries

814.472.5077   www.cabproducts.com   
Cambria County Association for the Blind and Handicapped 

Supporting employment and opportunities for persons with disabilities

Lower Material Cost          Quicker Installation             Easy Maintenance               

CAB

Proven Performance for over 30 Years in Electrical & Utility IndustriesProven Performance for over 30 Years in Electrical & Utility Industries

CAB ’s new innovative multi-carrier solar 
hangers safely separate cables to meet the
new 2014 NEC. Greatly reduces installation 
and material costs. Custom designs and 
variety of sizes available. Call for info.

®

Patent Pending

CABSolarProMagAdSEPTOCT2014.indd   1 7/23/2014   8:28:31 PM

http://www.cabproducts.com


70 S O L A R PR O   |   October/November 2014

in IEC 61853-1 (as shown in Table 3), that they take these 
characteristics from a statistically representative sample 
population, as defined in ANSI/ASQ Z1.4, and that they mea-
sure after module stabilization to account for phenomena 
such as light-induced degradation.

MOVING FROM POWER TO ENERGY
It is clear that the industry is slowly moving toward inte-
grating more-detailed performance data into PV module 
datasheets and product labels. As stakeholders come to a 
consensus on standards for these parameters, PV system 
designers and installers need to consider how best to put 
these data to use. The solution lies in part with production 
modeling tools. The industry requires an accurate energy 
yield model to effectively rate and compare PV modules on 
the basis of energy instead of power. This needs to happen 
before the industry can transpose PV module power perfor-
mance and standardized weather inputs into a predicted 
energy production statistic. 

The rapid increase in utility-scale PV project devel-
opment has prompted the proliferation and wide-scale 
adoption of PV system performance models—like those 
discussed in “Show Me the Model” on p. 66—for simulating 
energy yield estimates. These production models are based 
on project design parameters and assumptions, weather 
conditions and input values for system components, espe-
cially PV modules and inverters. Rather than relying on a 
single power rating to estimate energy generation, these 
sophisticated production models require a suite of parame-
ter inputs and assumptions to describe PV module behavior. 
When an advanced performance model determines project 
value, module inputs and assumptions become the primary 
indicators of module performance, effectively replacing STC 
or PTC ratings. 

Standards for PV system performance evaluation continue 
to evolve. For example, in 2013 ASTM published ASTM E2848-13 
for determining the initial power capacity of a PV system. This 
standard is of great utility to industry stakeholders for system 
acceptance because commissioning agents can execute the test 

over a relatively short period of time 
(days or weeks). However, stakehold-
ers also need to determine the energy-
generating potential of a PV system 
in its first year(s) of service, as well as 
its stability over time after account-
ing for module degradation. Since 
initial power capacity may or may 
not correlate with energy-generating 
potential over time, longer-term PV 
performance evaluation methods are 
important, as Timothy Dierauf, et al., 
discuss in “PV System Energy Perfor-

mance Evaluations” (p. 22). As the industry matures, we expect 
that both capacity and energy tests will play crucial roles in pre-
dicting and verifying PV system performance.
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Five Rating Conditions Proposed in UL 4703

Table 3  The draft language that Solar ABCs proposed for UL 4703, “Nameplate, 
Datasheet and Sampling Requirements of Photovoltaic Modules,” includes five rating 
conditions required by the IEC 61853-1 standard.
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(°C)
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(m/s) Spectrum

HTC High-temperature conditions 1,000 75 – – AM 1.5

STC Standard test conditions 1,000 25 – – AM 1.5

NOCT
Nominal operating  

cell temperature
800 – 20 1 AM 1.5

LTC Low-temperature conditions 500 15 – – AM 1.5

LIC Low-irradiance conditions 200 25 – – AM 1.5
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SWITCHboard From the Forum

Original post from john.ciempa: 
Many of the questions raised in the 
“SCADA Versus Web-Based Monitoring” 
article are good to ask while evaluating 
your monitoring and control provider. 
However, many of the generalizations 
were not well explored or explained. 
Supervisory control and data acquisition 
(SCADA) is a growing trend in the ever-
evolving and fast-moving PV industry. 
Many monitoring providers are working 
with utilities, EPCs and owner/operators 
to define and meet changing needs and 
to continue to set the bar for industry 
standards in reporting and monitor-
ing. Below are comments from Draker’s 
(drakerenergy.com) applications engi-
neering team related to generalizations 
made in the article. These comments are 
organized based on the themes explored 
in the original publication.

