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Comparison of Predicted to
Measured Photovoltaic Module
Performance
To accurately predict the electrical performance of photovoltaic modules computer simu-
lation models are essential. Without such models, potential purchasers of photovoltaic
systems have insufficient information to judge the relative merits and cost effectiveness of
photovoltaic systems. The purpose of this paper is to compare the predictions of a simu-
lation model, developed by Sandia National Laboratories, to measurements from photo-
voltaic modules installed in a vertical wall façade in Gaithersburg, MD. The photovoltaic
modules were fabricated using monocrystalline, polycrystalline, tandem-junction amor-
phous, and copper-indium diselenide cells. Polycrystalline modules were constructed
using three different glazing materials: 6 mm low-iron glass, 0.05 mm ethylene-
tetrafluoroethylene copolymer, and 0.05 mm polyvinylidene fluoride. In order to only
assess the simulation model’s ability to predict photovoltaic module performance, mea-
sured solar radiation data in the plane of the modules is initially used. Additional com-
parisons are made using horizontal radiation measurements. The ability of the model to
accurately predict the temperature of the photovoltaic cells is investigated by comparing
predicted energy production using measured versus predicted photovoltaic cell tempera-
tures. The model was able to predict the measured annual energy production of the
photovoltaic modules, with the exception of the tandem-junction amorphous modules, to
within 6% using vertical irradiance measurements. The model overpredicted the annual
energy production by approximately 14% for the tandem-junction amorphous panels.
Using measured horizontal irradiance as input to the simulation model, the agreement
between measured and predicted annual energy predictions varied between 1% and 8%,
again with the exception of the tandem-junction amorphous silicon modules. The large
difference between measured and predicted results for the tandem-junction modules is
attributed to performance degradation. Power measurements of the tandem-junction
amorphous modules at standard reporting conditions prior to and after exposure revealed
a 12% decline. Supplying post exposure module parameters to the model resulted in
energy predictions within 5% of measured values. �DOI: 10.1115/1.3090826�
Introduction
In order to assess the economic feasibility of photovoltaic sys-

ems, computer simulation models are needed to predict the elec-
rical energy production of photovoltaic systems. Ideally, the
imulation models would be easy to use, accurate, capable of
odeling photovoltaic modules using a variety of cell technolo-

ies, and suitable for all geographical locations and mounting ori-
ntations. A number of photovoltaic simulation tools are currently
vailable with various levels of complexity, required inputs, and
evels of accuracy. An excellent overview of current photovoltaic

odels is presented within PHOTON International �1�.
Basic simulation models require limited information such as

eographical location, the tilt and azimuth angles associated with
he photovoltaic array, and the efficiency of the photovoltaic mod-
les at a prescribed set of reference conditions. Other models
equire additional information such as power output, open-circuit
oltage, and short-circuit current at standard reference conditions,
s well as temperature coefficients that quantify the relationship
etween the module’s operating temperature and conversion effi-
iency.

The model used in this study, developed by Sandia National
aboratories, is relatively complex, yet requires a manageable set
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of input parameters. It can be utilized in a variety of ways includ-
ing sizing photovoltaic arrays, investigating the effect of various
environmental conditions on module performance, and predicting
the performance of photovoltaic systems. In addition to utilizing
an expanded set of temperature coefficients, the model relies on
empirical relationships to capture the influence of the angle of
incidence, solar spectrum, and irradiance level on the module’s
electrical performance. The coefficients required for this model
have been compiled into a database that contains over 200 com-
mercially available modules �2�. The current implementation of
the model �3� incorporates a number of features not utilized in this
current study including meteorological data for a number of loca-
tions within the United States and the ability to incorporate invert-
ers, electrical wiring, shading, and battery storage systems.

This study focused on comparing the measured to the predicted
electrical performance of photovoltaic modules constructed using
various cell technologies and glazing materials operated at their
maximum-power point. This study differs from previous valida-
tion efforts in a number of ways. Unlike studies in which data
are collected for a few days, this study utilized an entire year’s
data collected at 5 min intervals. In lieu of comparing the
model to measured results for one type of cell technology, this
study permitted comparisons to four different photovoltaic
technologies—monocrystalline, polycrystalline, tandem-junction
amorphous, and copper-indium diselenide—and three different
glazing materials—6 mm low-iron glass, 0.05 mm �2 mils�
ethylene-tetrafluoroethylene copolymer �ETFE�, and 0.05 mm
polyvinylidene fluoride �PVDF�. Unlike many studies in which

the photovoltaic modules are positioned at tilt angles that seek to
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aximize the annual energy collection, the photovoltaic modules
n this study are integrated into a vertical building façade.

Experimental Apparatus
The apparatus used in this study includes the National Institute

f Standards and Technology’s �NIST� building integrated photo-
oltaic �BIPV� test facility �4�, photovoltaic test specimens, me-
eorological instruments, and a multicurve tracer. Two separate

eteorological stations were used to capture solar radiation data.
meteorological station located adjacent to the vertical south-

acing photovoltaic modules included a vertically mounted preci-
ion spectral pyranometer to measure solar radiation, a radiation-
hielded ambient temperature sensor, and an ultrasonic wind
ensor. A more extensive meteorological station, located on the
oof of NIST’s Building Research Laboratory, incorporates redun-
ant pyrheliometers and pyranometers to measure the beam com-
onent of solar radiation and total horizontal solar radiation, re-
pectively. The diffuse solar radiation is either directly measured
sing a continuously shaded horizontal pyranometer or by sub-
racting the product of the measured direct normal irradiance and
he cosine of the incident angle from the measured total horizontal
rradiance. Wind speed �WS� and direction are monitored 3 m
bove the roof using a three-cup anemometer and wind direction
ensor. Ambient temperature is measured using a sheathed type-T
hermocouple sensor, enclosed in a naturally ventilated multiplate
adiation shield.

The performance of each panel is monitored by a photovoltaic
ulticurve tracer. This instrument is configured to independently

oad and continuously operate each photovoltaic module at its
eak power point. The multitracer records each panel’s current
nd voltage outputs at the maximum-power point every 15 s and
ecords average 5 min values. Current versus voltage measure-
ents are also recorded every 5 min for each photovoltaic mod-

le.
The test specimens consisted of four custom-fabricated mod-

les and two sets of commercially available photovoltaic modules
Table 1�. The four custom-fabricated modules used 6 mm low-
ron glass as the structural element. One of the custom-fabricated

odules was fabricated using monocrystalline photovoltaic cells
nd the 6 mm glass as the front glazing. The remaining custom-
abricated photovoltaic modules were constructed using identical
olycrystalline cells but with three different front covers: 6 mm
ow-iron glass, 0.05 mm ETFE, and 0.05 mm PVDF. The 6 mm
lass served as the �rear� substrate for the two panels having the
olymer front covers. All custom-fabricated modules were insu-
ated on their rear surface using 100 mm of extruded polystyrene
nsulation.

Two different commercially available photovoltaic modules
ere installed in the BIPV test facility. One incorporated tandem-

Table 1 Building integrated ph

Cell technology
Monocrystalline

�m-Si�

Panel dimensions, W�H �m2� 1.38�1.18
Nominal cell dimensions �mm2� 125�125
No. of cells �in series� 72
Glazing covered by PV cells �%� 63
Rated power �W�–NIST 133
Total cell area �m2� 1.020
Coverage area �m2� 1.160
Aperture area �m2� 1.682

aThe first entry corresponds to the panel having the glass fro
cover. The power for the PVDF panel approached the ETFE
bThis value was determined from testing conducted after 2-a-
approximately 2 years. The value is the average of the measu
from test cell F.
unction amorphous �2-a-Si� silicon cells, whereas the second
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module type utilized copper-indium diselenide �CIS� cells. Due to
their smaller size, two tandem-junction amorphous and four
copper-indium diselenide modules were required to fill the curtain
wall openings created by removing existing fenestration units. In
order to explore the effect of elevated operating temperature on
performance, two identical sets of the tandem-junction and
copper-indium diselenide modules were installed in the BIPV test
facility. The rear surface of one set was not insulated while ap-
proximately 100 mm of extruded foam insulation was applied to
the rear surface of the second set. Due to the limited number of
aperture openings available, the custom-fabricated modules were
only tested in one configuration: rear surface insulated. The per-
formance of all modules was measured every 5 min over a twelve
month interval. Short-term tests were conducted to determine tem-
perature coefficients, the performance of the modules at standard
reporting conditions, and the coefficients required to take into
account the effects of air mass and angle of incidence. A detailed
description of each test is described by Fanney et al. �5�. The
resulting coefficients are given in Table 2.

