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Prediction of Building Integrated
Photovoltaic Cell Temperatures*
A barrier to the widespread application of building integrated photovoltaics (BIPV) is
lack of validated predictive performance tools. Architects and building owners need
tools in order to determine if the potential energy savings realized from building i
grated photovoltaics justifies the additional capital expenditure. The National Institu
Standards and Technology (NIST) seeks to provide high quality experimental data
can be used to develop and validate these predictive performance tools. The tempe
of a photovoltaic module affects its electrical output characteristics and efficiency.
ditionally, the temperature of solar cells has been characterized using the nominal o
ating cell temperature (NOCT), which can be used in conjunction with a calcula
procedure to predict the module’s temperature for various environmental conditions
NOCT procedure provides a representative prediction of the cell temperature, specifi
for the ubiquitous rack-mounted installation. The procedure estimates the cell tem
ture based on the ambient temperature and the solar irradiance. It makes the app
mation that the overall heat loss coefficient is constant. In other words, the temper
difference between the panel and the environment is linearly related to the heat flux o
panels (solar irradiance). The heat transfer characteristics of a rack-mounted PV mo
and a BIPV module can be quite different. The manner in which the module is inst
within the building envelope influences the cell’s operating temperature. Unlike r
mounted modules, the two sides of the modules may be subjected to significantly di
environmental conditions. This paper presents a new technique to compute the ope
temperature of cells within building integrated photovoltaic modules using a o
dimensional transient heat transfer model. The resulting predictions are compare
measured BIPV cell temperatures for two single crystalline BIPV panels (one insu
panel and one uninsulated panel). Finally, the results are compared to predictions u
the NOCT technique.@DOI: 10.1115/1.1385825#
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Introduction

Building integrated photovoltaic~BIPV! products are drawing
more attention from the building industry as the price of pho
voltaic modules continues to drop@1#. The Building and Fire Re-
search Laboratory at the National Institute of Standards and T
nology ~NIST! seeks to facilitate informed decisions on when a
how to effectively deploy BIPV products. NIST contributes b
providing high quality experimental data, which is used to d
velop, validate, and refine computer simulation tools.

The prediction of the photovoltaic module’s cell temperatu
plays an important role in the modeling of its electrical and th
mal performance. The cell temperature depends on many phy
and environmental factors. The construction of the module and
manner in which it is installed in the building influence its ope
ating temperature. Environmental conditions, such as the amb
temperature, solar irradiance, wind speed, and wind direction
affect the cell temperature.

The nominal operating cell temperature~NOCT! is commonly
used to predict the cell temperature over a range of environme
conditions. By definition, the NOCT is the temperature of the ce
at a solar irradiance of 800 W/m2, an ambient temperature o
20°C, and a wind speed of 1 m/s. The American Society for T
ing and Materials~ASTM! has developed a standard method
determine the NOCT~E 1036M Annex A1! @2#.

The NOCT approach is based on the more common scen
where both sides of the PV moduleseethe same ambient tem

*This paper was presented at Forum 2001,Solar Energy: The Power To Choose,
April 21–25, 2001, in Washington DC.

Contributed by the Solar Energy Division of the THE AMERICAN SOCIETY OF
MECHANICAL ENGINEERSfor publication in the ASME JOURNAL OF SOLAR EN-
ERGY ENGINEERING. Manuscript received by the ASME Solar Energy Divisio
November, 2000; final revision March, 2001. Associate Editor: C. Vargas-Abru
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perature and wind conditions. Notably, the approach also ma
the approximation that the overall heat transfer coefficient for
PV module is constant.

Understandably, when a PV module is integrated into the e
rior envelope of a building, the potential for deviating from th
heat transfer case captured by the NOCT model is substantial
example, the two sides of the building integrated module w
typically be subjected to significantly different environmen
conditions. The heat transfer, and ultimately the PV cell opera
temperature, is affected by the building mounting mechanism.
sulating materials, if installed on the interior side of the buildi
and BIPV module, add to the potential deviations. Additionally,
the manufacturer’s NOCT value is used in lieu of a temperat
more representative of the panel’s insulation level, errors will
sult in the predicted cell temperature. Therefore, the method u
for determining the cell temperature must accurately cover a w
range of environmental conditions and mounting arrangemen

With these possible deviations in mind, NIST made some ini
comparisons of NOCT predicted cell temperatures versus m
sured BIPV cell temperatures. These initial comparisons s
gested, as expected, that the NOCT approach has limitations w
used for predicting BIPV cell temperatures. Efforts were th
made to develop predictive methods that were tailored to BI
applications. The proposed methods, their basis, and initial c
parison with measured data, are the focus of this paper. Com
sons with the NOCT approach are provided.

