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Introduction

Comparison of Photovoltaic
Module Performance
Measurements

Computer simulation tools used to predict the energy production of photovoltaic systems
are needed in order to make informed economic decisions. These tools require input
parameters that characterize module performance under various operational and envi-
ronmental conditions. Depending upon the complexity of the simulation model, the re-
quired input parameters can vary from the limited information found on labels affixed to
photovoltaic modules to an extensive set of parameters. The required input parameters
are normally obtained indoors using a solar simulator or flash tester, or measured out-
doors under natural sunlight. This paper compares measured performance parameters
for three photovoltaic modules tested outdoors at the National Institute of Standards and
Technology (NIST) and Sandia National Laboratories (SNL). Two of the three modules
were custom fabricated using monocrystalline and silicon film cells. The third, a com-
mercially available module, utilized triple-junction amorphous silicon cells. The resulting
data allow a comparison to be made between performance parameters measured at two
laboratories with differing geographical locations and apparatus. This paper describes
the apparatus used to collect the experimental data, test procedures utilized, and result-
ing performance parameters for each of the three modules. Using a computer simulation
model, the impact that differences in measured parameters have on predicted energy
production is quantified. Data presented for each module includes power output at stan-
dard rating conditions and the influence of incident angle, air mass, and module tem-
perature on each module’s electrical performance. Measurements from the two labora-
tories are in excellent agreement. The power at standard rating conditions is within 1%
for all three modules. Although the magnitude of the individual temperature coefficients
varied as much as 17% between the two laboratories, the impact on predicted perfor-
mance at various temperature levels was minimal, less than 2%. The influence of air mass
on the performance of the three modules measured at the laboratories was in excellent
agreement. The largest difference in measured results between the two laboratories was
noted in the response of the modules to incident angles that exceed 75 deg.
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varied from —13°C to over 75°C, the air mass varied from 1.02 to
30, the solar irradiance varied from 0 W/m? to 600 W/m?2, and

The performance characteristics of photovoltaic modules are
needed in order to model their annual performance [1-5]. Infor-
mation available from manufacturers is typically limited to tem-
perature coefficients, short circuit current /., open circuit voltage
Voo and the maximum power P, at rating conditions. This in-
formation, while useful in comparing photovoltaic module perfor-
mance at rating conditions, is inadequate to predict annual perfor-
mance under typical operating conditions [6—8]. It has been
shown that the relative performance ranking at rating conditions
may not agree with the ranking based on annual performance [9].
Discrepancies between the rated and annual rankings are attrib-
uted to the large annual variations that are experienced in incident
angle, solar spectrum, operating temperature, and solar irradiance
as compared to the typical rating conditions of 25°C cell tempera-
ture, a prescribed solar spectrum, 1000 W/m? irradiance level,
and zero angle of incidence.

During a multiyear study at National Institute of Standards and
Technology (NIST), various photovoltaic modules have been in-
tegrated into a building’s south-facing vertical fagade [10,11].
During a typical year, the temperature of the photovoltaic cells
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the incident angle varied between 27 deg and 90 deg. As various
photovoltaic modules respond differently to each of the param-
eters cited above, it is not surprising that the relative performance
of photovoltaic modules exposed to actual operating conditions
does not duplicate that obtained at a fixed set of rating conditions
[9].

In order to accurately predict the annual performance of a pho-
tovoltaic system for any given geographical location, building ori-
entation, and photovoltaic cell technology, models are needed that
can accurately predict the response of the photovoltaic systems to
the wide range of operational conditions they encounter. Sandia
National Laboratories (SNL) has developed a photovoltaic array
performance model [12] that is capable of predicting the annual
electrical energy output of various photovoltaic modules to within
5% of the measured values [13]. The performance prediction
methodology developed by SNL has been implemented in a per-
sonal computer program called PV Design Pro [14]. This model
requires detailed input parameters that characterize the response
of a given photovoltaic module to cell temperature, solar irradi-
ance, incident angle, and air mass. In order to utilize PV Design
Pro to predict the annual performance of modules used in the
multiyear studies at NIST, module characterization parameters
were measured at both NIST and SNL. This paper compares NIST
and SNL electrical performance measurements for three photovol-
taic modules.
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Table 1

