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Abstract

United Solar Ovonic (USO) installed a photovoltaic (PV) module testing system in
Auburn Hills, Michigan (Latitude 42.6978, Longitude -83.2419) in March of 2010 for the
purpose of evaluating the impacts of irradiance, temperature and angle of incidence
(AOI) effects on PV module performance. We considered various test-bed designs and
ultimately, constructed a source-meter-based current and voltage measurement system
coupled with a data acquisition system recording readings from weather-station
instruments that track solar irradiance, temperature and wind speed. Current, voltage
and power observations, correlated to our weather-station device readings, were
collected from commercially available PV modules manufactured from mono-crystalline
silicon (c-Si), amorphous silicon (a-Si) and copper indium gallium selenide (CIGS). We
observed thermal annealing in a-Si and the effects of temperature on c-Si and CIGS. c-Si
module temperatures above 25°C appear to diminish power by approximately 0.5%/°C.
The results were consistent with our expectations based on existing literature. From
this, we infer that the test-bed is effective at measuring module performance.

Our results support, but do not confirm the hypothesis that a-Si modules deliver
more energy (kWhrs) per peak-watt (W,) than other PV materials. Confirming the
hypothesis would require both testing a statistically significant number of PV modules
and performing a quantitative analysis of the accuracy of the test-bed. This is important
because PV is typically sold on a $/W, basis. The W, rating is based on a module’s
performance under standard test conditions (STC) of 1000W/m?, 1.5 air mass (AM) and
25°C module temperature. A new PV rating system proposed by the International
Electrotechnical Commission (IEC) creates a series of testing conditions based on a
variety of weather conditions. USO’s PV measurement system is capable of collecting
observations fitting most, but not all of these test conditions. Due to the array’s
northern location, none of our observations fit the IEC’s high temperature conditions.
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Introduction

Photovoltaic (PV) module and array performance is difficult to predict due to
variations in weather, air mass (AM), and non-linear performance characteristics of

various module technologies. Manufacturers, distributors and developers typically sell

PV on a cost per peak-watt (5/W,) basis. A module’s W,, rating, also known as its P, is

based on its performance under Standard Test Conditions (STC) consisting of

1000W/m?, 1.5 AM and 25°C module temperature. However, these conditions rarely
occur simultaneously in nature and the performance of PV materials varies over time

and by geographic location based primarily on differences in temperature and AM

(Marion, Kroposki, Emery, del Cueto, Myers, & Osterwald, 1999). The International

Electrotechnical Commission (IEC) has proposed PV rating standards (IEC 61853) that

include characterizing module performance based on a matrix of various weather

conditions, including high temperature conditions (HTC), STC, nominal operating cell

temperature (NOCT), low temperature conditions (LTC) and low irradiance conditions

(LIC). The criteria for these conditions appear in Table 1 below. Note that IEC 61853-1

does not include evaluating performance under photovoltaics for utility scale
applications test conditions (PVUSA or PTC) of 1000W/m?, 20°C ambient temperature,
wind speed of 1 meter/second and 1.5 AM.

Table 1: IEC 61853-1 Matrix-based text conditions

L. Irradiance Module Ambient Wind
Abbrev. | Description AM
P (W/m?) Temp. (°C) | Temp. (°C) | Speed
(m/sec)
HTC High temperature conditions 1000 75 1.5
STC Standard test conditions 1000 25 1.5
NOCT Nominal operating cell 800 20 1 15
temperature
LTC Low temperature conditions 500 15 1.5
LIC Low irradiance conditions 200 25 1.5

With its proposed ratings standards, the IEC seeks to improve the method by

which PV module performance is evaluated by measuring PV power under a set of

testing conditions, instead of only STC. The standards also establish guidelines for rating

PV based on energy yield (watt-hours) and performance ratio (PR) (Poissant, Pelland, &
Turcotte, 2008) (del Cueto, 2007).

Advances in inverter technology have reduced the cost of PV array performance

monitoring substantially, to less than $1000 or to 1%-10% of overall system cost for a 1-




20kW grid-tied system (Enphase Energy, 2011) (Fronius USA LLC, 2011). This is within
reach of many homeowners installing PV systems. These monitoring systems report on
an array’s energy yield. However, these systems do not provide the level of information
acquired from performing a full current-voltage (1V) sweep. They also do not include
weather stations. The equipment required to effectively analyze the electrical
characteristics of PV modules and arrays as well as the effects of irradiance and module
temperature ranges between $10,000 and $50,000 (not including the modules
themselves). To better understand and predict PV system performance, NREL's
Performance and Energy Rating Test-bed (PERT) and Outdoor Testing Field (OTF) go
beyond performing basic energy yield and power rating measurements. Research
scientists at NREL designed systems with the ability to examine the electrical and
optical-response characteristics of various production modules and prototypes over
time.

Michigan-based PV module manufacturer, United Solar Ovonic (USO) sought to
develop a system with PV module test capabilities similar to NREL’s stand-alone testing
system in order to conduct their own characterization of competitor’s modules and
USO’s next generation of products on a fraction of NREL's budget. The system went live
in March of 2010 and continues to perform and record regular measurements (IV
sweeps) on 20 PV modules every ten minutes during daylight-hours. It also records basic
meteorological conditions with each sweep, including plane of array (POA) irradiance,
ambient and module temperature, and wind speed. We collected and bundled field
observations into the standard’s categories representing various weather conditions in
order to verify the capability of USO’s measurement system to test IEC 61853-1.

Once we designed and installed our PV module testing system and began
collecting data, we then had the information needed to evaluate module energy
production as well as the electrical and basic optical response characteristics of the
various PV modules under test. We applied our test method and found results
consistent with our expectations based on existing literature, which is highlighted in the
next section. In this paper, we report on the relationships we found between power and
irradiance as well as between power and module temperature based on observations
taken from select amorphous silicon (a-Si), crystalline silicon (c-Si), and copper indium
gallium selenide (CIGS) modules from July through December of 2010. (Observations
from December 14" through 20" were ignored because many of the modules were
covered in snow.) We were unable to obtain cadmium-telluride (CdTe) modules due to
the manufacturer’s tight control of its distribution channel.

Given that power is the product of voltage (V) and current (1), the proposed
standard calls for evaluating open-circuit voltage (Voc) and short-circuit current (lsc), and



fill-factor (FF) against both irradiance and module temperature (del Cueto, 2007). FF
indicates a module’s relative efficiency. We designed and built a system capable of
measuring all of these parameters and others including V. (Many of these
relationships appear in Appendices 5 through 7.) However, the measurement system is
not 100% accurate. There is a level of uncertainty in the data it generates.

Literature Review

Thirty years ago, researchers in the PV field acknowledged the need to go
beyond STC, suggesting that module performance be characterized by categories of
weather conditions (hot sunny, cold sunny, hot cloudy, cold cloudy, and nice) (Marion,
Kroposki, Emery, del Cueto, Myers, & Osterwald, 1999) (Gay, Rumberg, & Wilson, 1982).
The IEC’s current proposed standard seeks to address this need (del Cueto, 2007).