Differences between SCADA and 
web-based monitoring. As the article 
highlights, the traditional difference 
between SCADA and cloud-based 
monitoring DAS systems relates to the 
supervisory control capabilities (often 
remote via the Internet) of multiple 
devices on a project site. However, this 
scenario is quickly changing, since many 
monitoring providers have evolved and 
offer supervisory control as part of their 
product offering. In fact, of the 64 web-
monitoring DAS companies interviewed 
for the Greentech Media report, “Global 
PV Monitoring: Technologies, Markets 
and Leading Players, 2014–2018,” 40 offer 
SCADA solutions. Many of the compa-
nies, including Draker, incorporate and 
deploy industry-proven products from 
companies like Schweitzer Engineer-
ing Laboratories to meet supervisory 
control requirements as part of their 
product offering.

The author stated: “Commercial 
plant operation requires such a high 
level of reliability that a firmware-based 
device—such as a programmable logic 
controller (PLC) or a similar type of 
smart relay—is necessary for plant 
control.” The statement implies that 
web-based monitoring solutions are 
not as reliable. This is inaccurate: most 
PV DAS providers, including Draker, 
utilize highly reliable firmware- 
based devices for standard data 
collection and deploy PLCs for sites 
requiring the more robust operational 
functionality of a full SCADA solution.

The article describes web-based 
monitoring solutions as license based.  
This is true; however, the article does 
not do a good job of communicating 
the details on how a SCADA solution 
handles communication, data storage, 
maintenance, and other associated 
factors and costs. An article exploring 
and describing these differences, and 
the specific pros and cons of different 
solutions, would be worthwhile. 

The article also points to custom 
software functionality as a differentia-
tor and to some degree an advantage. 
However, we could argue that custom-
ization is really a disadvantage, since 
traditional SCADA providers require 
software engineering to build out site-
specific analysis tools, which adds tre-
mendous cost during SCADA system 
development and requires ongoing 
in-house software engineering support 
to maintain.

Many web-based monitoring 
providers customize the software 
when customer requirements go 
beyond the standard feature sets. 
In addition, many providers offer 
portfolio management and O&M 
and asset management, including 

performance assessments, alarming, 
reporting (financial and technical), 
troubleshooting and service ticket-
ing. Additionally, as providers develop 
customer-requested new analysis tools 
or enhanced feature sets, they deploy 
that functionality to all sites and to 
all customers within the web-based 
monitoring platform. This financially 
benefits site owners, operators and 
developers, as it eliminates the need to 
have an in-house software engineering 
team build such functionality. 

A final difference outlined in the 
article relates to portfolio manage-
ment solutions, which are more widely 
enabled with a web-based monitoring 
solution and not as easily enabled in 
a traditional SCADA solution. Tradi-
tional SCADA integration may require 
significant development efforts and 
costs beyond the individual plant 
SCADA deployment to achieve true 
portfolio management across multiple 
sites in different utility regions.

Choosing the right platform. The 
article asserts that project size should 
dictate the decision to choose tradi-
tional SCADA versus web-monitoring 
solutions. Size is quickly becoming a 
poor indicator for the type and extent 
of SCADA required for a project. Many 
small projects are now increasingly 
finding that utilities require supervi-
sory control. At Draker, we have seen 
sites as small as 30 kW that need some 
form of control functionality. It is 
important to understand the require-
ments for these projects so that the 
client and developer can choose a 
cost-effective solution. In many cases, 
it would be more cost effective for 
these projects to use the supervisory 
control integrated into a web-based 

SCADA and Web-Based Monitoring
The following content is from a recent thread on SolarPro’s technical discussion forum. It is a response to a QA article  
published in the August/September 2014 issue of SolarPro. Visit solarprofessional.com/forum to join the conversation.

http://solarprofessional.com/forum
http://solarprofessional.com/articles/products-equipment/monitoring/scada-versus-web-based-monitoring
http://www.drakerenergy.com
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monitoring solution than to deploy a 
traditional SCADA solution.