Approach
Measured BIPV cell temperatures are available from NIS

Building Integrated Photovoltaictest bed. The test bedincludes
eight instrumented BIPV panels that are mounted vertically in
south wall of the Building and Fire Research Laboratory on

,
o.
2001 by ASME Transactions of the ASME
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NIST campus in Gaithersburg, Maryland. The NIST BIPVtest
bed also incorporates a small weather station on the build
façade@3#.

Four cell technologies are presently featured in the NIST BI
test bed: single crystalline, polycrystalline, silicon film, and triple
junction amorphous silicon. Two panels of each technology
installed. One panel of each cell type is insulated with extrud
polystyrene that has a measured thermal resistance of
m2

•K/W, whereas the other panel is installed without insulatio
Three out of the four pairs of panels were custom fabricated.
single crystalline, polycrystalline, and silicon film panels cons
of a Tedlar2-Mylar2 backsheet, the respective cell technology, a
a 6 mm thick piece of solar glass. Individual amorphous silic
cells were not available for fabricating a custom sized build
integrated photovoltaic panel. Thus, commercially available tri
junction amorphous silicon modules were used. A complete
scription of the panels is included in a paper presenting ini
results from the test facility@4#.

This paper focuses on the thermal and electrical performanc
the two single crystalline panels. Temperature measurement
each of the panels are made directly on the back of the panel
on the back of the thermal insulation~where applicable!. Thermo-
couples are attached to the rear of selected cells within the pa
At this time, more than 12 months of data are available for co
parison. For the same time frame, the following environmen
parameters have been recorded: the indoor and outdoor am
temperature; wind speed and direction at the panels and on
roof; horizontal and in-plane total solar irradiance; normal in
dent beam irradiance; and radiative temperature of the indoor
outdoor surroundings. The uncertainty associated with each
these measurements is discussed in Appendix A. This data ca
used to predict the cell temperature using the NOCT method
a one-dimensional, transient heat transfer model.

The one-dimensional heat transfer model was formulated
provide a more complex and precise temperature model for B
panels. One goal of this paper is to evaluate the benefits of a m
complex temperature model as compared to the two-param
NOCT model.

In any decision concerning BIPV, the amount of power gen
ated is the most important consideration. The prediction of
temperatures will lead to a comparison of the predicted p
power at each predicted temperature. The calculation of the po
produced by a panel was performed on a virtual single crystal
module using a model proposed by Sandia National Laborato
~SNL! @5#. Because not all of the necessary parameters for
model have been measured on the NIST BIPV panels, a mo
using the same cells as the single crystalline panel was sele
from a database of SNL measurements. The power was calcu
for this panel using the measured temperature, the tempera
predicted using the NOCT technique, and the temperature
dicted using the one-dimensional model developed in this pa

Model Development

NOCT Model. The method for predicting the cell temper
ture using the nominal operating cell temperature is outlined
ASTM standard E1036M Annex A1@2#. The nominal operating
cell temperature of a panel is measured with the panel in an o
rack at a fixed position throughout the day. The panel is po
tioned at an elevation and azimuth that is normal to the sun
solar noon. The panel temperatures, ambient temperature,
irradiance in the plane of the panel, and wind speed are all m
sured for an eight-hour period. The standard assumes tha
overall heat transfer coefficient is constant, which dictates that
difference between the cell temperature and the ambient temp

2Certain trade names and company products are mentioned in the text or iden
in an illustration in order to adequately specify the experimental procedure
equipment used. In no case does such an identification imply recommendati
endorsement by the National Institute of Standards and Technology, nor do
imply that the products are necessarily the best available for the purpose.
Journal of Solar Energy Engineering
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ture is linearly related to the solar irradiance. Therefore, a l
relating the temperature difference to the irradiance is fit to
data, and the NOCT value is interpreted as the temperature di
ence at 800 W/m2 according to the fit plus the nominal 20°C
ambient temperature. Finally, the average measured ambient
perature and average measured wind speed are used to adju
NOCT value. The cell temperature at any irradiance level a
ambient temperature is determined using@6#:

Tcell5
G

GNOCT
~NOCT2Tambient,NOCT!•S 12

hc

ta D1Tambient (1)

where

GNOCT5800 W/m2, Tambient,NOCT520°C.

In this paper, the NOCT values are taken from the manufac
er’s specifications@7#. For a rack-mounted panel, the specifie
NOCT is 45°C. NOCT tests were run on a panel similar to t
single crystalline panel. The panel was fabricated the same wa
the single crystalline panel, but it utilized polycrystalline cel
The NOCT value for that panel was 44°C. The transmittan
absorptance product was assumed to be the product of the
absorptance at normal incidence and the glass transmittanc
normal incidence.