Module specifications

Cell technology Monocrystalline
Module dimensions (m X m) 1.38 X 1.18
Front cover 6 mm glass
Ethylene vinyl acetate encapsulant (EVA) X
Backsheet/Color Tedlar/Charcoal®
Cell dimensions (mm X mm) 125X 125
Number of cells (in series) 72

Rated power (W) 153

Cell area (m?) 1.020
Aperture area (m?) 1.682
Coverage area (m?) 1.160

Silicon film Triple-junction amorphous
1.38 X 1.18 1.37X1.48
6 mm glass “Tefzel
X
Tedlar/Charcoal® Stainless steel
150X 150 119 X340
56 44
92 128
1.341 1.780
1.682 2.108
1.371 1.815

“Certain trade names and company products are mentioned in the test or identified in an illustration in order to adequately specify the experimental procedure and equipment
used. In no case does such an identification imply recommendation or endorsement by the National Institute of Standards and Technology, nor does it imply that the products

are necessarily the best available for the purpose.

Experimental Apparatus

Photovoltaic Modules. The three photovoltaic modules in this
study consisted of two custom fabricated and one commercially
available module, Table 1. The custom fabricated modules were
constructed using monocrystalline and silicon film cells and sized
to replace existing fenestration units. The commercially available
photovoltaic module utilized triple-junction amorphous silicon
photovoltaic cells. Unlike the monocrystalline and silicon film
modules, in which the number of cells can readily be varied to
produce modules of various sizes, the manufacturing process used
to produce triple-junction amorphous silicon modules is not
readily amendable to producing a small quantity of custom sized
modules. The total cell, coverage, and aperture areas listed in
Table 1 represent the combined cell area, the combined areas of
the cells and any spaces between the cells, and the total area of the
module respectively. A detailed description of the modules is
given in Fanney et al. [10].

NIST and SNL Solar Tracking Test Facilities. The mobile
solar tracking facility at NIST used to characterize the electrical
performance of building integrated photovoltaic (BIPV) modules
is shown in Fig. 1. The facility incorporates meteorological instru-
ments, a data acquisition system, and a current versus voltage (IV)
curve tracer. Precision spectral pyranometers are used to measure

Fig. 1

NIST’s mobile solar tracking facility
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total (beam plus diffuse) solar radiation. A pyreheliometer is used
to measure the beam component of solar radiation. Spectral radia-
tion data from 300 nm to 1100 nm are obtained using a spectro-
radiometer with selectable scan intervals. A three-cup anemometer
and wind vane assembly is used to measure wind speed and di-
rection, respectively. Ambient temperature is measured using a
perforated tip, type-T thermocouple sensor enclosed in a naturally
ventilated multiplate radiation shield. The output signals of the
meteorological instruments and thermocouples associated with the
building integrated photovoltaic modules are measured using a
60-channel data acquisition system. An electronic ice point refer-
ence unit is used to reference the thermocouple junctions.

The IV curve tracer is programmed to sweep the module’s IV
curve and store the resulting values every minute. The current and
voltage resolutions are 14 mV and 2.4 mA, respectively. The solar
tracking test facility is powered by means of an on-board uninter-
ruptible power supply (UPS) capable of operating the equipment
for approximately 14 h. For multiple day tests, the UPS is charged
through the use of a portable generator.

The electrical performance testing at SNL was done with the
modules mounted on a computer controlled solar tracker, Fig. 2.
Meteorological data instrumentation provided wind speed (three-
cup anemometer at 3 m height), wind direction, pressure, and
both ambient and dew point temperature using an aspirated shield.
Total (global) solar irradiance data were provided by a silicon
reference cell and a thermopile-based pyranometer mounted on
the solar tracker, and simultaneous measurements from other fa-
cility instruments provided direct normal (beam) irradiance and
total horizontal diffuse irradiance. All solar irradiance instruments
have calibrations traceable to established standards organizations.
Like NIST, the solar spectral content was measured in the
wavelength range from 300 nm to 1100 nm using a spectroradi-

Fig. 2 SNL’s photovoltaic test facility
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Table 2 Summary of measured photovoltaic module parameters