The main purpose of the literature review was to examine existing research in
order to identify the key variables affecting PV power generation and to determine how
to measure those variables effectively. Existing literature was helpful in establishing our
system architecture, in defining performance metrics and in identifying areas of
opportunity for further learning. We sought to develop measurement and testing
capabilities approaching those of a well-funded government laboratory and so focused
our research on publications from NREL and Sandia Labs. We also reviewed articles
relating to performance analysis of installed PV arrays ranging in size from 2-500 kW,

Irradiance has the greatest impact on PV power. Beyond irradiance, module
temperature, angle of incidence (AOIl) and AM also affect a module’s or an array’s
power and production (del Cueto, 2007) (Myers, 2009) (King, Kratochvil, & Boyson,
1997). Module temperature is in turn, influenced by ambient temperature, cloud
patterns and wind speed. Researchers have used sophisticated testing and
measurement devices in PV performance testing for over 30 years, yet predicting
module performance remains complex and forecasters must accept a relatively high
level of uncertainty in predicting energy production from a PV array. Additionally, under
rapidly changing and extreme weather conditions, inverter ramp-times and clipping
both diminish AC power generation (van Cleef, Lippens, & Call, 2001) .

Researchers use pyranometers to measure irradiance, but there are different
classes of pyranometers. Secondary-standard and first-class thermopile-type
pyranometers measure irradiance throughout the range of frequencies to which PV
responds (300-2800nm). Silicon diode pyranometers only respond to a narrower range
of frequencies (400-1100nm), but are still used in PV weather stations because they are
less expensive than thermopiles and because they are actually more sensitive than



thermopiles in the range of frequencies to which they do respond. Furthermore, silicon-
based PV is also primarily responsive within this range.

Measuring module temperature is important because c-Si and other PV materials
produce less power at high temperatures. Figure 1 (below) indicates the impacts of
module temperature on various PV materials. Estimating module temperature is
achieved with the use of a thermocouple attached to the back of the module. However,
under most conditions, the module temperature is likely to be warmer than the back of
the module. Furthermore, the temperature of the module is not likely to be consistent
throughout its entire surface. For these reasons, researchers apply a standard
adjustment to the back of the module temperature reading to compensate for the
temperature difference between the back of the module and surface of the module and
they may place more than one thermocouple in several specific positions on the back of
a module in order to calculate an average temperature.
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Figure 1: Impacts of temperature coefficients on PV power

A high AOI can significantly reduce PV power generation. Reda and Andreas
provided the solar position algorithm (Reda & Andreas, 2008) we used to find zenith,
declination, and azimuth angles required to calculate AOIl in order to plot it against
%Pmax and other variables.

PV performance is typically reported to AM1.5. (This value was chosen because it
represents the average AM at solar noon for optimally tilted PV arrays at latitudes in the
continental US.) AM1.5 reference (or standard) refers to the relative path length of the
direct sunlight through the atmosphere. With the sun directly overhead (zenith) AM is
1.0 (uncorrected). With longer path lengths, there is more scattering and absorption of
solar radiation by atmospheric constituents such as water vapor and aerosols. Similar to



solar spectrum (King, Kratochvil, & Boyson, 1997), both AM and atmospheric conditions
vary with time, date, and location (Riordan & Hulstron, 1990).

When the actual solar spectrum deviates from AM1.5 or the spectral response of
the PV differs from the reference device (i.e., the pyranometer), the impact of AM on PV
module or array performance is stated as a spectral mismatch factor (K) (Kenny,
loannides, Mullejans, & Dunlop, 2004). Figure 2 (below) illustrates the increase in K with
increasing AM. Figure 3 (below) exhibits irradiance density by wavelength based on a
study by Kenny et al.
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Figure 2: Solar spectra measurements and line fit from one day from existing literature
(Kenny, loannides, Mullejans, & Dunlop, 2004)
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Figure 3: Calculated mismatch factor for a-Si module from existing literature
(Kenny, loannides, Mullejans, & Dunlop, 2004)

Our work did not include correcting for spectral mismatch and the USO system’s
commercial photodiode pyranometers cannot measure spectral irradiance above
1100nm, adding uncertainty into the results. However, in “Spectral Corrections Based
on Optical Air Mass”, Keith Emery, Joseph DelCueto, and Willem Zaaiman offer a
spectral correction factor derived from a polynomial fit of Isc measured under natural
sunlight divided by the full spectrum irradiance as a function of air mass (Emery,
DelCueto, & Zaaiman, 2003). The equation can be written as:

Equation 1
4.0um 4.0um
oV = Isc  Jozum ErRASr(D)dA  Jo3um Es(A)Sgr()da
- 4.0 4.0
Eror  [isum ERDSR@dA [ Es()Sr(D)dA

where E;,.is the total irradiance, Ex (1) is the spectral irradiance of the
reference spectrum, Eg(4)is the spectral irradiance of the solar spectrum, Sz (A4) is the
spectral responsivity of the reference detector, and S (1) is the spectral responsivity of
the test device with measured short-circuit current Isc (Emery, DelCueto, & Zaaiman,
2003). They found that using a matched reference cell to measure total irradiance

reduces uncertainty in spectral correction but makes the correction equation dependant

on the detector employed and the air mass based spectral correction factor is both
location and time dependent. In their paper, they also noted that a-Si is much more



sensitive to water vapor and turbidity than c-Si, CIGS and CdTe. As stated previously our
system does not include a CdTe module under test because of the manufacturer’s
tightly controlled distribution channel. Instead, we relied on existing literature to
provide a basic comparison to the results we found for c-Si, a-Si and CIGS modules (del
Cueto, 2007).

We also recorded wind speed and ambient temperature with each module’s IV
sweep, even though Myers showed no strong correlation between power and either
wind speed or ambient temperature (Myers, 2009).

The literature also provided a basis for understanding the level of uncertainty we
could expect from our analysis. There are several sources of uncertainty including a lack
of precision in the measurement devices and rapidly changing conditions (e.g.,
irradiance) during test periods. The precision ratings of our measurement devices are
available in Appendix 1. During one experiment conducted in 1998, Marion at NREL
found that “Because of errors in measurements and energy-rating methodology,
differences of 8% or less in the energy ratings of two PV modules are not significant. If
one of the modules is a-Si, differences of 13% or less in the energy ratings of two PV
modules are not significant.” (Marion, 2000)



Methods

Figure 4 shows the key elements of the measurement system including the
connections between the PV modules under test and the measurement devices and

other components within the test-bed.