Does the utility (or ISO) have control 
requirements? This is essentially the 
only distinction between SCADA and 
DAS. In addition to understanding 
whether control is required, defining 
the type and extent of control as well as 
the security requirements are equally 
critical when choosing an appropri-
ate solution. It is also common to have 
a DAS system for the owner and a 
separate SCADA for the utility. Many 
utilities provide their own interface 
and just need secure access to the DAS. 
To comply with security issues while 
reducing overall costs with shared 
hardware, utilizing the owner’s pre-
ferred web-based monitoring provider 
to deploy SCADA as part of the full 
solution is often the best overall choice.

What is the makeup of the client’s 
labor force? Understanding the cli-
ent’s labor force is important, both at 
the time of system deployment and 
also for future maintenance. Ease of 
use, customer support and training, 
and portfolio uniformity are often 
important factors when selecting a 
DAS system with or without control. 

Where does the hardware reside? 
Both SCADA and web-based monitor-
ing solutions include on-site hardware, 
and both can provide cloud-based 
backup as well as backup power and 
complex redundant systems on any 
utility-scale site. 

Is the provider financially viable?  
Whether you are choosing a SCADA 
or DAS function set, viability is always 
important when choosing project 

partners. Draker is one of the oldest 
web-based monitoring providers in 
North America, with more than 1.5 GW  
of solar PV systems under manage-
ment. Many web-based solution 
providers, including Draker, have put 
together third-party–assured business 
continuity solutions for their custom-
ers that protect customer data and 
access to the software in the cloud.

Who will manage O&M? It is impor-
tant to consider who will manage the 
O&M today and over the lifetime of 
the project. Ease of use, adoption of 
industry standard functions and a 
strong customer support team are all 
important factors to consider. Matur-
ing O&M trends in the PV industry will 
require more-open DAS platforms that 
continually changing O&M teams can 
easily transfer and access.
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G reen Mountain Power (GMP), the 
Solar Electric Power Association’s 

Utility of the Year for 2013, provides elec-
tricity to more than 250,000 customers in 
Vermont. Positive Energy NY installed a 
rooftop PV array on the utility’s equip-
ment maintenance building in Rutland, 
Vermont. The facility is in an industrial 
area of the city and houses an inter-
nal lifting crane for heavy transformer 
maintenance as well as a 12 MW peaking 
diesel generator that operates primarily 
during high-demand periods. 

The RFP clearly stated the utility’s 
objective for the project: “GMP’s goal is 
to install the highest-kilowatt system 
possible on the roof while effectively 
balancing life cycle costs.” The site has 
several available roof surfaces that  
Positive Energy NY assessed for solar 

access, structural integrity and the 
feasibility of developing a fire code–
compliant array layout. Positive Energy 
NY determined that the main building 
rooftop was the only site suitable for a 
PV array. However, the company was 
concerned about excessive point loading 
of the roof deck and requested further 
structural analysis. SunLink’s fully bal-
lasted Precision RMS racking system met 
the site’s structural requirements and 
offered flexibility for the array layout. 
During the project’s design and installa-
tion phases, the team gave special atten-
tion to the racking supports to ensure 
that they ran parallel to, and directly 
above, the building’s steel purlins, which 
are spaced approximately 9 feet apart.

The ten-module source circuits fit 
perfectly on the roof and allow for a fire 

Overview
DESIGNER: Khanti Munro, vice  

president, Positive Energy NY,  

positiveenergyny.com

LEAD INSTALLERS: Josh Thomas, 

foreman; Joe Thomas, superintendent, 

Positive Energy NY

DATE COMMISSIONED: May 2014

INSTALLATION TIME FRAME: 9 days

LOCATION: Rutland, VT, 43.6°N

SOLAR RESOURCE: 4.27 kWh/m2/day

ASHRAE DESIGN TEMPERATURES:  

84°F 2% avg. high, -15°F extreme min.