Silicon film Monocrystalline Triple-junction amorphous
Standard NIST SNL SNL NIST SNL NIST SNL
reference Insulated Uninsulated Insulated Insulated Uninsulated Insulated Uninsulated
condition
Prpo (W) 103.96 104.95 104.32 133.4 133.99 57.04 57.2
Io (A) 5.11 5.07 5.04 4.37 4.32 4.44 4.48
Vm (\% 29.61 30.12 30.23 42.93 43.53 23.16 23.49
Lupo (A) 4.49 4.46 441 3.96 3.92 3.61 3.52
(V) 23.17 23.53 23.66 33.68 34.23 16.04 16.27
mpo
Module temperature coefficients
ase (A/°C) 4.68E-03 4.78E-03 4.778E-03 1.75E-03 1.50E-03 5.61E-03 6.58E-03
arsc (1/°0C) 9.16E-04 9.40E-04 1.02E-03 4.01E-04 3.50E-04 1.26E-03 1.47E-03
avp (A/°C) 1.60E-03 2.00E-03 2.00E-03 -1.54E-03 -1.72E-03 7.35E-03 7.50E-03
Qqvps (1/°C) 3.58E-04 4.46E-04 4.73E-04 -3.90E-04 —-4.46E-04 2.03E-03 2.15E-03
Bvoc (V/°C) -1.30E-01 -1.41E-01 -1.41E-01 -1.52E-01 -1.74E-01 -9.31E-02 —1.04E-01
Bvoc (1/°C) —-4.39E-03 —-4.69E-03 —-4.67E-03 -3.55E-03 -3.99E-03 —-4.02E-03 —-4.41E-03
Bymp (V/°C) -1.30E-01 -1.40E-01 -1.40E-01 -1.54E-01 -1.76E-01 —-4.77TE-02 -5.07E-02
VMP (1/°C) -5.63E-03 -5.95E-03 -5.92E-03 —-4.56E-03 -5.13E-03 -2.98E-03 -3.12E-03
Cell temperature coefficients
arse (A/°C) 8.36E-05 8.54E-05 8.54E-05 2.43E-05 2.08E-05 - -
avp (A/°C) 2.86E—-05 3.57E-05 3.57E-05 -2.14E-05 -2.39E-05 - -
Bvoc (V/°C) -2.32E-03 -2.52E-03 -2.52E-03 -2.11E-03 -242E-03 - -
Bymp (V/°C) -2.32E-03 -2.50E-03 -2.50E-03 -2.14E-03 -2.44E-03 - -
Air mass coefficients
f(AMa) Cnst 9.38E-01 9.39E-01 9.31E-01 9.36E-01 9.25E-01 11 9.82E-01
Ama 6.22E-02 5.52E-02 6.74E-02 5.43E-02 6.89E-02 -6.14E-02 5.88E-02
Ama* -1.50E-02 -1.09E-02 -1.69E-02 -8.68E-03 -1.39E-02 —-4.43E-03 —3.73E-02
Ama’® 1.22E-03 8.13E-04 1.53E-03 5.27E-04 1.15E-03 6.32E-04 4.12E-03
Ama* -3.40E-05 -2.35E-05 -5.52E-05 -1.10E-05 -3.83E-05 -1.92E-05 —-1.47E-04
Incident angle coefficients
f(AOI) Cnst 9.99E—01 1 1 1 1 1 1
Aol -6.10E-03 -2.44E-03 -2.44E-03 -5.56E-03 -2.44E-03 -5.65E-03 -5.02E-03
AOP? 8.12E-04 3.10E-04 3.10E-04 6.53E-04 3.10E-04 7.25E-04 5.84E-04
AOP -3.38E-05 -1.25E-05 -1.25E-05 -2.73E-05 -1.25E-05 -2.93E-05 -2.30E-05
Aol* 5.65E-07 2.11E-07 2.11E-07 4.64E-07 2.11E-07 4.97E-07 3.83E-07
AOP -3.37E-09 -1.36E-09 -1.36E-09 -2.82E-09 -1.36E-09 -2.74E-09 -2.31E-09

The following values of uncertainty represent the expanded uncertainty using a coverage factor of 2.

NIST measurement uncertainties

Propo-£2.2% I £1.7%
Voo £ 1.1% Lnpo-£1.6%
Vinpo- % 1.4%

SNL measurement uncertainties

Propo-£2.3% I +1.9%
Voo £ 1.0% Tnpo-£2.0%
Vinpo- £ 1.1%

ometer. Multiple small gage type-T thermocouples, with an elec-
tronic ice point reference mounted on the solar tracker, were used
to measure back surface module temperature.