3 Description of Model and Solar Radiation Data
The simulation model used to predict the performance of the

various photovoltaic modules in this study was developed at San-
dia National Laboratories �6�. The model can be used in a variety
of ways including sizing photovoltaic arrays, “translating” the per-
formance of a photovoltaic array from one set of operating con-
ditions to a different set, and predicting the performance of pho-
tovoltaic systems. This empirically-based model �see Appendix�
incorporates electrical, thermal, solar spectral, and optical effects.
In an attempt to make SNL’s photovoltaic model widely appli-
cable to the photovoltaic industry, extensive outdoor performance
tests have been conducted by SNL for over 200 commercially
available photovoltaic modules to provide the input parameters
required by the model. The results have been compiled into a
database.1 The solar resource and weather data required by the
model can be obtained from the tabulated databases or from direct
measurements.

The model utilizes four separate temperature coefficients, �ISC,
�IMP, �VOC, and �VMP, to model the effects of cell temperature on
module performance. Although two temperature coefficients �ISC
and �VOC are traditionally used in modeling photovoltaic mod-
ules, the use of four is believed to be instrumental in making
SNL’s model versatile enough to apply equally well for all pho-
tovoltaic technologies over the full range of operating conditions.
The model includes an algorithm for predicting the photovoltaic
module’s operating temperature given values of solar irradiance,
ambient temperature, wind speed, and the manner in which the

1

voltaic module specifications

Polycrystalline
�p-Si�

Tandem-junction
amorphous �2-a-Si� CIS

1.38�1.18 1.33�1.18 1.32�1.29
125�125 1160�9 1260�6.9

72 68 42
70 94 85

143–155a 2�40.6 b 4�38.8
1.134 1.487 1.451
1.168 1.487 1.451
1.682 1.682 1.935

he second entry applies to the panel having the ETFE front
e.
odules had been installed in the NIST south wall testbed for
ents on two different modules, one from test cell E and one
oto

nt; t
valu
Si m
rem
http://www.sandia.gov/pv.
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odules are mounted. SNL’s photovoltaic model has been trans-
ated into practice through a commercially available program �3�
s well as being considered for incorporation in building and sys-
em energy modeling programs, including DOE-2 �7�, and a PV
ystem analysis model �PV SunVisor� that is currently being de-
eloped at the National Renewable Energy Laboratory.

The photovoltaic model was exercised using solar radiation
ata measured in the plane of the photovoltaic modules �vertical�
s well as horizontal radiation data. When vertical radiation data is
sed, the diffuse irradiance on the vertical plane is determined by
ubtracting the product of the beam radiation and cosine of the
ncident angle from the measured total solar radiation incident on
he panels. During times when the incident angle between the sun
nd the photovoltaic modules exceed 90 deg, the total solar radia-
ion measured in the plane of the photovoltaic modules is consid-
red to be all diffuse.

Measured solar radiation data in the plane of photovoltaic mod-
les is not normally available for model validation. Thus, simula-
ions were conducted using the measured horizontal surface solar
adiation data. The diffuse component was determined using two
ifferent techniques: by using a precision spectral pyranometer
ith a shading disk and by subtracting the product of the beam

rradiance measured using a normal incidence pyrheliometer and
he cosine of the incident angle from the measured total horizontal
global� surface radiation. The resulting global and diffuse hori-
ontal surface measurements are used with two anisotropic sky
odels HDKR �8,9� and Perez �10� to convert horizontal radiation
easurements to predicted irradiance on the south-facing vertical

hotovoltaic modules. The photovoltaic modules are located ap-

Table 2 Summary of measured

Cell type Monocrystalline Po

Glazing material Glass Glass

Performance at stand
Pmpo �W� 133.4 143.2
Isco �A� 4.37 4.81
Voco �V� 42.93 42.73
Impo �A� 3.96 4.19
Vmpo �V� 33.68 34.17

Module tempe
�ISC �A / °C� 1.75�10−3 3.84�10−3

�ISC �1 / °C� 4.01�10−4 7.98�10−4

�IMP �A / °C� −1.54�10−3 1.03�10−3

�IMP �1 / °C� −3.90�10−4 2.46�10−4

�VOC �V / °C� −1.52�10−1 −1.37�10−1 −
�VOC �1 / °C� −3.55�10−3 −3.22�10−3 −
�VMP �V / °C� −1.54�10−1 −1.44�10−1 −
�VMP �1 / °C� −4.56�10−3 −4.20�10−3 −

Air mass
f�AMa� Cnst 9.36�10−1 9.32�10−1

AMa 5.43�10−2 5.74�10−2

AMa −8.68�10−3 −9.05�10−3 −
AMa 5.27�10−4 5.63�10−4

AMa −1.10�10−5 −1.24�10−5 −

Incident ang
f�AOI� Cnst 1 1

AOI −5.56�10−3 −1.02�10−2 −
AOI 6.53�10−4 1.22�10−4

AOI −2.73�10−5 −4.83�10−5 −
AOI 4.64�10−7 7.77�10−7

AOI −2.82�10−9 −4.45�10−9 −

The following values of uncertainty represent the expanded
= �1.1%, Vmpo= �1.4%, Isco= �1.7%, and Impo= �1.6%.
roximately 7 m above an asphalt surface with an assumed ground
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reflectance of 0.1 �11�. A detailed description of the two models
used in this study, HDKR and Perez, are described by Duffie and
Beckman �12�.

The photovoltaic simulation model used in this study allows the
user to predict module operating temperature or use measured
values. Measured values avoid the uncertainties associated with
predicting module temperatures based on environmental param-
eters. However measured module temperatures for extended time
intervals are rarely available. In this study the temperature of each
photovoltaic module was measured every 5 min using calibrated
thermocouples attached to each module’s rear surface. For the
modules that were insulated, the thermocouples were attached to
the module’s rear surface beneath the foam insulation. In the case
of the custom-fabricated photovoltaic modules, additional cali-
brated thermocouples were attached to the rear surface of a cen-
trally located photovoltaic cell. The predicted rear surface module
temperatures are based on an empirical-based thermal model de-
veloped by King et al. �13� and described within the Appendix.