PV Modules

Instruments to measure IRR, temperature
and wind speed

* Kipp & Zonen Pyranometers SP-Lite2
* Type (K) Thermocouples
* Maximum Anemometer #41

Ki Switching Mainframe #7002

KIDMM Data Acquisition System
#2700/7700

Kl Source Meter #2430

PCwith GPIBinterface

Fixed load resistors

Figure 4: System diagram

The heart of the test-bed is a 1kW Keithley Instruments (KI) model#2430 source-
meter. Measurements of a module’s power are obtained by sourcing current to the
module under test while sensing its voltage. The source-meter conducts an IV sweep by
first finding Voc (where 1=0). The software then instructs the source-meter to increase
current at such an interval to allow for approximately 80 points or steps before the

voltage reads zero (which occurs at Is.). The result is
X Voc X FF, where the product I x V. represents the

an IV curve with Pmay= Imp X Vinp = Isc
module’s theoretical maximum

power and FF reflects its relative efficiency, as shown in Figure 5 below.
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Figure 5: Sample IV-curve with Y-axis A (left) and Power-curve with Y-axis W (right)

Note that the illustration above shows a standard first quadrant IV curve, but
that the system in fact carries out fourth quadrant sweeps. In addition to V.. and I, the
file also records Py, (the point at which the product of V x | reaches its maximum power
value), FF [ = (Vmp X Imp) / (Voc X Isc) ] and a timestamp. The system initiates an IV sweep
every ten minutes when irradiance is greater than 20W/m? (2% of full-sun). This is not as
fine a resolution as some other monitoring systems (e.g., NREL’s OTF) which take
measurements every minute or even more frequently.

Alternated with its sweeps, the software calls for readings from devices
connected to the data acquisition system, namely a Maximum model #41 three-cup
anemometer, type-K thermocouples attached to the back of each module and two
ambient points (shaded and not shaded), and several Kipp and Zonen SPLite2
photodiode detector pyranometers. We also added a secondary standard Kipp and
Zonen CMP-21 thermopile in March 2011. As previously stated, all of the other findings
in this report are based on observations taken between July and December 2010.
However, the findings based on CMP-21 measurements were taken between March and
July 2011. (The measured correlation between a SPLite2 and the CMP-21 appears in
Appendix 2.) However, the CMP-21 was calibrated by the manufacturer and not put
through NREL’s more rigorous calibration process (Emery, et al., 2005) (Device
Performance, 2006).
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Four-wire connections (remole sense)

4WIRE INPUTI
SENSE QUTPUT

Qe — .
°/ me—_l_—lh .

1

SourceMeter Front Panel Sense Selection: 4-wire

Figure 7: Four-wire connection

The KI#2430 is capable of sourcing or sensing up to +/-10 A and +/-100Vdc in
pulse mode with a four-wire connection. Figure 6 (above) indicates the source and sink
characteristics of our source-meter in pulse mode. Figure 7 (above) shows the source-
meter four-wire connection. (We set our pulse width at 0.0025 milliseconds and our
pulse delay at 0.05 milliseconds.) However, the system’s KI#7053 switching cards can
only handle up to 4 A. We were able to double the switching cards’ tolerance to 8 A by
splitting the current between the cards’ two channels (H/L). This was important because
the Isc of many PV modules, including some of the modules that we wanted to test,
exceeded 3.2 (=4/1.25 safety factor). Splitting the current between the cards’ H/L
channels allowed the circuit to accommodate the expected maximum current from all of
the modules under test, but this was insufficient for testing some high-current modules
on the market.
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Figure 8 shows the switch-card connection required for current over 4 A. Figure
9 is a photograph of one of our KI#7053 switch-cards with soldered leads.

<4p, L~ 100mOhms
HI Hi
<8A |
—_—
O O
(LB), Lo
<4A 100mOhms
PV 100mQOhms’ 100mOhms KI2430 1kw
Module Sourcemeter
R load
~ s
O—— O
<8A

Figure 8: KI#7053 Switch-card connection for 5<A<8

A

AV

Figure 9: KI#7053 Switch-card with soldered leads

Other key components of the system include a 10-slot Keithley Instruments
#7002 switching mainframe and a KI#2700 data acquisition system. The switching
mainframe directs the system to select a module under test while keeping the other
modules routed to fixed load resistors when not under test. Figure 10 shows our fixed
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resistor board. The data acquisition system collects readings from the system’s
thermocouples, pyranometers and anemometer. A list of all system components
appears in Appendix 3. System diagrams also appear in Appendix 3.

Figure 10: Fixed resistor board

All system devices are controlled by a standard personal cornputer with an IEEE-
488 general purpose interface bus (GPIB) and Visual Basic (VB.net) code. From left to
right, Figure 11 shows equipment in the test-bed including the resistor board (protected
with a cover), junction box, source-meter, switching mainframe and data acquisition.
Figure 12 shows GPIB cable ends.

Figure 11: Fixed resistor board, junction box, source-meter, data acquisition system

and switching mainframe
AN
NS
2N

L

Figure 12: GPIB (IEEE-488)
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We considered other system architectures including a curve tracer-based system

and grid-tied arrays with inverter-based monitoring systems. The advantages of a

Daystar multi-tracer is that it is a turnkey system capable of testing up to sixteen PV

modules, 24 thermocouples and eight additional voltage inputs (for pyranometers and

other instruments). It would have eliminated the need for a separate data acquisition as

well as custom code (Keithley Instruments, 2011). Grid-tied monitoring systems

incorporate line and power electronic losses. They assess actual useable AC energy

yields. Ultimately, we rejected both of these options for several reasons. Curve tracers

are much more expensive than a source-meter system and curve tracers cannot

measure lsc due to unavoidable line losses. Inverter-based monitoring systems do not

provide the level of detailed information needed to analyze PV performance effectively.

In addition to rapidly changing conditions during test periods, inaccurate

measurement devices influence results. Specifications for the system’s major

components appear in Appendix 1. Keithley Instruments #2430 source-meter lists a

current source accuracy within 0.045% and a voltage sense accuracy of 0.015%.

Specifications for the PV modules under test can be found in Appendix 4.

A timeline of the basic project steps leading to an installed PV module testing

system producing data for analysis for this report appears in Figure 13 below:

6 Assemble Array.

7 Configure and Program Test Equipment.
8 Conduct Measurements.

9 Compile, tabulate, and interpret data.

Task 7/2009 | 8/2009 | 9/2009 [10/200911/200912/2009 1/2010| 2/2010| 3/2010| 2010 |2010-11]
" 1 Determine & acquire modules to test. Order| Receive
" 2 Determine array location & configuration.
M3 Acquire mounting structure. Order Receive
[ 4 Determine test method.
M5 Determine/acquire hard&software needed. Order Receive
r
r
r
F

Figure 13: Project timeline

From the recorded measurements, we adjusted Vdc instrument readings into

calibrated W/m2 and m/sec values. We indexed Py, based on the modules’ STC rating

using the simple equation:
Equation 2

measured P,,,,

%P —
FoPmax STC rated P,,,,
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We calculated energy yields as:
Equation 3
Eyicla = [ average P,,,, x time lapsed between measurements,
with a time increment between measurements set to 10 minutes during daylight hours.

We then indexed power and energy by area (m?) and we estimated module
temperature as measured back of module temperature plus 3°C per 1000W/m?, based
on the industry standard.