SNL'’s test facility had four separate systems for measuring
module electrical characteristics, providing the opportunity for
side-by-side outdoor testing of different module types. The IV
curve sweep was generated using dc electronic loads. The pro-
grammable loads could be configured for power ranges from
about 1 W to 1800 W using different plug-in cards. Simultaneous
current and voltage measurements were obtained using a pair of
precision autoranging voltmeters with resolution of 0.0035% of
the measured value, or about 1 mV for a module voltage of 30 V.

Measured Parameters

Photovoltaic system simulation models require information that
relates the electrical output of photovoltaic modules to various
environmental and operating conditions. In this study the input
information required by PV DESIGN PRO [14], a detailed simulation
model using algorithms developed by King et al. [12,15-17] was
measured using facilities at NIST and SNL. The required input
information, Table 2, includes the effect of temperature, air mass,
and incident angle on a module’s electrical output as well as the
electrical output at standard rating conditions. A description of
each input parameter, the method of test used to obtain each pa-
rameter, and the measured results follow.

154 / Vol. 128, MAY 2006

Temperature Coefficients. Temperature coefficients are used
to quantify the relationship between various electrical characteris-
tics of a photovoltaic device and its operating temperature. Unlike
ASTM E 1036-02 [18] that utilizes only the short circuit tempera-
ture coefficients aqgc and the open circuit voltage temperature
coefficient Bygc to translate measured currents and voltages to
various operating temperatures, the algorithms developed by King
et al. [15] use two additional temperature coefficients, the maxi-
mum power current and voltage coefficients apgp and Byup,
respectively.

The procedure specified within ASTM E 1036-02 determines
the open-circuit voltage and short-circuit current temperature co-
efficients from a matrix of open-circuit voltage and short-circuit
current values that result from measurements over a range of op-
erating temperatures of 0°C to 80°C and a specified irradiance,
typically 1000 W/m?.

ASTM E 1036-02 allows measurements to be made using a
pulsed indoor solar simulator, shuttered continuous solar simula-
tor, shuttered sunlight, or continuous sunlight. Temperature coef-
ficients for this study were determined outdoors at both laborato-
ries using the methodology proposed by Sandia National
Laboratories [12,15]. At NIST the back of each module was
placed on a nominal 102 mm thick extruded insulation board that
extends approximately 100 mm beyond the module’s outer perim-
eter. At SNL the custom fabricated module using silicon film cells
was insulated in an identical manner to the technique used at
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NIST. The remaining two modules were tested at SNL without
insulation present. Use of the insulation thermally insulates the
photovoltaic module from the tracker’s mounting structure and
helps ensure temperature uniformity as well as increasing the tem-
perature range to which the module is subjected during the tem-
perature coefficient tests. Prior to testing, the module is shaded
with a reflective cover positioned approximately 75 mm above the
photovoltaic module.

The average temperature of each module is determined by the
mean of five thermocouples attached to its rear surface. During
the tests, the solar tracking facilities are operated in the full track-
ing mode, resulting in the sun’s rays being perpendicular to the
module’s surface throughout the test. The cover used to shade the
module is removed and data collection is initiated. The IV curve
tracer at NIST captures the module’s electrical performance each
minute until the photovoltaic module’s average temperature ap-
proaches steady state. The SNL current-voltage (IV) scans are
measured at approximately 30 s intervals with the module held at
the maximum-power point condition between scans.

At NIST the tests are conducted when the absolute air mass is
as close as possible to the reference value of 1.5. The measured
short-circuit current and maximum power current is adjusted by
multiplying the measured values by the ratio of the reference ir-
radiance E, (1000 W/m?) to the measured irradiance. The cur-
rents are subsequently adjusted to an absolute air mass (AM,) of
1.5 by using the measured air mass function for each module. At
SNL temperature coefficient measurements are made during peri-
ods of low wind conditions and “stable” sunshine conditions, typi-
cally within an hour of solar noon. A spectral air mass correction
is not applied to the SNL measured current values. The adjusted
I and I, for each IV curve are plotted against the average mod-
ule temperature. The slopes of the resulting regressions are the
temperature coefficients a;, and ajpp.