4 Comparison of Predicted to Measured Results
The measured performance of each of the photovoltaic modules

used in this study �Table 1� is compared with their predicted per-
formance. Performance predictions are made using both the ver-
tical façade irradiance measurements and the horizontal irradiance
measurements in conjunction with the anisotropic sky models.
The photovoltaic modules parameters required by the SNL model
are summarized in Table 2. Measured and predicted results are

otovoltaic module parameters

rystalline CIS 2-a-Si

TFE PVDF Glass Glass

reference condition
54.7 152.7 38.7 46.8
5.05 5.00 2.76 0.73

42.77 42.91 23.66 99.56
4.63 4.45 2.40 0.61

33.45 34.32 16.18 76.51

re coefficients
�10−3 3.39�10−3 −9.15�10−6 6.05�10−4

�10−4 6.78�10−4 −3.32�10−6 8.30�10−4

�10−4 1.14�10−3 −1.28�10−3 6.10�10−4

�10−4 2.56�10−4 −5.33�10−4 9.97�10−4

1�10−2 −1.32�10−1 −9.16�10−2 −4.12�10−1

6�10−3 −3.07�10−3 −3.87�10−3 −4.14�10−3

9�10−1 −1.43�10−1 −5.96�10−2 −3.48�10−1

6�10−3 −4.15�10−3 −3.69�10−3 −4.55�10−3

fficients
�10−1 9.29�10−1 9.38�10−1 8.72�10−1

�10−2 6.06�10−2 5.27�10−2 1.29�10−1

4�10−3 −9.43�10−3 −9.00�10−3 −3.34�10−2

�10−4 5.26�10−4 6.35�10−4 2.35�10−3

0�10−6 −9.91�10−6 −1.60�10−5 −5.30�10−5

coefficients
1 1 1 1

5�10−3 −7.62�10−3 −7.26�10−3 −1.10�10−2

�10−4 9.04�10−4 9.20�10−4 1.30�10−3

5�10−5 −3.63�10−5 −3.75�10−5 −5.13�10−5

�10−7 5.97�10−7 6.17�10−7 8.25�10−7

8�10−9 −3.49�10−9 −3.61�10−9 −4.73�10−9

ertainty using a coverage factor of 2: Pmpo= �2.2%, Voco
ph

lyc

E

ard
1

ratu
3.60
7.14
8.50
1.85
1.3
3.0
1.3
4.1

coe
9.28
6.00
8.9

4.74
8.5

le

8.2
9.83
3.9

6.49
3.7

unc
compared on a monthly basis.
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Table 3 Measured versus predicted energy production based on vertical irradiance measurements and measured module temperature; also, measured versus predicted energy
production based on vertical irradiance measurements and predicted module temperature

Module ID A B C D E F G H

Cell type
Single

crystalline Polycrystalline Polycrystalline Polycrystalline 2-a-Si 2-a-Si CIS CIS
Glazing Glass Glass ETFE PVDF Glass Glass Glass Glass
Insulated Yes Yes Yes Yes No Yes No Yes

Month
Meas.
�kW h�

Pred.
�kW h�

%
diff.

Meas.
�kW h�

Pred.
�kW h�

%
diff.

Meas.
�kW h�

Pred.
�kW h�

%
diff.

Meas.
�kW h�

Pred.
�kW h�

%
diff.

Meas.
�kW h�

Pred.
�kW h�

%
diff.

Meas.
�kW h�

Pred.
�kW h�

%
diff.

Meas.
�kW h�

Pred.
�kW h�

%
diff.

Meas.
�kW h�

Pred.
�kW h�

%
diff.

January 10.62 10.40 2.05 12.10 12.17 �0.54 13.06 12.88 1.42 13.18 13.02 1.27 6.27 7.83 �24.87 6.24 7.65 �22.72 13.77 12.87 6.59 13.18 12.37 6.15
February 11.10 10.77 2.99 12.61 12.47 1.07 13.57 13.21 2.68 13.71 13.32 2.87 6.52 7.88 �20.87 6.52 7.74 �18.68 14.22 13.22 7.01 13.62 12.78 6.20
March 9.80 9.33 4.83 10.85 10.40 4.12 11.77 11.19 4.92 11.77 11.26 4.34 5.55 6.44 �16.09 5.60 6.35 �13.39 12.09 11.29 6.58 11.77 11.04 6.17
April 9.69 9.12 5.87 10.65 10.00 6.09 11.58 10.88 6.04 11.56 10.96 5.19 5.55 6.11 �10.04 5.58 5.98 �7.21 11.86 11.21 5.51 11.47 10.91 4.93
May 7.36 7.05 4.09 7.93 7.46 5.93 8.67 8.27 4.70 8.60 8.37 2.63 4.05 4.50 �11.12 4.11 4.44 �7.96 8.79 8.64 1.70 8.54 8.47 0.81
June 7.03 6.82 3.06 7.55 7.04 6.69 8.28 7.94 4.15 8.16 8.07 1.15 4.00 4.35 �8.81 4.01 4.25 �5.77 8.41 8.46 �0.62 8.10 8.23 �1.60
July 7.36 7.24 1.60 7.97 7.58 4.96 8.74 8.49 2.86 8.64 8.62 0.26 4.30 4.71 �9.63 4.28 4.58 �6.90 8.97 9.08 �1.18 8.60 8.77 �2.01
August 7.91 7.83 0.96 8.72 8.46 2.89 9.52 9.32 2.05 9.46 9.43 0.30 4.77 5.26 �10.21 4.73 5.10 �7.64 9.85 9.86 �0.14 9.35 9.02 3.55
September 9.68 9.48 2.01 10.96 10.70 2.43 11.86 11.54 2.77 11.91 11.65 2.18 6.00 6.72 �12.02 5.94 6.47 �8.95 12.45 12.05 3.24 11.67 11.46 1.80
October 6.98 6.72 3.78 7.93 7.63 3.80 8.54 8.19 4.09 8.58 8.31 3.25 4.22 4.87 �15.45 4.22 4.72 �11.92 8.94 8.48 5.15 8.43 8.10 3.90
November 7.89 7.70 2.34 8.96 8.85 1.30 9.67 9.43 2.44 9.72 9.50 2.25 4.56 5.65 �23.94 4.59 5.52 �20.18 10.14 9.49 6.37 9.69 9.16 5.53
December 9.20 9.01 2.08 10.58 10.52 0.58 11.35 11.13 1.94 11.49 11.25 2.05 5.22 6.73 �28.93 5.27 6.63 �25.86 11.90 11.04 7.18 11.41 10.70 6.19
Total 104.62 101.49 3.00 116.81 113.28 3.02 126.62 122.46 3.28 126.79 123.75 2.39 61.00 71.05 �16.47 61.09 69.42 �13.63 131.39 125.69 4.33 125.83 121.00 3.84

Module ID A B C D E F G H

Cell type
Single

crystalline Polycrystalline Polycrystalline Polycrystalline 2-a-Si 2-a-Si CIS CIS
Glazing Glass Glass ETFE PVDF Glass Glass Glass Glass
Insulated Yes Yes Yes Yes No Yes No Yes

Month
Meas.
�kW h�

Pred.
�kW h�

%
diff.

Meas.
�kW h�

Pred.
�kW h�

%
diff.

Meas.
�kW h�

Pred.
�kW h�

%
diff.

Meas.
�kW h�

Pred.
�kW h�

%
diff.

Meas.
�kW h�

Pred.
�kW h�

%
diff.

Meas.
�kW h�

Pred.
�kW h�

%
diff.

Meas.
�kW h�

Pred.
�kW h�

%
diff.

Meas.
�kW h�

Pred.
�kW h�

%
diff.