Influenced by del Cueto’s recent study, we reported our results in a series of
graphs plotting %Pmax lsc, Voc and FF against POA irradiance, as well as %P, against
AOI, %Pax and FF against module temperature, and FF and %P,.x over time intervals
(del Cueto, 2007). We also calculated linear and polynomial line fits for %P .y versus
irradiance. Finally, using the equation below, we calculated for power correction based
on temperature coefficient in order to help assess the impact of module temperature
and to estimate the effects of AM and other factors:

Equation 4
%Pmax—corrected = %Pmax—observed X [1 t+tax (Tmodule - ZSOC)]

with temperature coefficient, a

del Cueto filtered out observations taken during hazy sky conditions consisting of
primarily diffuse radiation in order to analyze PV performance under clear sky
conditions or direct radiation (del Cueto, 2007). Our work did not include significant
filtering or the application of data correction factors, but these are areas of potential
further research. Instead, we focused on reporting power generation and electrical
characteristics under the real-world conditions that the test modules experienced. PV
modules under test appear in Table 2 below.

Table 2: PV Modules under test

Tech | Module W | R | 5| W | W | ractor | pwrosro | ma | ey
c-Si STP160S-24/Ab-1 160 50 | 465 | 43.2 | 344 0.74 -0.48 1.2766 12.5%
a-Si Kaneka G-SA060 60 1.19 | 0.9 92 67 0.55 NA 0.9504 6.3%
CIGS | GSE PN 33030-O 30 2.2 1.7 25 17.5 0.54 -0.5 0.3937 7.6%
CIGS | Solyndra SL-001-165 165 2.74 | 2.37 | 93.9 | 69.6 0.64 -0.24 1.9656 8.4%
a-Si USO PVL-68 68 51 | 413 | 23.1 | 16.5 0.58 -0.0021 1.1225 6.1%
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Results

The results of our numerical analyses appear in Appendices 5 through 7 for a-Si,
c-Si, and CIGS modules respectively. Each appendix consists of graphs plotting %P max, lsc,
Voc and FF against POA irradiance, %P.x against AOI, %P.,.x and FF against module
temperature, and FF and %P, over time intervals.

The IEC proposed rating standard calls for linear interpolations of s, Voc, Vimp and
Pmax With respect to temperature and irradiance as well as a polynomial interpolation of
Pmax to irradiance and the equation V(POA Irr) = v1 x In(POA Irr) + v2 to interpolate Vg to
irradiance. Table 3 (below) shows the equations that we found for fitting %P max to
irradiance.

Table 3: Trends in power by PV material

Module %Prmax

Material Trendline R?
a-Si 0.0010Irr - 0.0740 0.986
CIGS -0.00000041rr* +0.0012Irr - 0.0187 | 0.974
c-Si 0.000898lIrr - 0.0138 0.994

A linear relationship between power generation and irradiance clearly emerges
in all cases (Appendices 5-7 a). A polynomial equation for CIGS provides a better fit than
a linear equation, especially below 1000W/m?. As shown in Table 4 below, despite the
strong linear relationship between power and irradiance, other factors (most notably,
temperature and air mass) also affect power generation resulting in the following
ranges of %P nax readings at full-sun (1000W/m?):
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Table 4: Power at 1000W/m’ by PV material

%P max at Full-Sun (+/-0.5%)

Module

Material Mean Low High
a-Si 101.1% 90.2% 106.1%
CIGS 78.9% 76.6% 86.0%
c-Si 86.2% 79.8% 94.1%

Inaccurate measurement devices and rapidly changing conditions during test

periods also impact results.

As indicated in Figure 14 below, the a-Si module clearly demonstrates a superior

power index to irradiance performance ratio. This corresponds to the equations

presented in Table 3 above.
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Figure 14: Power vs POA Irradiance for a-Si, c-Si and CIGS modules
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a-Si modules deliver superior performance index results at higher levels of

irradiance due to a favorable temperature coefficient. The manufacturers’ state
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temperature coefficients of -0.38%/°C, -0.48%/°C, and -0.0021%/°C for their CIGS, c-Si
and a-Si modules respectively.

For a-Si and c-Si, module temperatures typically average 50-60°C at full-sun. For
c-Si, one can expect a 50-60°C module temperature to reduce Pyax 12.5-17.5% [(60-25) x
0.48%=17.5%] to a Prmax between 82.5-87.5% of STC. This is consistent with our results.

Correcting for temperature on the c-Si module, a linear fit of Paxcorr = 0.00106 x
POA Irr — 0.0582 (R?=0.976) yields 100.2% Pmax at 1000W/m?. A polynomial fit of Pmaxcorr
= 0.00000012 POA Irr® + 0.00118 POA Irr —0.711 yields 98.9% Ppmax at 1000w/m>.
Temperature-corrected observations and their corresponding linear and polynomial fits
appear in Figure 15. This implies that at high irradiance conditions, when AM typically
ranges between 1 and 2, AM does not significantly impact power generation. However,
AM can exceed 10 near dawn and dusk and has a much greater influence over power
under those, but not all low irradiance conditions.

140% .
——Linear (Temp Corr) ——Poly. (Temp Corr)

. y =0.00106x - 0.05823 Y =-0.00000012x* + 0.00117777x - 0.0710524
120% R2=0.97634 R?=0.97727378 K <

B

100%

80%

60%

%Pmax

40%

20%

0%

-20% : = : : I. T T T T T 1
0 200 400 600 800 1000 1200 1400

POA Irradiance (W/m?)

Figure 15: Temperature corrected P,.x c-Si

Because the USO test-bed lacks the ability to measure AM and because there
may be inaccuracies in its measurements of module temperature, our ability to measure
and isolate temperature dependence is limited. However, having captured both nearby
ambient and back of module temperatures along with power generation, POA irradiance
and wind speed, we were able observe performance under a variety of real-world



18

conditions. Similar to Myers findings, observations from our study, presented in
Appendix 8 indicate that wind speed does not strongly impact power (Myers, 2009).

Also as expected for a-Si, we see an oscillation in fill factors (i.e., efficiency)
throughout the seasons from approximately 0.60 in mid-July to 0.53 in late December
(Appendix 5 c). In terms of module temperature, FF ranges from 0.53 near 0°C to 0.60
between 30 and 50°C (Appendix 5 h). The downward trend from summer to winter is
the result of an increased Staebler-Wronski effect under low temperature conditions
and thermal annealing during warm periods (Gregg, Blieden, Chang, & Ng, 2005). c-Si
and CIGS module FFs, on the other hand, remain steadier during the test period at 0.70
and 0.64, respectively (Appendices 6 and 7 c). The manufacturers list FFs of 0.74, 0.64,
and 0.55 for c-Si, CIGS and a-Si, respectively.

In Appendices 5 through 7 b, the upper-band of observations up to 105° AOI
represents clear sky conditions whereas the lower mass of observations reflect
measurements taken under overcast conditions. Outliers above the band most likely
indicate mostly sunny conditions with scattered clouds enhancing power through
diffuse irradiance that enhances overall irradiance without obstructing direct sunlight. In
these extreme cases, total POA irradiance exceeds full-sun (POA IRR>1000W/m?). This
work did not include separating clear sky observations from cloudy skies, but del Cueto
measured a specific PV module’s performance under clear sky conditions with POA
Irradiance = A + B x cos(AOl) and found:

A B 1 standard deviation

-87.4+7.8W/m? | 1142.5+20.9 W/m? 93.7 £ 11.2W/m?