ARRAY CAPACITY: 62.1 kWdc

ANNUAL AC PRODUCTION:  

67,700 kWh 
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code–compliant 4-foot-wide walkway 
between all sides of the array and the 
building’s roof edge or parapet. The 
crew was also able to install the source 
circuits efficiently since they could 
avoid jumping rows within strings. They 
installed three SMA Connection Units 
within the array field instead of beneath 
each of the three Tripower inverters 
inside the building. This approach pro-
vides a rooftop disconnecting means and 
meets NEC Section 690.35 requirements 
for ungrounded arrays. Separating the 
inverters and Connection Units proved 
to be the most cost-effective solution to 

switch and provide series fus-
ing for each of the dc current–
carrying conductors. The 
NEMA 3R–rated Connection 
Units are mounted vertically 

behind the last row of each of the three 
array segments. The 20 kW 3-phase 
SMA Tripower string inverters and 
associated switchgear are located in an 
interior equipment room adjacent to 
the point of connection. 

“It’s not every day you work both with and 

for an electric utility on a solar project. It 

was a real privilege to collaborate with GMP. 

Installing a 62 kW PV plant directly adjacent 

to a roaring 12 MW turbine and 46 kV of 

humming high-voltage infrastructure pro-

vided a striking contrast and reinvigorated 

the crew’s interest in rooftop safety.”

—Khanti Munro, Positive Energy NY

Equipment Specifications
MODULES: 230 SolarWorld  

Sunmodule Plus SW 270 Mono, 270 

W STC, +5/-0 W, 8.81 Imp, 30.9 Vmp, 

9.44 Isc, 39.2 Voc

INVERTERS: 3-phase 277/480 Vac 

service, 3 SMA Sunny Tripower 

20000TL-US, 20 kW, 1,000 Vdc maxi-

mum input, 150–1,000 Vdc operat-

ing MPPT range (array configuration 

limited maximum system voltage to 

under 600 Vdc)

ARRAY: 10 modules per source circuit 

(2,700 W, 8.81 Imp, 309 Vmp, 9.44 

Isc, 392 Voc), eight source circuits per 

inverter typical (21.6 kW, 70.48 Imp, 

309 Vmp, 75.52 Isc, 392 Voc), array 

capacity total: 62.1 kW

ARRAY INSTALLATION: Fully ballasted 

low-slope roof mount, EPDM mem-

brane roofing, SunLink Precision RMS 

racking, 140° azimuth, 15° tilt

SOURCE CIRCUIT COMBINERS:  

3 SMA Connection Units, 15 A fuses

SYSTEM MONITORING: Direct Ether-

net connection to each inverter,  

SMA Sunny Portal web interface;  

view system production at  

http://tinyurl.com/ocmdo5e 

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

Email details and photos to: 

projects@solarprofessional.com

Positive Energy NY
Otter Creek Solar Farm
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The LEED Silver–certified 
Oshman Family Jewish 

Community Center (OFJCC) 
is host to one of the largest 
PV installations in Palo Alto, 
California, and one of the 
largest projects to utilize 
Trina Solar’s Trinasmart 
dc-optimized modules. The 
397.5 kWdc PV array spreads 
across 12 rooftops. The installation is 
also one of the first to use Unirac’s RM 
Roof Mount ballasted system, which 
accommodates the different layouts, 
variable surfaces and obstacles that 
each of the roofs presents. The OFJCC 
project has strong economic fundamen-
tals. Its developer, THiNKnrg, worked 
with Conergy and its owner, Kawa 
Capital Management, to structure a 
PPA that would supply the OFJCC with 

solar energy for $0.04/kWh, the lowest 
cost for PV-generated energy on public 
record in California.