January 10.62 10.62 �0.05 12.10 12.09 0.08 13.06 12.74 2.44 13.18 12.70 3.67 6.27 7.69 �22.62 6.24 7.51 �20.50 13.77 12.71 7.75 13.18 12.41 5.87
February 11.10 10.98 1.12 12.61 12.41 1.58 13.57 13.10 3.50 13.71 13.04 4.91 6.52 7.78 �19.34 6.52 7.62 �16.78 14.22 13.12 7.72 13.62 12.83 5.80
March 9.80 9.40 4.14 10.85 10.34 4.65 11.77 11.07 5.96 11.77 11.06 6.00 5.55 6.37 �14.94 5.60 6.27 �11.96 12.09 11.24 6.96 11.77 11.05 6.11
April 9.69 9.17 5.38 10.65 9.94 6.67 11.58 10.78 6.90 11.56 10.81 6.54 5.55 6.00 �8.15 5.58 5.92 �6.01 11.86 11.05 6.81 11.47 10.90 5.04
May 7.36 7.08 3.75 7.93 7.42 6.45 8.67 8.21 5.33 8.60 8.28 3.66 4.05 4.45 �9.68 4.11 4.40 �7.12 8.79 8.55 2.80 8.54 8.45 0.95
June 7.03 6.82 3.10 7.55 6.99 7.36 8.28 7.87 4.97 8.16 7.98 2.23 4.00 4.25 �6.25 4.01 4.21 �4.87 8.41 8.27 1.63 8.10 8.19 �1.18
July 7.36 7.25 1.52 7.97 7.52 5.64 8.74 8.42 3.64 8.64 8.52 1.39 4.30 4.58 �6.59 4.28 4.53 �5.90 8.97 8.82 1.68 8.60 8.73 �1.59
August 7.91 7.88 0.34 8.72 8.42 3.38 9.52 9.27 2.62 9.46 9.32 1.44 4.77 5.11 �7.02 4.73 5.04 �6.56 9.85 9.60 2.53 9.35 9.48 �1.40
September 9.68 9.65 0.33 10.96 10.67 2.68 11.86 11.51 3.02 11.91 11.50 3.42 6.00 6.52 �8.74 5.94 6.41 �7.97 12.45 11.71 5.97 11.67 11.52 1.34
October 6.98 6.90 1.18 7.93 7.64 3.66 8.54 8.20 3.96 8.58 8.21 4.41 4.22 4.77 �13.19 4.22 4.69 �11.01 8.94 8.34 6.77 8.43 8.19 2.93
November 7.89 7.84 0.60 8.96 8.82 1.61 9.67 9.34 3.32 9.72 9.32 4.14 4.56 5.56 �22.01 4.59 5.45 �18.70 10.14 9.39 7.35 9.69 9.20 5.12
December 9.20 9.26 �0.64 10.58 10.50 0.75 11.35 11.06 2.49 11.49 11.03 4.00 5.22 6.69 �28.08 5.27 6.54 �24.17 11.90 11.04 7.16 11.41 10.79 5.43
Total 104.62 102.84 1.70 116.81 112.77 3.46 126.62 121.58 3.98 126.79 121.77 3.96 61.00 69.77 �14.38 61.09 68.59 �12.27 131.39 123.84 5.74 125.83 121.73 3.26
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Table 4 Measured versus predicted energy production based on horizontal irradiance measurements and HDKR radiation model using the shaded pyranomenter diffuse radiation;
second part shows measured versus predicted energy production based on horizontal irradiance measurements and HDKR radiation model using the total horizontal minus the
product of the beam radiation and cosine of the incident angle measurement

Module ID A B C D E F G H

Cell
type

Single
crystalline Polycrystalline Polycrystalline Polycrystalline 2-a-Si 2-a-Si CIS CIS

Glazing Glass Glass ETFE PVDF Glass Glass Glass Glass
Insulated Yes Yes Yes Yes No Yes No Yes

Month
Meas.
�k Wh�

Pred.
�k Wh�

%
diff.

Meas.
�k Wh�

Pred.
�k Wh�

%
diff.

Meas.
�k Wh�

Pred.
�k Wh�

%
diff.

Meas.
�k Wh�

Pred.
�k Wh�

%
diff

Meas.
�k Wh�

Pred.
�k Wh�

%
diff.

Meas.
�kW h�

Pred.
�kW h�

%
diff

Meas.
�kW h�

Pred.
�kW h�

%
diff.

Meas.
�kW h�

Pred.
�kW h�

%
diff.

January 10.62 10.33 2.68 12.10 11.78 2.63 13.06 12.41 4.97 13.18 12.38 6.11 6.27 7.54 �20.13 6.24 7.36 �17.96 13.77 12.36 10.28 13.18 12.06 8.53
February 11.10 11.51 �3.62 12.61 13.06 �3.60 13.57 13.77 �1.49 13.71 13.72 �0.08 6.52 8.29 �27.13 6.52 8.10 �24.19 14.22 13.74 3.37 13.62 13.41 1.53
March 9.80 10.23 �4.36 10.85 11.32 �4.37 11.77 12.09 �2.69 11.77 12.08 �2.63 5.55 7.04 �26.87 5.60 6.91 �23.40 12.09 12.23 �1.18 11.77 12.00 �1.93
April 9.69 9.75 �0.60 10.65 10.67 �0.18 11.58 11.51 0.59 11.56 11.52 0.33 5.55 6.48 �16.82 5.58 6.38 �14.33 11.86 11.74 1.06 11.47 11.55 �0.65
May 7.36 7.12 3.21 7.93 7.53 5.02 8.67 8.29 4.42 8.60 8.35 2.88 4.05 4.52 �11.44 4.11 4.47 �8.72 8.79 8.59 2.35 8.54 8.48 0.60
June 7.03 6.54 6.95 7.55 6.75 10.61 8.28 7.58 8.52 8.16 7.90 3.19 4.00 4.11 �2.72 4.01 4.07 �1.29 8.41 7.94 5.58 8.10 7.86 2.96
July 7.36 7.02 4.71 7.97 7.35 7.86 8.74 8.18 6.44 8.64 8.26 4.39 4.30 4.48 �4.30 4.28 4.43 �3.53 8.97 8.53 4.92 8.60 8.44 1.86
August 7.91 6.61 16.44 8.72 7.03 19.32 9.52 7.78 18.31 9.46 7.84 17.06 4.77 4.29 10.04 4.73 4.24 10.46 9.85 8.05 18.21 9.35 7.95 14.94
September 9.68 8.75 9.59 10.96 9.67 11.83 11.86 10.43 12.09 11.91 10.43 12.42 6.00 5.89 1.69 5.94 5.80 2.34 12.45 10.62 14.70 11.67 10.45 10.46
October 6.98 6.18 11.44 7.93 6.86 13.45 8.54 7.36 13.81 8.58 7.37 14.20 4.22 4.30 �1.90 4.22 4.22 0.09 8.94 7.47 16.45 8.43 7.33 13.04
November 7.89 7.40 6.25 8.96 8.31 7.28 9.67 8.81 8.88 9.72 8.78 9.66 4.56 5.24 �14.91 4.59 5.13 �11.81 10.14 8.86 12.63 9.69 8.67 10.51
December 9.20 8.71 5.36 10.58 9.90 6.40 11.35 10.43 8.11 11.49 10.39 9.50 5.22 6.35 �21.55 5.27 6.20 �17.74 11.90 10.38 12.73 11.41 10.13 11.18
Total 104.62 100.14 4.28 116.81 110.23 5.63 126.62 118.63 6.31 126.79 119.04 6.11 61.00 68.52 �12.32 61.09 67.30 �10.16 131.39 120.50 8.29 125.83 118.34 5.95

Module ID A B C D E F G H
Cell type Single crystalline Polycrystalline Polycrystalline Polycrystalline 2-a-Si 2-a-Si CIS CIS
Glazing Glass Glass ETFE PVDF Glass Glass Glass Glass
Insulated Yes Yes Yes Yes No Yes No Yes

Month
Meas.
�kW h�

Pred.
�k Wh�

%
diff.

Meas.
�k Wh�

Pred.
�k Wh�

%
diff.

Meas.
�k Wh�

Pred.
�k Wh�

%
diff.

Meas.
�k Wh�

Pred.
�k Wh�

%
diff.

Meas.
�k Wh�

Pred.
�k Wh�

%
diff.

Meas.
�KW h�

Pred.
�KW h�

%
diff.

Meas.
�kW h�

Pred.
�kW h�

%
diff.

Meas.
�kW h�

Pred.
�kW h�

%
diff.