The temperature coefficients for the open circuit and maximum

power voltage are determined in a similar manner using the same
set of IV curves. Unlike the short-circuit current and maximum
power current, the voltage values are assumed to be independent
of the solar irradiance level and air mass. King et al. [15] found
that there is typically less than a 5% change in the voltage coef-
ficients over a tenfold change in irradiance—100 W/m? to
1000 W/m?. The open circuit and maximum power voltage for
each IV curve are plotted versus the module’s temperature. The
slope of the linear regressions relating the voltages to module
temperature are the voltage temperature coefficients S3,,. and
ﬂvmp'
Table 2 includes a compilation of the temperature coefficients
Qiscs Ximps Pyocs and By, measured at NIST and SNL in accor-
dance with the previously described procedures. Two sets of units
are associated with each coefficient. The test procedure produces
results in units normally used within the photovoltaic industry
A/°C or V/°C. Unfortunately, results presented in these units are
not readily compared to temperature coefficients for modules that
may use identical cells but differ in the number of cells or the
manner in which the cells are interconnected. In order to address
this issue and to facilitate comparisons, the current and voltage
temperature coefficients are divided by the corresponding current
or voltage values (Iio, Impor Vocor @aNd Vipyo), at standard rating
conditions. If the temperature coefficients of a photovoltaic mod-
ule using identical cells but having a different electrical configu-
ration are needed, the normalized temperature coefficients (1/°C)
are multiplied by the appropriate value (/s, Iinp, Voo, and Vi) of
the module for which the coefficients are desired. Individual cell
temperature coefficients for the silicon film and monocrystalline
modules are also given in Table 2. The cell temperature coeffi-
cients for the triple-junction amorphous panel was not computed
as each of the 22 triple-junction cells within this modules are
comprised of three cells in series.

The temperature coefficients measured at NIST and SNL are
presented in Figs. 3 and 4. It is interesting to note that although
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Fig. 3 Comparison of current temperature coefficients

the coefficients measured by the two laboratories vary from 2% to
17%, due to the small magnitude of the coefficients, the impact on
predicted performance is insignificant. Table 3 illustrates this by
taking the performance of the three modules at standard rating
conditions, as reported by NIST in Table 2, and applying the tem-
perature coefficients measured at the two laboratories to predict
the performance of the modules at two extreme operating tem-
peratures. The resulting difference between the predicted module
performance parameters using the two sets of temperature coeffi-
cients is less than 3% in all cases.

Air Mass Function. The air mass function is an attempt to
capture the influence of the solar energy’s spectral distribution on
the conversion efficiency of the photovoltaic cells. The solar spec-
trum is influenced by a number of factors including the absolute
air mass, precipitable water content, turbidity, clouds, aerosol par-
ticle size distribution, particulate matter, and ground reflectance
[19]. The magnitude of the solar spectrum’s effect on the photo-
voltaic cell’s performance depends upon the type of cell technol-
ogy being utilized. King et al. [17] have found that under clear sky
conditions, the majority of the solar spectral influence can be
taken into account by considering only the air mass. The relation-
ship between the photovoltaic module’s short-circuit current and
absolute air mass is defined as the air mass function.

The air mass function for each of the building integrated pho-
tovoltaic modules was measured using the methodology proposed
by King et al. [12,17]. The NIST and SNL tracking facilities are

Voitage Temperature Coefficients
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Fig. 4 Comparison of voltage temperature coefficients
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Table 3 Predicted electrical performance parameters using NIST and SNL temperature

coefficients

Module Monocrystalline Silicon film Triple-junction amorphous
Temperature

Coefficient 0°C 75°C 0°C 75°C 0°C 75°C
Source NIST SNL NIST SNL NIST SNL NIST SNL NIST SNL NIST SNL
I(A) 433 433 446 444 499 499 534 535 430 428 472 479
Imp(A) 400 400 388 387 445 444 457 459 343 342 398 399
Voe(V) 46.74 4727 3531 3426 32.86 33.14 23.11 2255 2549 2575 1851 1798
Vmp(V) 37.52 38.07 26.00 2490 2643 26.67 16.65 16.17 17.23 17.31 13.65 13.50

operated in a manner that maintains a zero angle of incidence
throughout the day. Measurements are made every minute at NIST
and every 30 s at SNL from sunrise to sunset.