He did this by fitting its photo-response as a function of AOI into segments (<=50, and 5°
widths from 50-100° (del Cueto, 2007).

Our CIGS modules demonstrated increasing FF over a full range of increasing
irradiance, as opposed a-Si and c-Si where FF decreases as irradiance increases beyond
500W/m?. (Refer to Appendices 5-7 d). This behavior indicates series-resistance.

a-Si, ¢-Si and CIGS modules exhibited an expected logarithmic relationship
between V.. and irradiance. (Appendices 5-7 f) From existing literature, we know that
CdTe also exhibit similar Vo, |sc and FF versus irradiance relationships as c-Si modules
with approximately half the temperature coefficient (del Cueto, 2007).

Table 5 reports observations corresponding to the proposed IEC standard 61853-
1(+/- 50W/m”and +/-2.5°C). Note that relatively few measurements fit the standard’s
HTC and STC irradiance and temperature parameters.
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Table 5: United Solar Ovonic’s Test-bed PV Power (W) Observations fitting IEC 61853-1
parameters

a-Sl c-Si CIGS

%P max 0.999 | 0.821] 0.709
Avg 60 | 1313 117
HTC* | Min 55.8 | 124.8| 102.1
Max 63.9| 139.2| 1308
Obs 17 47 30
%Pmax 0.968| 0.921| 0.643
Avg 58.1| 147.4| 106.0
STC | Min 53.1| 138.7| 86.3
Max 63.2| 1609 | 127.2
Obs 5 4 91

%P max 0.766 | 0.72| 0.632
Avg 46.0 | 115.1| 104.3
NOCT | Min 393| 1048| 971
Max 526| 1326| 1257
Obs 95 82 63

%P max 0.408 | 0.507 | 0.455
Avg 245| 716| 750
LTC | Min 205| 637 624
Max 304| 812 1057
Obs 24 20 122

%P max 0.185| 0.157| 0.195
Avg 111 252|322

LIC | Min 5.3 143] 207
Max 158 352| 50.2
Obs 191 195 360

* The cool, humid condition at the Auburn Hills, Michigan test site did not yield High
Temperature Conditions, so these HTC observations include results for module temperatures as
low as 60°C, rather than the IEC proposed standard of 75°C.
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Conclusion

The outdoor PV module testing system developed by United Solar Ovonic
dramatically increased the organization’s capabilities to test the performance of its
competitors’ and its own PV modules including prototypes. USO also relies on Spire
simulators, accelerated testing and other means of testing PV in order to better
understand and ultimately facilitate the advancement of PV technology.

The USO test-bed is effective at testing PV modules with 1.<6.4A (8/1.25 safety
factor) and our results were consistent with both existing literature and the
manufacturers’ stated ratings. However, the array is located in a temperate-cool and
humid region. Therefore, we were unable to generate a significant number of readings
exhibiting the IEC’s high temperature conditions (HTC). When compiling the
observations reported in Table 4, we adjusted the module temperature parameter for
HTC to include all measurements taken when module temperature exceeded 60°C, up to
15°C short of the HTC 75°C.

Irradiance produces power, but is expensive and difficult to measure precisely. In
order to reduce uncertainty and to improve the accuracy of any PV measurement
system, system operators should maintain properly calibrated secondary standard or
first class pyranometers (Previtali, 2011). Other factors, most notably module
temperature and air mass also affect power generation. Based on both our observations
and manufacturers’ claims, module temperatures under high temperature conditions
can reduce Pnax by 25%. True air mass is also difficult to measure and can affect power
+/-8% under ordinary conditions (Kenny, loannides, Mullejans, & Dunlop, 2004).

Numerous opportunities exist for further research based on data generated by
the test-bed. Our results support, but do not confirm the hypothesis that a-Si modules
deliver more energy (kWhrs) per peak-watt (W,) than other PV materials. Confirming
the hypothesis would require both testing a statistically significant number of PV
modules and performing a quantitative analysis of the accuracy of the test-bed. The
test-bed accommodates and tests 20 PV modules. USO has analyzed the performance of
all of the modules under test, but this work compared the results of only three modules.
Most of the other modules under test are USO current and next-generation a-Si. Better
understanding of both the accuracy of the test-bed and the performance characteristics
of a-Si could be attained by comparing measurements taken from the other modules
under test.

Data filtering provides another avenue for further study. Separating clear sky
readings from overcast sky readings is required in order to fit AOI effects.
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Researchers analyze the constituent parameters of PV power, but developers
and consumers understandably only care about power generation. The modules in this
study produced between 0.76 and 0.95 W per kWh of POA irradiance per STC W Ppax.
These results appear in Appendix 9.

The modules under test produced between 51.5 and 105.1 dcW per kWh of POA
irradiance per m?. Given that PV modules are sold on a S/W, basis, efficiency becomes a
secondary factor when selecting a module. However, efficiency quickly comes back into
play as system developers and buyers consider space constraints (i.e., “roof rent”) and
balance of system costs. 1000 square meters of array will require approximately the
same amount of racking, wire, overcurrent protection, labor costs, etc. regardless of the
technology and efficiency of the modules. In this case, a system with a higher efficiency
module will generate more energy in the same amount of space as a less efficient panel
and though the modules would have cost more based on their STC ratings, module cost
represents only a fraction of the overall system cost. The balance of systems are likely to
cost approximately the same amount regardless of the PV module material. For these
reasons PV module efficiency remains an important factor for consideration.
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Efficiency with respect to reference conditions
Wavelength

Test module area

Amorphous Silicon

Air Mass

Angle of Incidence

Crystalline Silicon

Copper Indium Galium Selenide

Whrs/W,

Reference spectral irradiance

Measured spectral irradiance of the light source
Total irradiance

Fill factor

Current at Py

Test module short-circuit current

International Electrotechnical Commission

AC power losses that occur during sudden fluctuations in irradiance

AC power losses that occur when array power exceeds inverter
capability

Calibrated current of the reference cell under the reference
conditions

Measured test cell current

Calibrated current of the test cell under the reference conditions
Current versus voltage

Spectral correction factor, inverse of M

Spectral mismatch parameter

Test module maximum power under reference conditions

Plane of Array

Measured spectral responsivity of the test module
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Sr(A) Measured spectral responsivity of the reference module
STC Standard Test Conditions (1000W/m?, 25°C mod temp, 1.5 AM)
Vinp Test module voltage at Pqy

Ve Test module open-circuit voltage
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Appendix 1: Measurement Device Data Sheets
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Kipp and Zonen CMP-21 Secondary Standard Thermopile Pyranometer

FLSD mm

Specifications CMP-21

ISO Classification Secondary Standard
Response time (95%) <5s

Zero offsets

(a) thermal radiation (200W/m2) <3 W/m?

(b) temperature change (5 K/hr) <1W/m?
Non-stability (change/year) <0.5%
Non-linearity (0 to 1000 W/m2) <0.2%

Directional error (up to 80 o with 1000W/m?2

beam) <5W/m?