January 10.62 10.27 3.22 12.10 11.74 3.02 13.06 12.36 5.35 13.18 12.33 6.48 6.27 7.51 �19.77 6.24 7.33 �17.55 13.77 12.29 10.75 13.18 11.99 9.04
February 11.10 11.40 �2.65 12.61 12.95 �2.72 13.57 13.65 �0.60 13.71 13.60 0.79 6.52 8.23 �26.13 6.52 8.04 �23.19 14.22 13.61 4.27 13.62 13.29 2.46
March 9.80 9.92 �1.18 10.85 11.01 �1.46 11.77 11.74 0.30 11.77 11.72 0.39 5.55 6.85 �23.45 5.60 6.72 �20.03 12.09 11.85 1.92 11.77 11.63 1.23
April 9.69 9.58 1.17 10.65 10.49 1.46 11.58 11.32 2.27 11.56 11.33 2.02 5.55 6.38 �14.99 5.58 6.28 �12.51 11.86 11.53 2.80 11.47 11.34 1.15
May 7.36 7.13 3.11 7.93 7.54 4.88 8.67 8.30 4.31 8.60 8.36 2.78 4.05 4.53 �11.66 4.11 4.47 �8.92 8.79 8.59 2.26 8.54 8.49 0.52
June 7.03 6.72 4.45 7.55 6.93 8.18 8.28 7.78 6.08 8.16 7.89 3.42 4.00 4.22 �5.45 4.01 4.17 �3.99 8.41 8.15 3.05 8.10 8.07 0.35
July 7.36 6.81 7.47 7.97 7.08 11.15 8.74 7.92 9.31 8.64 8.02 7.13 4.30 4.33 �0.67 4.28 4.28 0.03 8.97 8.29 7.64 8.60 8.20 4.62
August 7.91 6.84 13.45 8.72 7.29 16.42 9.52 8.05 15.43 9.46 8.12 14.19 4.77 4.43 7.07 4.73 4.38 7.48 9.85 8.34 15.29 9.35 8.24 11.88
September 9.68 8.86 8.47 10.96 9.79 10.73 11.86 10.56 10.97 11.91 10.56 11.32 6.00 5.96 0.66 5.94 5.86 1.31 12.45 10.75 13.63 11.67 10.58 9.33
October 6.98 6.59 5.56 7.93 7.30 7.93 8.54 7.84 8.24 8.58 7.84 8.66 4.22 4.55 �7.94 4.22 4.47 �5.88 8.94 7.97 10.89 8.43 7.83 7.21
November 7.89 7.56 4.13 8.96 8.52 5.00 9.67 9.02 6.68 9.72 9.00 7.48 4.56 5.36 �17.61 4.59 5.25 �14.39 10.14 9.06 10.61 9.69 8.87 8.48
December 9.20 9.10 1.12 10.58 10.35 2.17 11.35 10.90 3.94 11.49 10.87 5.36 5.22 6.63 �26.92 5.27 6.47 �22.91 11.90 10.85 8.77 11.41 10.59 7.16
Total 104.62 100.78 3.67 116.81 110.98 4.99 126.62 119.45 5.67 126.79 119.64 5.64 61.00 68.96 �13.05 61.09 67.73 �10.86 131.39 121.30 7.68 125.83 119.11 5.34
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Table 5 Measured versus predicted energy production based on horizontal irradiance measurements and Perez radiation model using the shaded pyranomenter diffuse radiation
me; second part shows the measured versus predicted energy production based on horizontal irradiance measurements—Perez radiation model total horizontal minus the product
of the beam radiation and cosine of the incident angle measurements

Module ID A B C D E F G H

Cell
type

Single
crystalline Polycrystalline Polycrystalline Polycrystalline 2-a-Si 2-a-Si CIS CIS

Glazing Glass Glass ETFE PVDF Glass Glass Glass Glass
Insulated Yes Yes Yes Yes No Yes No Yes

Month
Meas.
�kW h�

Pred.
�kW h�

%
diff.

Meas.
�kW h�

Pred.
�kW h�

%
diff.

Meas.
�kW h�

Pred.
�kW h�

%
diff.

Meas.
�kW h�

Pred.
�kW h�

%
diff.

Meas.
�kW h�

Pred.
�kW h�

%
diff.

Meas.
�kW h�

Pred.
�kW h�

%
diff.

Meas.
�kW h�

Pred.
�kW h�

%
diff.

Meas.
�kW h�

Pred.
�kW h�

%
diff.

January 10.62 10.56 0.53 12.10 12.00 0.81 13.06 12.66 3.08 13.18 12.62 4.29 6.27 7.64 �21.81 6.24 7.47 �19.71 13.77 12.63 8.30 13.18 12.33 6.43
February 11.10 11.63 �4.77 12.61 13.19 �4.60 13.57 13.91 �2.52 13.71 13.86 �1.08 6.52 8.36 �28.12 6.52 8.17 �25.20 14.22 13.89 2.30 13.62 13.57 0.40
March 9.80 10.36 �5.62 10.85 11.45 �5.55 11.77 12.23 �3.91 11.77 12.22 �3.88 5.55 7.12 �28.47 5.60 6.99 �24.95 12.09 12.38 �2.42 11.77 12.14 �3.18
April 9.69 10.07 �3.96 10.65 11.01 �3.35 11.58 11.89 �2.66 11.56 11.90 �2.96 5.55 6.70 �20.78 5.58 6.60 �18.19 11.86 12.13 �2.25 11.47 11.94 �4.02
May 7.36 7.39 �0.45 7.93 7.78 1.90 8.67 8.58 1.02 8.60 8.65 �0.63 4.05 4.67 �15.22 4.11 4.62 �12.44 8.79 8.91 �1.38 8.54 8.81 �3.25
June 7.03 6.64 5.57 7.55 6.79 10.01 8.28 7.67 7.44 8.16 7.79 4.62 4.00 4.15 �3.68 4.01 4.11 �2.31 8.41 8.06 4.11 8.10 7.99 1.37
July 7.36 6.95 5.62 7.97 7.18 9.98 8.74 8.06 7.79 8.64 8.16 5.50 4.30 4.39 �2.27 4.28 4.35 �1.65 8.97 8.46 5.73 8.60 8.38 2.57
August 7.91 7.39 6.49 8.72 7.85 9.96 9.52 8.68 8.83 9.46 8.74 7.53 4.77 4.78 �0.10 4.73 4.72 0.29 9.85 9.01 8.50 9.35 8.90 4.77
September 9.68 9.31 3.79 10.96 10.26 6.43 11.86 11.08 6.60 11.91 11.08 6.95 6.00 6.26 �4.36 5.94 6.16 �3.70 12.45 11.30 9.23 11.67 11.13 4.69
October 6.98 6.87 1.59 7.93 7.57 4.51 8.54 8.15 4.64 8.58 8.15 5.04 4.22 4.73 �12.17 4.22 4.65 �10.08 8.94 8.30 7.19 8.43 8.15 3.31
November 7.89 7.74 1.94 8.96 8.66 3.36 9.67 9.19 4.90 9.72 9.17 5.71 4.56 5.45 �19.47 4.59 5.34 �16.31 10.14 9.27 8.62 9.69 9.08 6.34
December 9.20 9.16 0.42 10.58 10.36 2.06 11.35 10.93 3.69 11.49 10.89 5.17 5.22 6.60 �26.38 5.27 6.45 �22.56 11.90 10.92 8.18 11.41 10.67 6.44
Total 104.62 104.08 0.52 116.81 114.10 2.32 126.62 123.03 2.84 126.79 123.25 2.79 61.00 70.84 �16.13 61.09 69.62 �13.96 131.39 125.26 4.66 125.83 123.09 2.18

Module ID A B C D E F G H
Cell
type Single crystalline Polycrystalline Polycrystalline Polycrystalline 2-a-Si 2-a-Si CIS CIS
Glazing Glass Glass ETFE PVDF Glass Glass Glass Glass
Insulated Yes Yes Yes Yes No Yes No Yes

Month
Meas.
�kW h�

Pred.
�kW h�

%
diff

Meas.
�kW h�

Pred.
�kW h�

%
diff.

Meas.
�kW h�

Pred.
�kW h�

%
diff.