The short-circuit current associated with each IV curve is ad-
justed to a nominal temperature 7, of 25°C and nominal irradi-
ance E, of 1000 W/m? using the previously determined short-
circuit temperature coefficient

E!)
Isc(Tr’Eo) = EIsL(T) + alsc(Tr_ T) (1)

The relative short-circuit values are subsequently obtained by
dividing the values obtained using Eq. (1) by the temperature and
irradiance adjusted short-circuit current measured at an absolute
air mass of 1.5. The air mass is computed using the zenith angle of
the sun Z; and the following equation [20]:

AM =[cos(Z,) + 0.5057 - (96.080 — Z,)~ 634! (2)

Finally, the absolute air mass is computed by multiplying the
air mass value (Eq. (2)) by the product of the atmospheric pres-
sure at the test site P to the atmospheric pressure at sea level P,,.

P
AM,=AM| — 3)
P,

A fourth-order regression is used to determine the relationship
between the I, values determined in Eq. (1) and the correspond-
ing absolute air mass values

Predicted Relative Is¢ Values
Mono Crystalline, Silicon Film, and Triple Junction Amorphous

e =i
\\

1.10

1.00

090

0.80

Relative k.

0o ~4~—Triple Junction Amorphous  ~#—Silicon Film == Mono Crystalline )

0.50 T T — T T T

2 3 4
Absolute Air Mass, AMa

Fig. 5 Air mass functions for modules
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fl(AMa) =apta;- AMa + aZ(AMa)Z + QS(AM0)3 + a4(AMa)4
“4)

The resulting coefficients measured by the two laboratories for
the various modules are given in Table 2.

It is interesting to note that the relative air mass response is
similar for the modules that utilize the monocrystalline and silicon
film cells. Air mass has a much greater effect on the triple-
junction amorphous module than the other two modules, Fig. 5. At
an absolute air mass of six, the response of the module using the
triple-junction amorphous technology is approximately 70% of
that exhibited by the (BIPV) modules using the monocrystalline
and silicon film cell technologies. The significantly lower air mass
response exhibited by the triple-junction amorphous module, is
due to the fact that amorphous silicon cells are less responsive,
compared to the other cell technologies, to the portion of the solar
spectrum with wavelengths greater than 900 nm. As the absolute
air mass increases, the solar spectrum contains a greater percent-
age of wavelengths above 900 nm resulting in the significant drop
off exhibited in Fig. 5.

The predicted air mass function values using the coefficients
measured at the two laboratories for the monocrystalline module
agrees to within 1% for absolute air mass values of 4 or less and
to within 4% for absolute air mass values having a value up to 9,
Fig. 6. The predicted air mass values for the module utilizing
triple-junction amorphous cells agrees to within 3% over the en-
tire range.

SNL conducted two experiments to determine the air mass
function for the silicon film module. One set of measurements was
conducted with the extruded insulation applied to the rear surface
of the module. The second set of measurements was captured with

NIST and SNL Predicted Relative Isc Values
Mono Crystalline Module
1.10

1.08 \
<
(3
2 1.00 ¥
&
O
2
0.95 7 [==NIST Coefficients —=- SNL Coefficients |
90 +—-———vv—————
0 2 4 6 8 10

Absolute Air Mass, AMa

Fig. 6 Comparison of air mass function values
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Silicon Film Module
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Fig. 7 Comparison of air mass functions for silicon film
module

no insulation applied to the rear surface of the module. The results
are compared to the NIST measurements, where insulation was
present on the rear surface of the module, Fig. 7.

The resulting relative /. values predicted using the coefficients
determined at SNL and NIST for the insulated silicon film module
are within 1% over the entire air mass measurement range. It is
interesting to note, Fig. 7, the unexpected difference in the pre-
dicted air mass function for the silicon film module in the insu-
lated versus uninsulated SNL tests.

Incident Angle Function. The angle defined by the sun’s rays
and normal to the photovoltaic module’s surface is the angle of
incidence (AOI) or incident angle. The angle of incidence is com-
puted using the sun’s azimuth and zenith angles, and the slope and
azimuth angles of the BIPV module [21]. The optical properties of
the module’s glazing material vary with incident angle. Under
clear sky conditions, the “incident angle effect” can be quite
pronounced for angles greater than 60 deg. Under uniform diffuse
conditions, the angle of incidence does not affect the electrical
output of the photovoltaic module. The reduction in annual per-
formance of photovoltaic modules due to the varying incident
angle has been described by Martin and Ruiz [22] for various
geographical locations and tilt angles.