The Trinasmart module junction 
boxes fully integrate Tigo Energy’s opti-
mization technology. The combined solu-
tion features module-level MPP tracking 
for optimal energy yield and design flex-
ibility, as well as module-level monitor-
ing and disconnect. While Cobalt Power 
Systems installed the system under NEC 

Overview
DEVELOPER: THiNKnrg, thinknrg.net

DESIGN & INSTALLATION FIRM: Cobalt 

Power Systems, cobaltpower.com

DATE COMMISSIONED: April 2014

INSTALLATION TIME FRAME:  

Four months

LOCATION: Palo Alto, CA, 37.4°N

SOLAR RESOURCE: 5.4 kWh/m2/day

ASHRAE DESIGN TEMPERATURES:  

90°F 2% avg. high, 32°F extreme min.

ARRAY CAPACITY: 397.5 kWdc

ANNUAL AC PRODUCTION:  

633,000 kWh

Cobalt Power Systems
Oshman Family Jewish Community Center
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Equipment Specifications
MODULES: 1,590 Trina Solar Trinasmart 

DC TSM-250-PA05.002, 250 W STC, 

+3/-0%, 8.27 Imp, 30.3 Vmp, 9.5 Isc, 

32.5 Voc (limited by module-integrated 

dc optimizers)

INVERTERS: 3-phase 480/277 Vac ser-

vice, six KACO new energy 32.0 TL3 (32 

kW, 600 Vdc maximum input, 310–550 

Vdc MPPT range), five KACO new energy 

40.0 TL3 (40 kW, 1,000 Vdc maximum 

input, 390–850 Vdc MPPT range)

ARRAY: 18 modules per source circuit 

(4,500 W, 8.27 Imp, 545.4 Vmp, 9.5 Isc, 

585 Voc) or 17 modules per source cir-

cuit (4,250 W, 8.27 Imp, 515.1 Vmp, 9.5 

Isc, 552.5 Voc); seven source circuits 

per 32 kW inverter, nine source circuits 

per 40 kW inverter; 397.5 kWdc array 

capacity total 

ARRAY INSTALLATION: Low-slope roof 

mount, TPO membrane, Unirac RM 

Roof Mount, ballasted, 180° azimuth, 

10° tilt

SOURCE-CIRCUIT COMBINERS: Five 

SolarBOS CS-12/12-15-4XF, five Solar-

BOS CS-8/8-15-4XF, five SolarBOS 

CS-6/6-15-4XF, 15 A fuses

SYSTEM MONITORING: Module-level 

monitoring, five Tigo Energy Module 

Management Units (MMUs), 27 Tigo 

Energy Gateways, Trinasmart/Tigo 

Energy monitoring service 

2011, it is compatible with NEC 2014 
Section 690.12 requirements for rapid 
shutdown. Tigo Energy’s PV-Safe tech-
nology enables the Trinasmart modules 
to automatically deactivate as soon as 
workers disconnect ac power.

The Trinasmart modules can enable 
string lengths up to 30% longer than 
those of conventional 600 Vdc systems 
due to the integrated Tigo Energy 
optimizer’s maximum voltage limiting 
function. Cobalt Power Systems was 
able to increase source circuits from 14 
modules to 17- and 18-module strings, 
eliminating 24 source circuits, three 
combiner boxes, 13,500 feet of wire 
and the corresponding labor from the 
system’s BOS costs, which reduced the 
total cost of the system by $22,000.

The system designer located the 
KACO new energy 3-phase 480 Vac TL3 

inverters on individual rooftops adja-
cent to their corresponding array  
locations. Palo Alto’s structural and  
seismic requirements necessitated 
special bracing for the rooftop-mounted 
inverters. Cobalt Power Systems devel-
oped custom inverter support struc-
tures to create dedicated electrical  
areas and secure inverter connections 
to the building.

To reduce the number of ac circuits 
exiting the 12 rooftops, the design called 
for aggregation of each inverter group. 
The installers routed the combined 
circuits to the main electrical service 
entrance located in the basement of 
the OFJCC’s main facility, where they 
used a secondary ac aggregation panel 
to make the final parallel connections. 
They utilized a fused disconnect located 
adjacent to the main distribution panel 
to make a load-side connection to the 
system’s aggregated ac power output.

“We turned to Trinasmart optimized by  

Tigo Energy to help us optimize this proj-

ect. With this solution, we get increased 

production, lower BOS costs and higher 

returns for our customers. In the end,  

the project had better economics  

using Trinasmart, and for us that is what 

drives projects.”