Meas.
�kW h�

Pred.
�kW h�

%
diff.

Meas.
�kW h�

Pred.
�kW h�

%
diff.

Meas.
�kW h�

Pred.
�kW h�

%
diff.

Meas.
�kW h�

Pred.
�kW h�

%
diff.

Meas.
�kW h�

Pred.
�kW h�

%
diff.

January 10.62 10.69 �0.69 12.10 12.16 �0.50 13.06 12.83 1.80 13.18 12.79 3.02 6.27 7.74 �23.44 6.24 7.56 �21.28 13.77 12.79 7.14 13.18 12.49 5.26
February 11.10 11.62 �4.63 12.61 13.17 �4.47 13.57 13.90 �2.40 13.71 13.85 �0.97 6.52 8.35 �28.00 6.52 8.16 �25.08 14.22 13.87 2.43 13.62 13.55 0.54
March 9.80 10.33 �5.32 10.85 11.41 �5.23 11.77 12.20 �3.60 11.77 12.19 �3.56 5.55 7.10 �28.12 5.60 6.98 �24.61 12.09 12.34 �2.12 11.77 12.11 �2.88
April 9.69 10.08 �4.01 10.65 11.01 �3.39 11.58 11.89 �2.70 11.56 11.91 �2.99 5.55 6.71 �20.86 5.58 6.60 �18.28 11.86 12.13 �2.30 11.47 11.94 �4.07
May 7.36 7.39 �0.51 7.93 7.79 1.82 8.67 8.59 0.95 8.60 8.66 �0.68 4.05 4.68 �15.35 4.11 4.62 �12.57 8.79 8.92 �1.44 8.54 8.82 �3.31
June 7.03 6.61 5.98 7.55 6.76 10.42 8.28 7.63 7.84 8.16 7.75 5.03 4.00 4.13 �3.24 4.01 4.09 �1.88 8.41 8.03 4.53 8.10 7.95 1.81
July 7.36 6.71 8.79 7.97 6.90 13.39 8.74 7.78 10.95 8.64 7.90 8.57 4.30 4.23 1.47 4.28 4.19 2.07 8.97 8.18 8.87 8.60 8.10 5.82
August 7.91 7.33 7.32 8.72 7.78 10.79 9.52 8.60 9.62 9.46 8.67 8.31 4.77 4.73 0.85 4.73 4.68 1.24 9.85 8.93 9.30 9.35 8.82 5.60
September 9.68 9.27 4.26 10.96 10.21 6.88 11.86 11.03 7.01 11.91 11.04 7.33 6.00 6.22 �3.78 5.94 6.12 �3.12 12.45 11.25 9.65 11.67 11.07 5.13
October 6.98 6.96 0.39 7.93 7.67 3.23 8.54 8.25 3.38 8.58 8.26 3.78 4.22 4.79 �13.56 4.22 4.70 �11.42 8.94 8.40 6.03 8.43 8.25 2.11
November 7.89 7.91 �0.23 8.96 8.87 1.01 9.67 9.41 2.64 9.72 9.39 3.44 4.56 5.58 �22.32 4.59 5.46 �19.03 10.14 9.48 6.55 9.69 9.28 4.27
December 9.20 9.39 �2.09 10.58 10.65 �0.66 11.35 11.23 1.07 11.49 11.19 2.56 5.22 6.79 �30.01 5.27 6.64 �26.00 11.90 11.20 5.82 11.41 10.94 4.07
Total 104.62 104.28 0.33 116.81 114.39 2.07 126.62 123.35 2.59 126.79 123.59 2.53 61.00 71.04 �16.46 61.09 69.81 �14.27 131.39 125.52 4.46 125.83 123.32 1.99
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4.1 Measured Versus Predicted Performance Using Verti-
al Irradiance Measurements. For this comparison, the meteo-
ological data supplied to the model consisted of the total vertical
olar irradiance measurements measured adjacent to the photovol-
aic modules. The vertical solar irradiance measurement repre-
ents an average 5 min value based on 15 s measurements. The
iffuse component is computed as previously noted by subtracting
he product of the incident beam irradiance and the cosine of the
ncident angle from the total vertical solar irradiance. Instanta-
eous values of ambient temperature and wind velocity are sup-
lied by a nearby meteorological station �4�.

The electrical output of each photovoltaic module at its
aximum-power point is measured every 15 s and subsequently

veraged and recorded every 5 min. Data were excluded from the
nalysis during time intervals that shading occurred on any mod-
le �14�. Predicted energy production values using the measured
odule temperature are compared with the measured energy val-

es in Table 3; predicted energy production using the predicted
odule temperature are compared with the measured monthly and

nnual energies in Table 3.
With the exception of the tandem-junction amorphous panels,
odules E and F, the annual energy predicted by the model when

sing the irradiance measured in the vertical plane is within 5.7%,
ith the agreement being 4.0% or better for five of the six mod-
les. The predicted annual energy production values were as much
s 13.6% and 16.5% greater than those measured for the insulated
nd uninsulated tandem-junction modules, respectively. It was an-
icipated that using the measured module temperature �Table 3�, in
ieu of the temperature predicted by the model �Table 3�, would
esult in the predicted monthly energy values closer to the mea-
ured values. This expectation was found to be the case for only
ve of the eight modules. The tandem-junction amorphous panels
onstituted two of three cases where the model did better using
he predicted module temperature.

Excluding the tandem-junction amorphous modules, the SNL
onthly energy predictions were within 8% of measured values.
ifferences exceeding 28% between predicted and measured
onthly energy production values were observed for the tandem-

unction amorphous modules. The model underpredicted the
onthly energy production for the crystalline and polycrystalline
odules while consistently overpredicting the monthly energy

roduction for the tandem-junction amorphous modules. With the
xception of June, July, and August for some modeling cases, the
NL model underpredicted the monthly energy production of the
opper-indium diselenide modules.

For all subsequent comparisons, predictions were made using
he model’s algorithms to predict module temperature. This deci-
ion was made because the results using predicted module tem-
erature were in relatively close agreement to those using mea-
ured module temperatures, and, more importantly, measured
odule temperatures are normally not available.

Table 6 Comparison of predicted annual energy production

adiation source

Vertical irradiance

Horizontal—

iffuse source Shaded pyranometer

odule ID
Meas.
�kW h�

Pred.
�kW h� % diff.

Pred.
�kW h� % diff.

104.6 102.8 1.7 100.1 4.3
116.8 112.8 3.5 110.2 5.6
126.6 121.6 4.0 118.6 6.3
126.8 121.8 4.0 119.0 6.1
61.0 69.8 �14.4 68.5 �12.3
61.1 68.6 �12.3 67.3 �10.2

131.4 123.8 5.7 120.5 8.3
125.8 121.7 3.3 118.3 6.0
ournal of Solar Energy Engineering
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4.2 Measured Versus Predicted Performance Using Hori-
zontal Irradiance Measurements. Measurements of solar irradi-
ance on a surface of arbitrary tilt and azimuth are not generally
available. Horizontal irradiance measurements from nearby me-
teorological stations are typically the only solar radiation data
available. In this section, the performance of each photovoltaic
module is predicted using measurements of horizontal irradiance
and two anisotropic sky models commonly referred to as the
HDKR �8,9� and Perez �10� models.

As previously noted, the horizontal diffuse component was de-
termined two ways: via measuring the output from a shaded disk
precision spectral pyranometer and via calculation using the mea-
sured beam irradiance and total horizontal surface radiation. The
resulting predictions using the HDKR radiation model and the two
different approaches for quantifying the diffuse component are
compared with the measured energy production values in Table 4
The annual differences between measured and predicted values
range from 4.3% for panel A to 12.3% for panel E �Table 4�, using
the shaded pyranometer as the source of horizontal diffuse irradi-
ance measurements. The results in Table 4 were produced by set-
ting the horizontal diffuse irradiance equal to the difference be-
tween the measured total horizontal irradiance and the product of
the beam irradiance and the cosine of the incident angle. The
annual differences between measured and predicted energy pro-
duction range from 3.7% for panel A to 13.1% for panel E. A
comparison of Table 4 reveals that the technique used to quantify
the horizontal diffuse component had an insignificant effect, less
than 1%, on the predicted annual energy values.