The effect of incident angle on the electrical performance of a
photovoltaic module is described by an empirically determined
function f, (AOI) [12,17]. The NIST and SNL solar tracking fa-
cilities were used to vary the incident angles of the test modules
while measuring its electrical performance. Data are collected at
various incident angles with the greater emphasis on incident
angles greater than 60 deg. A normal incidence pyreheliometer
mounted on a separate solar tracker, provides independent mea-
surements of the beam irradiance during these tests. The diffuse
irradiance in the plane of the BIPV module is determined using
the following equation:

Eify = Eipoa — Egnicos 0 (5)

where E,, is the total incident solar radiation, measured in the
plane of the photovoltaic module using a precision spectral pyra-
nometer, W/m?; E,,; is the beam irradiance measured using a
normal incident pyreheliometer tracking the sun, W/m?; and @ is
the incident angle, deg.

The incident angle function value for each measurement is
computed using the procedure developed by King et al. [12,17,23]
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Fig. 8 Comparison of incident angle response functions for
monocrystalline module

E
_OISC(AMH = 1.5,T= 25 ° C) - Ediff

(AOI) = == (6)
F ) E 4,icos(AOI)
where E, and I, are the reference irradiance and current output
of the module at standard reporting conditions, respectively.

A fifth-order regression is used to determine the coefficients
associated with the equation,

F2(AOI) = by + by + AOI + by(AOI)? + b3(AOI)? + b, (AOI)*
+bs(AOI)° (7)

The coefficients resulting from a fifth-order curve fit to the NIST
and SNL incident angle data for each module are listed in Table 2.
The incident angle responses to the monocrystalline and silicon
film modules are very similar, Figs. 8 and 9, respectively. This is
attributed to identical glazing material, 6 mm low-iron glass, used
as the glazing material for both modules. The predictive relative
I, values using the NIST and SNL coefficients for the single
crystalline module are within 5% for incident angles up to 80 deg.
At angles exceeding 80 deg the predicted /. values using the two
sets of coefficients rapidly diverge. A comparison of the predicted
I values for the silicon film module shows agreement within 5%
for angle of incidence up to 75 deg. As observed for the mono-
crystalline module, significant differences are observed for inci-
dent angles greater than 75 deg.

The triple-junction amorphous module uses a 0.05 mm
(0.002 in.) thick Tefzel polymer glazing and its response to angle
of incidence is significantly different than that observed for the

Silicon Film Module
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Fig. 9 Comparison of incident angle response functions for
silicon film module
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Triple-Junction Amorphous
Angle ofincidence Function Comparison

Table 4 Predicted January energy production Using NIST and
SNL module parameters, kW h

Monocrystalline Silicon film Triple junction
NIST SNL NIST SNL NIST SNL
10.61 10.62 7.54 7.51 5.29 5.24
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Fig. 10 Comparison of incident angle response functions for
triple-junction amorphous silicon module

other two modules with a glass front surface, Fig. 10. Unlike the
single crystalline and silicon film modules, the predicted relative
I values using the NIST and SNL coefficients begin to differ by
approximately 10% at angles greater than 40 deg. At incident
angles greater than 70 deg, significant differences are observed in
the predicted /. values.

Electrical Performance at Standard Rating Conditions. A
required input for photovoltaic performance models is the electri-
cal performance of the photovoltaic module “standard reporting
conditions.” Typically an irradiance level of 1000 W/m?, a stan-
dard solar spectral distribution, a cell temperature of 25°C, and a
0 deg angle of irradiance are specified. These conditions have
been adopted in this paper as the standard rating conditions with
the exception of the standard solar spectrum. In the values re-
ported within this paper, the photovoltaic modules’ performance
reported by NIST is at an absolute air mass of 1.5. At SNL the
solar spectrum is measured and used to correct the measured cur-
rent values to the ASTM standard global spectrum [24] using the
spectral response measurements for a representative solar cell and
ASTM E 973-02 [25].

Each BIPV module’s performance at this set of rating condi-
tions is determined using the procedures developed by King et al.
[12]. Using the NIST and SNL solar tracking facilities to maintain
the sun’s rays perpendicular to the front surface of the module
(AOI=0), the curve tracer is used to collect IV curves under clear
sky conditions. The resulting short-circuit current values are cor-
rected to an absolute air mass of 1.5 and a 25°C cell temperature
using the previously determined air mass function and tempera-
ture coefficients. The resulting /. values are plotted versus the
coincident solar irradiance striking the module. A regression
through the data is used to predict the short circuit current at
1000 W/m?, denoted I,.