Temperature dependence of sensitivity

< 0.5% (-20 °C to +50 °C)

Tilt error (at 1000 W/m?2)

<0.2%

Sensitivity <7 to 14 pV/W/m?
Impedance 10to 100 Q

Level accuracy 0.1°

Operating temperature -40 °C to +80 °C
Spectral range (50% points) 285 to 2800 nm
Typical signal output for atmospheric applications | 0 to 15 mV
Maximum irradiance <4000 W/m2
Expected daily uncertainty <1%

Recommended applications

Meteorological
networks, reference
measurements in
extreme climates
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Keithley Instruments Model #2700 Data Acquisition System

]Condensed spedifications

DCVOLIAGE AC CURRENT
LIV permaca b rcge AD Laarn of iperdy « ippe g 2K X4 ras cwen rae 1€, 41 Cunt P
Y- ATy (80 4wy m |l'u' irper Sane Fard L Avai . (lntﬂ -
tace . i w [y 108 - “eidz AMA < Olen
LMY Pav CLIDN < CLA CIOOA - 0XYN LMD o > MGE a IGA VM- el AN - (Len

LEOXOV GV OOI < DIONR  DOOOIA - DO LOM o> GO
WMV N DDA « DLOFA  COOOA « 0.X9™s UMOx>UGD DC READING RATES

WAGMOV 100V DDA + DOOXA  DOCEA - DO 1+ hraun v Jextegroe: NTiC
WOLXEY LN OOOMA < DIOMA  DOCAN « XIS LY TN Il a 3 n
N Orema L L L 1
THERMOCCUPLE a8 >0 (3]
Loewenian v [TRED M . x Urpdwed QC Open X ek ar X (3]
Ay (1 pax Acrscy (1 year S = = =
i, i s" 3 - Iherp e, 4 - 1
vy ) el (2 o) ot . 1 o
i) 230t = MEAC 202C e Lirwge =l & >0 oLt
X 0w+ 137TT 202 ke Licwam L
~ A0 « INTC 202 ke Lirmps zloc DC READING SFEED VS, NOSE REJECTION
T 2w - 4B 202 ke Liewas LT A N
1 X012 « LT LI ke dirmam ziac sPLC Dgn Ryer M1 can AVIEge)
® 9w 1 200C ke Kicwge =N 3 g £ Tiead T <Lav
s dm +1NEC 0N B dirwam =i ] 4 o Ee-} 1< <A AV
» < 1%m « VOUC 2000 e Kirmps £ 38 - at L L o - *x2 < laeN
am a on - £3%-] <logv
RESISTANCE
X Wi, OB CaTg 3 LIDOV /20w N BTN [ Mme
- P iy — s SCANNING PATE, INTO AND OUT OF MEMORY 10 GHB
¥ o X - (3 year s - Cagrem Crweneb &
WAXCAD  1M0 2 CLOEA « (L0 AD0T » LXCT Laa "‘Gm“aﬁ-" i
LXK LoD  OLOMA « DLCOM AWM - AXCM taA 772 scmning DO weh brin o SrawaTg O 1%
100X0K 1030  CLOMA + 0003  AMOT « AXCTS 1A m""“ﬁﬁ Se— Y e
WINNCRD MmO OIOEA « OLCION 4D +AXIN 164 m""":’ - sy
10XCOM JL0 OLOMA < (OCLON  ATOM «AXIM LA 790, 7706, nd 7700 ccning eapermare (1/C) b

1N XTI e CIOXA . CLCLTe AMITe « 1XITe 07
IX IO weo 00X - L0 AL - LTI 07A SYSTIM FEATLERES
Lewsag dwcan Tp u " d¥rencal

RID Tager Sonese Bremd Jard egne, oo paad g a4 cdaecwl meesy,
iraeced trper. GRAE 1L g Lrc imades

IO, 08, FTIN, FEN04, “":'!"ﬁ' T Lewn Coumt Len %,X0 ¢ enracws
¥ (3 pean) Lo traevdd D % hours, Lowes rup
2T @ +$XC oretc 2009 Chaceni Dl T EédEdve: put chweah LR ap 22
Coabyp klﬂn‘lhm--naﬁlﬂ nlll'
THERMISTOR Tovar Tul Becovey Bowsma scwaing 13 03 ol 123
L3 el and N pha erece @ e proserved
Frge unu_.nn Acouracy (1 pan Towr o Mamoeyp e Tefgatoea vl il
2T @ ~S$XC 54 2009 Ak Tvre Oock TRl w0 ATROrATE ARy
CanSecoms W”Mtﬂmﬂ-—q
DC CURRENT l:-xr”
TN M Ased njen, Raan ra rebrco ANw lrav -n“.mlﬂhplt
Buscs ATeiy Aoy P Cogrd ogrm AL - el g pra ool
S latca  (Mdmedse g  (lyewol o og Basneans Dagrd Ourpr AT bewd - -dnilcpdm HIL M
210XCHA  JmA 00 = DO A%< A% <02V ""'“‘m lm“w**ﬂqm"h*ﬂ“
e 7% AT Froes Pucal oftw e et
,:cm Lok ::: :x-u\ :::: ::: <bIv Conmaskaba NN, 1
E Torchansd May maer
LT A ALIN « DL0 A% - 1A <1V Mats2and Yt B, Amige
W VOLIAGE Aexisvce Tedige wed TA awiwge, 2oecairg
e 345 3.3 cw Covne Faar = e
— .8 Roochzion  Prequency Bege  Accunscy (1 pea oy & sa) LEVEE i, LYEna Tl viess Busc,
DX DN i 3k - 10z AN - 1204 CLoe tiver
RRE s 4 A0 - 2288
ph HEER Al » APA
S0k - 1 0adE Cak « DOON GENERAL INFORMATION
MRz - 2005 A0 & A% Tower Dapdy 09V L3N /TN 249 20N
Lew Pregaency AN Cea M D e XKS
FEBQUENCY and FERICO Opemng Sraconman (Cw N
wuodts Gun Tever of Lomse:, LCmme, Jrec Soe towan H 2 2 %wn W2 e D
Fegeeny Fencs ATaney Tarany fym @ 1w ca M & Congred
— L] [ yeu: vy & srg) Morda
DX/ cTINV RAw0NBE: e Jax 201N« A0%pn (LI W) ey LI, B2C 206, C3A
DLLN + 23 Nppm 0 #ex) e CF rrwe, POC Caw A
Q0% - 131 Sppem 01 2
*Vie vow ity com foe demied spesficnnam e =iy -




31

Kl 2430 Source Meter Specifications:

Volts Ranges 0.2, 2, 20, 100V
Basic V Source Accuracy 0.02%
Basic V Measure Accuracy 0.015%
| Ranges 1,10, 100 pA
1, 10, 100 mA
1,3 10A
Basic | Source Accuracy 0.045%
Basic | Measure Accuracy 0.035%
Ohms Ranges 2,20,2000
2,20, 200 kQ
2, 20, 200 MQ
Basic Ohms Measure Accuracy 0.06%
Maximum Power 110W DC
1000W Pulse
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Appendix 2: Comparison of pyranometer readings
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Appendix 3: System Design

System Components

Keithley Instruments (KI) Source Meter #2430

KI Switching Mainframe #7002

Four Kl Switching Modules #7053

4A channels ( x 2 = 8A)