The Perez anisotropic sky model was used to generate the re-
sults in Table 5 by using the two techniques previously described
for determining the diffuse solar radiation component. With the
exception of the tandem-junction amorphous panels, modules E
and F, the annual energy production for the modules was within
5% of the measured values. Further exclusion of panel G, the
uninsulated CIS panels, results in the predicted and measured val-
ues being within 3%. Consistent with the HDKR modeling results
�Table 4�, the techniques used to determine the horizontal diffuse
component had an insignificant effect on the final results.

Table 6 summarizes the modeling results by comparing the
measured annual energy production to the predicted values using
the vertical and horizontal irradiance measurements and the two
anisotropic sky modules. Excluding the tandem-junction amor-
phous panels, the predicted performance using the vertical irradi-
ance measurements and the horizontal irradiance measurements in
conjunction with the Perez anisotropic sky model were in excel-
lent agreement with the measured data. For these six modules, the
annual energy production predicted by the models agreed to
within 5% of the measured values. For five of these six modules,
the agreement was within 3.5%. It is somewhat surprising that the
use of the Perez model and the horizontal irradiance data resulted
in energy production numbers that were in better agreement than

ing HDKR and Perez radiation models to measured results

KR model Horizontal—Perez model

Total minus beam Shaded pyranometer Total minus beam

Pred.
�kW h� % diff.

Pred.
�kW h� % diff.

Pred.
�kW h� % diff.

100.8 3.7 104.1 0.5 104.3 0.3
111.0 5.0 114.1 2.3 114.4 2.1
119.5 5.7 123.0 2.8 123.4 2.6
119.6 5.6 123.3 2.8 123.6 2.5
69.0 �13.1 70.8 �16.1 71.0 �16.5
67.7 �10.9 69.6 �14.0 69.8 �14.3

121.3 7.7 125.3 4.7 125.5 4.5
119.1 5.3 123.1 2.2 123.3 2.0
us
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hose predicted using the measured vertical irradiance and were
onsidered fortuitous. The use of the HDKR sky model also re-
ulted in generally good agreement with the measured results
anging from 3.7% to 7.7%. The predicted performance of the two
andem-junction amorphous modules agreed poorly with the mea-
ured results throughout this study with differences between mea-
ured and predicted results ranging from 11% to 17%. Due to

Table 7 Performance of tandem-junction am
conditions

Exposure
duration

Module initially tested to
obtain characterization parameter

124 h 344 h

Isc�A� 0.73 0.71
Imp�A� 0.61 0.59
Voc�V� 99.6 97.7
Vmp�V� 76.5 74.2
Pmp�W� 46.8 43.8

able 8 Tandem-junction amorphous module predicted ener
ata—panels E and F

Initial characterization

Vertical irradiance Horizonta

odule ID E
ell Type 2-a-Si 2-
lazing Glass G

nsulated No N

onth
Meas.
�kW h�

Pred.
�kW h� % diff.

Pred.
�kW h�

anuary 6.27 7.83 �24.87 7.64
ebruary 6.52 7.88 �20.87 8.36
arch 5.55 6.44 �16.09 7.12
pril 5.55 6.11 �10.04 6.70
ay 4.05 4.50 �11.12 4.67

une 4.00 4.35 �8.81 4.15
uly 4.30 4.71 �9.63 4.39
ugust 4.77 5.26 �10.21 4.78
eptember 6.00 6.72 �12.02 6.26
ctober 4.22 4.87 �15.45 4.73
ovember 4.56 5.65 �23.94 5.45
ecember 5.22 6.73 �28.98 6.60
otal 61.00 71.05 �16.47 70.84

odule ID F
ell Type 2-a-Si 2-
lazing Glass G

nsulated Yes Y

onth
Meas.
�kW h�

Pred.
�kW h� % diff.

Pred.
�kW h�

anuary 6.24 7.65 �22.72 7.47
ebruary 6.52 7.74 �18.68 8.17
arch 5.60 6.35 �13.39 6.99
pril 5.58 5.98 �7.21 6.60
ay 4.11 4.44 �7.96 4.62

une 4.01 4.25 �5.77 4.11
uly 4.28 4.58 �6.90 4.35
ugust 4.73 5.10 �7.64 4.72
eptember 5.94 6.47 �8.95 6.16
ctober 4.22 4.72 �11.92 4.65
ovember 4.59 5.52 �20.18 5.34
ecember 5.27 6.63 �25.86 6.45
otal 61.09 69.42 �13.63 69.62
21011-8 / Vol. 131, MAY 2009
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these large observed differences, additional research was con-
ducted in an attempt to identify possible explanations.

4.3 Tandem-Junction Amorphous Results. The tandem-
junction amorphous panels exhibited the greatest difference be-
tween measured and predicted energy production. Without excep-
tion, the measured values were significantly lower than the

hous silicon modules at standard reporting

Modules removed after
exposure in BIPV facility

Insulated module
14 months

Noninsulated module
14 months

0.69 0.68
0.56 0.55

95.6 96.5
73.0 73.5
40.9 40.4

production using initial and post exposure characterization

Post exposure characterization

adiance Vertical irradiance Horizontal irradiance

E E
i 2-a-Si 2-a-Si

Glass Glass
No No

% diff.
Pred.

�kW h� % diff.
Pred.

�kW h� % diff.
�21.81 6.67 �6.41 6.63 �5.71
�28.12 6.76 �3.63 7.25 �11.22
�28.47 5.54 0.16 6.19 �11.57
�20.78 5.20 6.22 5.81 �4.71
�15.22 3.73 8.02 4.05 0.13
�3.68 3.67 8.10 3.59 10.34
�2.27 3.96 7.89 3.80 11.61
�0.10 4.41 7.53 4.13 13.51
�4.36 5.64 5.98 5.41 9.75

�12.17 4.13 1.99 4.10 2.85
�19.47 4.83 �5.88 4.73 �3.70
�26.38 5.81 �11.28 5.73 �9.80
�16.13 60.35 1.06 61.41 �0.67

F F
i 2-a-Si 2-a-Si

Glass Glass
Yes Yes

% diff.
Pred.

�kW h� % diff.
Pred.

�kW h� % diff.
�19.71 6.41 �2.26 6.37 �2.17
�25.20 6.51 0.19 6.98 �6.91
�24.95 5.36 3.37 5.98 �6.78
�18.19 5.05 8.97 5.63 �0.83
�12.44 3.63 10.33 3.94 4.04
�2.31 3.58 10.38 3.50 12.90
�1.65 3.86 10.25 3.70 13.54
0.29 4.29 10.12 4.01 15.22

�3.70 5.45 9.03 5.24 11.77
�10.08 3.99 5.32 3.96 6.21
�16.31 4.65 �2.04 4.56 0.66
�22.56 5.59 �7.02 5.52 �4.76
�13.96 58.38 4.29 59.38 2.80
orp
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l irr

E
a-S
lass
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redicted values. It was postulated that the electrical performance
haracteristics of the tandem-junction amorphous module supplied
o the SNL’s computer simulation model were significantly differ-
nt than those associated with the modules within the BIPV test
acility. To verify this hypothesis, two tandem-junction amorphous
odules were removed from the BIPV test facility and their per-

ormance at standard reporting conditions were determined. The
anel used to originally obtain the parameters required for the
NL model was placed beside the two modules removed from the
IPV test facility and recharacterized simultaneously. The results
re given in Table 7.