The measured maximum power current values are plotted ver-
sus the effective irradiance defined as

ISC
E€ Isco[l + aisc(Tc - Tr)] (8)
where the denominator is the short-circuit current of the module at
standard rating conditions adjusted to the reference temperature
T,. The maximum power current corresponding to an effective
irradiance of unity is the maximum power current at standard
rating conditions /.

Using the open-circuit and maximum power temperature coef-
ficients, the open-circuit voltage and maximum power voltage
measurements associated with each IV curve are translated to
25°C and plotted versus the natural logarithm of the effective
irradiance values. Using a linear regression in the case of the open
circuit voltage values, and a second-order polynomial in the case
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of the maximum power voltage values, the open-circuit voltage
and maximum power voltage values are determined at an effective
irradiance of 1.0.

The current and voltage values for each photovoltaic module at
standard reference conditions are given in Table 2. These values
include the maximum power output Py, the current and voltage
at the maximum power point /,,,, and Vi, respectively, the short
circuit current /g, and the voltage at open circuit conditions V.
The uncertainties associated with these measurements, included
within Table 2, were computed in accordance with procedures
outlined by Whitfield and Osterwald [26].

The agreement between the values reported by SNL and NIST
is outstanding. It should be noted that this excellent agreement
was achieved using different techniques at the two laboratories to
measure incident solar radiation. NIST utilized a broadband ther-
mopile pyranometer as the primary instrument to measure solar
irradiance whereas SNL used a silicon reference cell with typical
ASTM spectral corrections. The measured maximum power out-
put at reference conditions is within 0.6% for all three modules.
The two laboratories reported short-circuit and maximum power
current values within 2% of each other, with the NIST reported
values being slightly greater than those measured at SNL. Con-
versely, the values reported by SNL for open-circuit voltage and
maximum power voltage were consistently larger than those mea-
sured at NIST, but always within 2%.

In order to better quantify the impact that the small differences
in measured module parameters would have on the predicted per-
formance of a photovoltaic system, NIST and SNL parameters
were used in conjunction with a photovoltaic model [14] to pre-
dict the energy that would be produced by a single photovoltaic
module system for the month of January in Gaithersburg, MD.
Only the photovoltaic modules were modeled and it was assumed
that they would be operated at their maximum power point. The
modules were assumed to be used in a south-facing vertical wall
application. Simulations were run for Gaithersburg, MD [27] us-
ing meteorological data recorded during January 2001. The re-
sults, Table 4, show that although small differences exist in the
module parameters reported by the two laboratories, Table 2, the
predicted energy production for each module, was in excellent
agreement.

Summary

The electrical performance of three photovoltaic modules was
measured at the National Institute of Standards and Technology
and Sandia National Laboratories. The objective was to compare
the measured power output of the modules at standard rating con-
ditions including the response of each module to changes in cell
temperature, angle of incidence, and air mass under outdoor con-
ditions. The study provided a comparison of measurements made
under outdoor conditions at two facilities that differ in prevailing
climatic conditions and experimental apparatus.

Although the temperature coefficients measured at the two
laboratories varied from 2% to 17%, the impact of these differ-
ences on overall module performance was less than 2% for cell
temperatures between 0°C and 75°C. The air mass functions,
based on data from NIST and SNL, predicted relative short-circuit
current values to within 4% for each of the three modules. The
angle of incident functions measured at NIST and SNL for each of
the modules was generally in good agreement for incident angles
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of 70° or less. At incident angles that exceed 70°, significant dif-
ferences were observed in the predicted /. values.

The performance of each module at standard rating conditions
was determined using the procedure developed by King et al.
[12,16]. The short circuit and maximum power current values re-
ported by the two laboratories are within 2%, with the NIST re-
ported values consistently greater than those reported by SNL.
Conversely, the SNL reported values for open-circuit and maxi-
mum power voltages were consistently higher, approximately 2%,
than the values determined at NIST. The power output at standard
rating conditions was in excellent agreement, within 1%, for each
of the three modules. Finally, the full set of NIST and SNL mea-
sured parameters, Table 2, were used in conjunction with a pho-
tovoltaic system model [14] to predict monthly energy production
for the modules using meteorological data recorded during Janu-
ary 2001 at Gaithersburg, MD. The monthly energy production
predicted using the parameters measured by the two different
laboratories agreed to within 1% for all three modules.
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