—Zach Rubin, CEO, THiNKnrg 
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The Plymouth Public Schools (PPS) 
district is one of the first in the 

country to purchase 100% of its energy 
from solar sources. Initially, Borrego 
Solar planned to install 8–10 PV arrays 
on campuses across the PPS district. 
A combination of older roof structures 
and snow loads drove PPS and Borrego 
Solar to an alternative plan to develop 
two expansive ground-mounted solar 
arrays on nearby private property. 
Together, the arrays cover more than 
23 acres of land—an area roughly the 
size of 18 professional football fields. 
The larger array comprises 23,647 solar 
modules on land leased from Plympton 
Sand & Gravel.

In Massachusetts, large PV instal-
lations can have separate entities as the 
host (land owner), energy off-taker (end 
user) and system owner (investor). In 
the Plympton project, the host gener-
ates revenue by leasing the land used to 
house the project. As the off-taker, PPS 
agrees to purchase the solar power from 
the owner at a predetermined rate that 
is $0.06/kWh less than what it would be 
from NSTAR Electric and Gas. With  
a power purchase agreement, PPS will  
save approximately $400,000 on energy 
annually ($8.5 million over the 20-year 
PPA term), and the district avoided 
incurring the up-front project costs of 
about $11 million.

“The PPS solar installation in 

Plympton, Massachusetts, the 

largest of the district’s arrays, won 

a Project of Distinction award at 

this year’s PV America East confer-

ence in Boston. Thanks to innova-

tive net metering in the state, PPS 

is able to virtually apply the solar 

energy produced off-site to its own 

utility meters.”

Philip Hall, director of mar-
keting, Borrego Solar 

Overview
DESIGNER: Gabe Landes, senior design 

engineer, Borrego Solar, borregosolar.com

INSTALLERS: Charles Barbanti, project 

manager; Joe Daugirda, site superinten-

dent, Borrego Solar

DATE COMMISSIONED: October 2013

INSTALLATION TIME FRAME: 150 days

LOCATION: Plympton, MA, 42°N

SOLAR RESOURCE: 3.81 kWh/m2/day

ASHRAE DESIGN TEMPERATURES:  

88°F 2% avg. high, 0°F extreme min.

ARRAY CAPACITY: 5.597 MWdc

ANNUAL AC PRODUCTION: 7,235 MWh

Equipment Specifications
MODULES: 8,502 Sharp ND-235QCJ, 

235 W STC, +5/-0%, 8.02 Imp, 29.3 

Vmp, 8.60 Isc, 37.2 Voc; 8,125 Sharp 

ND-240QCJ, 240 W STC, +5/-0%, 

8.19 Imp, 29.3 Vmp, 8.75 Isc, 37.5 Voc; 

6,721 Yingli YL235P-29b, 235 W STC, 

+5/-0%, 7.97 Imp, 29.5 Vmp, 8.54 Isc, 

37 Voc; 299 Inventec Energy IECS-

6P6A-235, 235 W STC, 7.92 Imp, 29.69 

Vmp, 8.55 Isc, 37.03 Voc 

INVERTERS: Eight SMA Sunny Central 

500HE-US, 500 kW, 600 Vdc maximum 

input, 330–600 Vdc MPPT range, 200 

Vac nominal output, two inverters per 

1,000 kVA step-up transformer 

ARRAY: 13 modules per source circuit, 

26 source circuits per combiner (typi-

cal), nine combiners per inverter; 1,819 

source circuits total, 5.597 MWdc array 

capacity total 

ARRAY INSTALLATION: Ground mount, 

SunLink Large-Scale Ground Mount 

System (GMS), 180° azimuth, 25° tilt

SOURCE CIRCUIT COMBINERS:  

72 Bentek BTK26D-400A, 15 A fuses

ARRAY RECOMBINERS: Eight Bentek 

BTK-CBSS-ET-9400-S, 350 A and 400 A 

circuit breakers

SYSTEM MONITORING: AlsoEnergy 

DAS at each of four inverter pads, 

shared weather station 

Borrego Solar 
Plymouth Public Schools 
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