The panels that were subjected to the 14 months of exposure
howed significant degradation in electrical performance in com-
arison to the module that was initially tested to provide the pa-
ameters for the SNL model. The originally tested panel’s perfor-
ance also degraded as a result of the exposure time �244 h

ersus 124 h�. Table 8 compares the predicted performance of the
andem-junction amorphous modules �E and F� using the original
haracterization data and data obtained from the BIPV modules
fter 14 months of exposure. Using post exposure characteriza-
ion, the SNL model was able to predict the performance of the
andem-junction amorphous modules to within 5% compared with
ifferences that exceeded 16% using characteristics obtained from
n identical module with limited exposure.

Conclusions
The SNL model did an excellent job of predicting the monthly

nd annual performances of the monocrystalline and polycrystal-
ine modules. Large differences between predicted and measured
nergy productions for the tandem-junction amorphous modules
re attributed to significant degradation during the 14 months of
xposure. The use of characterization parameters obtained after
xposure resulted in the model predicting monthly energy produc-
ion values in close agreement with measured values for the
andem-junction amorphous modules. The use of measured, as
pposed to predicted, module temperatures in conjunction with
he simulation model did not result in significant improvements
etween measured and predicted energy production values. Addi-
ionally, the technique used to determine the diffuse component of
ncident solar radiation had an insignificant effect on predicted
nergy production.

Using horizontal radiation data and the Perez anisotropic sky
odel, the SNL model was able to predict monthly and annual

nergy production values to the same level of agreement as ob-
ained using the measured irradiance on the vertical plane adjacent
o the modules. A comparison of results obtained using the HDKR
nd the Perez anisotropic sky models reveals that the results ob-
ained using the Perez model consistently came closer to the mea-
ured values. The slightly better agreement between the predicted
esults using the horizontal radiation in conjunction with the Perez
odel compared with using the radiation measurements from pa-

ameters located adjacent to the modules is deemed fortuitous.
Finally, it is important to note that accurate predictions of en-

rgy production require accurate input parameters to the simula-
ion model being utilized. For photovoltaic technologies that
hange significantly as a result of exposure, it may be necessary to
btain the model’s input parameters by measuring the character-
stics of an identical panel subjected to exposure conditions typi-
al to those that will be experienced or, alternatively, for the
odel to incorporate projections of performance degradation. In

his study, failure to do so resulted in disagreements between mea-
ured and predicted results approaching 18%.

cknowledgment
The authors greatly appreciate the financial assistance provided

or this project by Gerald Ceasar of NIST’s Advanced Technology
rogram. Special thanks to Steven Bushey and Paul Shinneman,
irginia Tech co-operative education students, for formatting the
nput data and making numerous simulation runs. The excellent

ournal of Solar Energy Engineering

ded 16 Apr 2009 to 129.132.128.136. Redistribution subject to ASM
assistance of Mike Pelosi of Maui Software is noted for providing
a research version of PV Design Pro that greatly eased the burden
of comparing the measurements to predictions. Finally, the au-
thors acknowledge the editorial skills of Paula Svincek and
Megan Mercier for producing the manuscript.

Nomenclature
C0, C1 � empirically determined coefficients relating Imp

to effective irradiance Ee
C2, C3 � empirically determined coefficients relating

Vmp to effective irradiance �C2 is dimension-
less and C3 has units of 1/V�

C4, C5 � empirically determined coefficients relating the
current �Ix� to effective irradiance Ee

C6, C7 � empirically determined coefficients relating the
current �Ixx� to effective irradiance Ee

Ee � “effective” solar irradiance defined as the ratio
of the short-circuit current to the short-circuit
current at standard rating conditions
�dimensionless�

Eb � Edni cos �AOI�, beam component of solar irra-
diance incident on the module surface �W /m2�

Ediff � diffuse component of solar radiance indecent
on the solar module �W /m2�

Eo � reference solar spectrum, 1000 W /m2 in this
study

fd � fraction of diffuse irradiance used by module,
assumed to be 1 for flat-plate modules

FF � fill factor �dimensionless�
Isc � short-circuit current �A�

Imp � current at the maximum-power point �A�
Impo � current at the maximum-power point at stan-

dard reference test conditions �A�
Isco � short-circuit current when the module is sub-

jected to standard reference test conditions �A�
k � Boltzmann’s constant, 1.38066�10−23 �J/K�
n � empirically determined “diode factor” associ-

ated with individual cells in the module
Ns � number of cells in series in a module’s

cell-string
Np � number of cell-strings in parallel in module

Pmp � power at maximum-power point �W�
q � elementary charge, 1.60218�10−19 �C�

Ta � ambient temperature �°C�
Tc � cell temperature inside module �°C�
To � reference cell temperature, 25°C
Tm � back-surface module temperature �°C�
Voc � open-circuit voltage �V�
Vmp � voltage at maximum-power point �V�

Vmpo � voltage at maximum-power output �V�
Voco � open-circuit voltage when the module is sub-

jected to standard reference conditions �A�
WS � wind speed �m/s�

�Imp � normalize maximum-power current temperature
coefficients �V / °C�

�Isc � normalized short-circuit temperature coefficient
�V / °C�

�vmp � maximum-power voltage temperature coeffi-
cient �V / °C�

�voc � open-circuit voltage temperature coefficient
�V / °C�

��Tc� � thermal voltage per cell at temperature Tc

Appendix
The model used to predict the electrical performance of photo-

voltaic modules �6� is described by the following. The short-

circuit current Isc, is described by
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Isc = Isco · f1�AMa� · ��Eb · f2�AOI� + fd · Ediff�/Eo�

· �l + �Isc · �Tc − To�� �A1�

The air mass function of f1 �AMa� �Eq. �A1�� is an attempt to
ake into account variations in electrical performance due to
hanges in the solar spectrum. The angle of incidence function f2
AOI� takes into account the influence of optical losses due to
eflections from the glazing system. The procedures used to deter-
ine the coefficients associated with these empirically-based

unctions are described by King et al. �13�.
The current produced by the photovoltaic module at its
aximum-power point is based on an empirical data fit relating

he maximum-power point current at standard rating conditions to
he effective irradiance Ee and the module’s operating temperature

Imp = Impo · �C0 · Ee + C1 · Ee
2��l + �Imp · �Tc − To�� �A2�

here the effective irradiance is determined using

Ee = Isc/�Isco · �l + �Isc · �Tc − To��� �A3�

The open-circuit voltage Voc at a given irradiance level is com-
uted using the measured open-circuit voltage at rating conditions
oco, the effective irradiance Ee, and the open-circuit voltage tem-
erature coefficient �Voc

Voc = Voco + Ns · ��Tc� · ln�Ee� + �Voc
�Ee� · �Tc − To� �A4�

here the function ��Tc� is completed using

��Tc� = n · k · �Tc + 273.15�/q �A5�
Similar to the maximum-power output, the voltage associated

ith the maximum-power output Vmp is based on an empirical fit
o the effective irradiance

Vmp = Vmpo + C2 · Ns · ��Tc� · ln�Ee� + C3 · Ns · ���Tc� · ln�Ee��2

+ �Vmp
�Ee� · �Tc − To� �A6�

The effect of temperature on the voltage at maximum-power is
aken into account through the use of maximum-power voltage
emperature coefficient �Vmp

.
The rear surface temperature of the photovoltaic modules is

redicted using

Tm = E · ea+b·WS + Ta �A7�

here the empirical coefficients a and b have been established by
he Sandia National Laboratories for a wide range of module types

nd mounting configurations. Having determined the measured

21011-10 / Vol. 131, MAY 2009
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back-surface temperature, the cell temperature is computed using
the following relationship

Tc = Tm +
E

E0
�T �A8�

where the temperature difference �T has been determined for
various types of module constructions. For photovoltaic modules
with a thermally insulated rear surface, the temperature differen-
tial is assumed to be zero. For the other modules in this study, the
temperature difference was set to 1°C.
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