100mQ H/L channel ballast resistors

KI DMM Data Acquisition System #2700/7700

Kipp & Zonen CMP-21 thermopile pyranometer

Three Kipp & Zonen Pyranometers SP-Lite 2 (flat, 15°, and 27°)

Maximum Anemometer #41

Type (K) Thermocouples (each module and two ambient)

PC with GPIB interface

VBA.net

Fixed load resistors (Minimum Power Rating = Vmp/Imp X 1.25)

Block-ballasted non-penetrating racks
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System Diagram

‘Wire run in 134" conduit. 8x

AWGH20 V and 8 x AWGH#I2 |
MC3 Conneclors splitw/ Y off  par box (four boxes total)
module. Result +/-V & +/- I‘ /

| Rooftop combiner box
6" Conduit run through roof to mezzanine contains 32 x
o AWGHZ20 + 17 x AWGH#12 + 20 TC (K) + 6 pyranometer
leads + 3 anemometer leads
). Each " Negative current common bus at combiner box
with 8 mal i 8 VIC3 Tece] T us 4
thermocougles (Type K) and py leads
VAVAVAVAVAVAVAVAVAVA RQOVAVAVAVAVAVAVAVAVAVAVAVAVAVAWY
AN ~
-~ \

6" Conduit run from roof to mmnine\
contains 32 x AWG#20 + 17 x AWG#12
+20TC (K) + 6 pyranometer leads + 3
anemometer leads

Switch Process controlled by KI 7002
(Form C) Two 7053 Switchcards Two
channels (+/-) per module V, Two
channels per module (H-L) |

18 x 100 m0
Thermocouple, Pyranometer two per module
and Anemometer leads routed plus two for DUT
to KI 2700/7700

External Resistor
Board houses ballest
resistors (18) and
load resistors (8)

Positive Current split between two
channels (H/L) at ext. resistor board
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Rooftop Schematic

25° Tilt Racks \
MC3 Conmectors o
st wi' Y off moduie. 4
Resut =~V & #i= 1 _ \

™~

AN

~

Five rack mounted junction boxes (one on each rack w/ two on
the N\W rack). Each aith 5 male and 8 femaje MC2 receplacies
per box pius &5 thermocouples (Type K)and 3ofSain 3

Eyrancmeteranemometer laads

== Wirerunin 1" concut. 8 x

per box (Tve boxes Bial)

1%" Conaut

ANGRCVaNIBYANGE 1 | .

5" Comautt run through roof %o
mezzanire contains 40 x
ANGE20 - 20 r AWGS12=1x
ANGEI+22TC (K)+ 6
pyranometer leads + 3
ansmometer leads

Combiner Box

‘*‘e‘a‘%‘:_

Gictal

Flat Racks

Negatve curent common
tus at comtiner box
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Appendix 4: Module Data Sheets

SOLAR MODULE
Silicon Thin-film

Kaneka K60 same as GSA-60

y

" A

Quality
W 1EC 61646 tosted and cortiiied

m safetyclass Il for 530V sytem voltage
(projected)

Guarantee

W 25 yoars power wamanty (80%)*
B 12 yoars powes wamanty (30%)*
W 5 years product guarantee*

High performance

B power tokeance +10%... 5%

= higher ykid on plant dus to higher
power output on dalbvery

u high ylelds ewen at high module
temperatures

Ecological advantage
u Etremcly low consumption on

materal « encegy payback tme kes
than 2 years

Design

B Homoguneows colouring of frame and
module surface « high-dass,
har=onic appear ance
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Your advantages at a glance
B powsr tokeance +10%... -5%
B 1EC 61646 tected and certified

B safety class Il for system voltage up to 530 V (projected)

B power wamanty 25 years (80%), 12 years (30%)*

B product guarantes S years*

B higher ykid on plint due to higher power cutput on delivery
B high ylelds even at high module temperatures

B scological advantage - extramsly low consumption on materal - encrgy
payback time kas than 2 years

B deltvered ready for connaction with cable and Muld-Contact plug-In connectors Aetemtion
" Intagmd wm - The laser |res have vz ke retsdled

with 2 lean 10" irclnat on Plasss

® 100% end control abserve the nealbticn iretruscm

4 sansmbiybals

Eloctrend vahies under
wanded tase ccndrora

Az gaundoghals 1000 Wer: 25°C: AM).E.

Electread power values
WNK.5K

Dther electncal vakies 210 %

7

) a 1*] The corrplete ond ndwdual
rorrs gy S J valid gusrantes cordom are
N relevare, wheh will be handed cunt
bry your |BC-representanve an
reguem
Subyect to maddcancm
that represere progrem.
Technical data
Stablised values Initisl valuss
Naminal peak power WR €00 ™o
Guarantsed minimum power =] 52,0 75,06
Narminal voltage ™ 87,0 74,0
Naminal current A 0,90 1,04
Open-circult voltage ™ 2.0 .0
Short<rout curent (L] 119 22
Maximum system voltage " 530
Length {mmj 060
Viacxh {mmj 900
Height (mm) 40
Vieight *g) 7

Assarmbly holes © 8 mm (placey 4
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[ A STP175S - 24/Ab -1
% SUNTECH STP170S - 24/Ab -1
Solar powering a green future” ém ?,32 » %mg :}

175 Watt

MONO-CRYSTALLINE SOLAR PANEL

Features

* High conversion effidency based on innovative photovoltsic technologies

* High rdiablity with guaranteed +/-3% power cutput tolerance

* Withstands high wind-pressure and snow load, and extreme
tempera ture vanations

Quality and Safety

*  25-yesr power cutput transferable warnnty

+ Rigorous quality cantrol meeting the highez2 intemationsl standsrds

+ 150 9001:2000 (Quality Mansgement System) and 150 14001:2004
(Ervircnmental Management System) certified factories
manufacturing world class products

* ULlisting= UL1703, clLus, Clazs C fire rating, conformity to CE

Recommended Applications

* Rezidential roof top systems

* Orrgnid utility systems
* Orrgid commercial systems

Sarench'a mchng

yis »
235 smachae et

serhraflactive cosing 8o pm———
o wroy -»

Sunrech was nomed F st and

Sulhany 208 Solsr Enargy
¥he pessl provides rece Developmast € of
Lebd prwer 3uTput e Nasr G
hizegh s s s cad

ol tecramgand
balatos proces, wikh

www .suntech-power.com | E-mail: sale 5@ suntech-power.com STP-DS-STD-NO1.01 Rev 2008
STP b 3 trademark of Surtach Powar Holings Co, Ltd. AJl iights resarved © Copyright 2008 Suntech Powar
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STP180S - 24/Ab -1
% SUNTECH TS 2
STP170S - 24/Ab -1
. : STP165S - 24/Ab -1
Solar powering a green future STP160S - 24/Ab -1
Electrical Characteristics
Clandensic STRISOS2UAD-]  STRITSS24ML1  STPITUS-24/Ab-1  STPIGSS-2UML]  STP1SCS-2U/AD-1
Open - Chrat Yoltage (%oq) M v Bt SOOI s OO oo
Cpumun OpemtngVokage p B4V Cwv ww Cuw e
Shert . Croult Qurment (b s &am s saa “w
cpumumOpemthgQument g SGA  A%A  4BA 4 WA
Maogmum Power 21 STC P ..--Iﬁll-p..--I?-.'mi)..--I?Wp----‘lm--..iﬁp-.
peraing empacatrs T Cwasc Arclo.sC ATCHo.85°C AACHAEC A0C10 87
uumunsmmmocmnc ®OC  ONDC  SoiDC
Mgrrum S es Fuse Rating C NSAMPS  ISAMPS  ISANPS  ISAMIS  ISANPS
PomerToknncs e T ™ ™ ™ | 3%
STC madeece 10OOW i, Modue wrperars e 250 AMET S
Mechanical Characteristics
= —— s Schar Cull  Mceoaystaling 1261 Smm (Snch)
’ e, ' uun:m  mEan
N - maums . Ilm-sn-tsm uzml m.um
T Wi 1550 341 B4
- FrotGas  2mm Q1IN terperedgass
«bllas fﬂl‘rl 1 IMNM:I.III‘IHIIIIIM
M BACKVIEW JunctnBax  IPSSTawd .
sevuns =I§I AIW (1 2AWG, anmmatnical kngite ) 1200mm
= ' Cupa Caohs w.zwmm-:mmal.slgm chy, MC P
Type N connactors
Temperature Coefficients
Hominil Operating Call ‘hrrpmu INOCT) 45°CeC
JempesreCodiage ol rwn AANEC
“M‘“"(c“ﬂum.‘m PP — mw.c
aperature Cumnm o e Gﬂl? VC

Tamperatura Depandance of Is¢ Vo Priax

- -
2 L

- -

L3

€ » e

5 . “.\Q\lk

L :ll !

»

Ve V) Col wrgvman <)

www.suntech-power.com | E-mail: sale s@sunte ch-power com STP-DS-STD-NO1.01 Rev 2008
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SULYNDRA

The new shape of solar”

Solar photovoltaic systems comprised of panels and
mounting hardware for low slope, commercial rooftops.

Solyndra Modue

Propriatary cylindrical modules optimize the collection of sunlight and

| Swact Sanew |
enable Sclyndra panals to achieve the highest rooftop covaraga without the =3
nead for costly mounting hardware or rooftop penetrations. By significantly / /

reducing installation costs and increasing the elactricity genarated per
rooftop, Solyndra delivars alectricity at the lowest cost per kilowatt hour.

Significantly more Fast, easy, Lightweight and
solar electricity per economical sel-ballasting
rooftop per year installation No psnstraticns o
Approximately 2x tha roof Tipically, 12 the attachments required
covaraga with no need for labcy, 143 the time,

tilting and spacing at 1/2 the cost
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Product Specifications

Electrical Data
Measured at Standard Test Conditions (STC) irradiance of 1000'W/m?, air mass 1.5, and cell temperature 25° C

Modal Number SLOOY150 | SLOOIAST | SLO01-145 | SL001.173 | SL-001-182 | SLOOI-™1 B_n?ﬁ
PowarRating Pl Wp 150'Wp 157'Wp 165'Wp 173'Wp 182 Wp 191'Wp | 200Wp
Powar Tolerance (%) %i'Wp +4, .5 +/4 +/4 +/4 /4 +/4 «/4
Vg tdehtage st Maximurn Power) Voles 657V &75V 96V NV 739V 760V 783V
b W urrart ot Maserurn Powes) Amps 228 A 233 A 237 A 241 A 245 A 251A 255A
Ve (Open Crout Vokage) Velts 9.4V 25V 39V 952 967V Y82V PRIV
ke [Ehort Crvit Currere) Amps 272A 273A 274A 275A 276 A 277 A 278 A
Terrp. Coafficient of Vs« *XC -24
Temp. Coafficient of ke XC -02
Temp. Coefficient of Power *WC -25

System Information

Cell type Cylindrical CIGS

Maximum System ‘eltaga

Univarsal design: 1000V (1EC) & 600V (UL) systemns

Dimarsions Parcl: 182mx 1.08 mx0.05m

Haight: 0.3 m to top of panal onmounts
Mounts Non-panatrating, powderccated Aluminum

Up to 2.17 mounts per pancl
Cennacters 4 Tyco Sclarlok; 0.20 m cable
Serias Fuse Rating 23 Amps

- s S peneal weh ol ol the mom,

Rock Load 16 kg/né (3.3 Ibfit) panal and mounts ;m:s‘“ami::_.igﬂl dp.,:-.gm
Panol'ﬂoight 3 kg{dﬁ|b) S v {arteners requred o buld o standerd srep
Snow Load Maximum 2800 Pa (585 Ib/&7)
'‘Wind Perfoemanca 208 kev'h (130 mph) maximum

Solf ballasting with no attachmants
Oparating and Storsgs Temp | -40°C to +85°C

Normal Cparating Cell
Temperature pocy

417°C ot BOOW /', Temp = 20°C, Wind = 1m/s

Cartifications/Listings UL1703, IEC 61446, CEC listirs
IEC 61730, IEC 61645, CE Mar
Application Class A per IEC 617302
Fira Class C
‘Warranty 25 yaar limitad powar warranty N
5 yaar limitad preduct warranty S LY N D R A

Solyndra, Inc + 47700 Kate Road

Frameat, CA + wwwasclyndracom

The new shape of solar™
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Appendix 5: a-Si module Results
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Fill Factor
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a-Si module fill factor over time and POA Irradiance
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a-Si module electrical characteristics — current (I) and voltage (V) versus POA Irradiance
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a-Si module Power and Efficiency versus Module Temperature
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a-Si module Energy yields for three concurrent days in July, Sept and Dec 2010
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Appendix 6: c-Si module Results
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c-SI module fill factor
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¢-Si module electrical characteristics - current (1) and voltage (V) versus POA Irradiance
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¢-Si module Power and Efficiency versus Module Temperature
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¢-Si module Energy yields from three concurrent days in July, Sept and Dec 2010
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Appendix 7: CIGS module Results
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CIGS module fill factor over time and intensity of light (POA Irr)

7(c)

0.80

0.70 : — : —

0.60

Fill Factor

0.50

0.40

0.30 < . >
7/1/2010 8/1/2010 9/1/2010 10/2/2010 11/2/2010 12/3/2010

7(d)
0.85

0.75

0.65

0.55

Fill Factor

0.45

0.35

0-25 T T T T T T T 1
0 200 400 600 800 1000 1200 1400

POA Irradiance W/m?



54

CIGS module electrical characteristics - current (1) and voltage (V) versus POA Irradiance
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CIGS module Power and Efficiency versus Ambient Temperature

7(g)

LYY
‘oo
(<34

tY
sghAs

'$ o
o

120%
100%
80%
60%

40%

7(h)

0.80

0.70

101de4 ||14

0.20

15 20 25 30 35 40
Ambient Temperature °C

10

-10



56

CIGS module Energy yields from three concurrent days in July, Sept and Dec 2010
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57

Power versus wind speed c-Si module
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Appendix 9: Conclusions
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