The irradiance for the NOCT method is measured in the pl
of the panel. When these measurements are not available, t
formations of horizontal irradiance measurements are neces
A comparison of the performance of the NOCT model will b
made between the irradiance measured in the plane of the p
and irradiance transformed from horizontal measurements.

One-dimensional Transient Heat Transfer Model. The
NIST proposed alternative method for predicting the cell tempe
ture of a BIPV panel is based on the approximation of on
dimensional, transient heat transfer. This method was also use
a group of researchers attempting to predict the temperature
PV array on the Martian surface@8#. Their study divided a rack-
mounted panel into three layers: the top cover, PV cells, and b
layer. The thermal analysis associated with the Martian photo
taic panel included forced convection from the front surface; na
ral convection from the rear surface; radiation from the front s
face to the sky and the ground; and radiation from the rear sur
to the sky, ground, and shaded ground.

The NIST BIPV single crystalline panels are also modeled
multi-layer composites. The layers include the protective co
glass, the PV cells, the backsheet, and the insulation behind
panel on the insulated panel. The physical parameters used i
model are shown in Table 1. The cover glass specifications w
obtained from the manufacturer. The thermal and physical pr
erties of the PV cells were assumed to be those of pure silicon
the nominal thickness of the cells was obtained from manufact
specifications. Panel efficiencies were measured over the mod
period for the two BIPV panels. The thermal resistance and th
ness of the extruded polystyrene insulation were obtained f
nominal measurements. The specific heat and density were
sumed to be equal to that for generic extruded polystyrene. Fo
backsheet, the specific heat and density were taken directly f
the manufacturer’s specification sheet, the thickness was m
sured from a sample, and the thermal conductivity was estima
from similar polymer films.

The model assumes that the absorbed incident solar radia
not converted to electricity is converted to thermal energy at
cell. This thermal energy is conveyed to the panel surfaces
conduction, and at each surface, convection and radiation tran
heat to the surroundings. A graphical representation of the mo
can be seen in Fig. 1. The model is described by Eqs.~2!–~8!.

qsolar9 5qout,conv9 1qout,rad9 1qin,conv9 1qin,rad9 1qst9 (2)

qsolar9 5Geffective•~a2hc! (3)

qout,conv9 5h̄out•~Ts,out2Tambient! (4)

tified
and
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es it
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qout,rad9 5«glass•s•~Ts,out
4 2Tsurr

4 ! (5)

qin,conv9 5h̄in•~Ts,in2Tindoor! (6)

qin,rad9 5« in•s•~Ts,in
4 2Tsurr,indoor

4 ! (7)

qst95( S cp,i•r i•Li•
Ti~ t !2Ti~ t2Dt !

Dt D (8)

Solar Heat Flux. The solar incident energy that is converte
to heat is determined from the beam irradiance, total irradian
transmittance of the cover glass, absorption of the PV cells,
panel electrical conversion efficiency. The beam and total irra
ance are measured with a normal incidence pyrheliometer~NIP!
and a pyranometer, respectively. The total irradiance is meas
with both a roof and wall mounted pyranometer. These quanti
are used to calculate the diffuse irradiance, using Eq.~9!. The

Fig. 1 a… cross-sectional view of panel installation, and b… a
nodal representation of heat flux of the one-dimensional heat
transfer model

Table 1 Variables and parameters for one-dimensional heat
transfer model

Layer Parameter~Units! Value

Panel H~m! 1.0
Panel W~m! 1.2
Panel huninsulated/h insulated 0.112/0.107
Cover Material L~m! @9# 0.006
Cover Material r ~kg/m3! @9# 2500
Cover Material Cp ~J/kg•K! @9# 835
Cover Material k ~W/m•K! @9# 1.04
Cover Material « @9# 0.84
PV Cell L ~m! @10# 0.0003
PV Cell r ~kg/m3! @11# 1650
PV Cell Cp ~J/kg•K! @11# 700
PV Cell k ~W/m•K! @11# 150
PV Cell a @12# 0.95
Backsheet L~m! 0.00017
Backsheet r ~kg/m3! @13,14# 1475
Backsheet Cp ~J/kg•K! @13,14# 1130
Backsheet k ~W/m•K! 0.14
Backsheet « 0.893
Insulation L ~m! @4# 0.1016
Insulation r ~kg/m3! @11# 55
Insulation Cp ~J/kg•K! @11# 1210
Insulation k ~W/m•K! @4# 0.0294
Insulation « @11# 0.9
202 Õ Vol. 123, AUGUST 2001
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effective irradiance,Geffective, equals the amount of total irradi
ance that reaches the cell surface. Equation~10! shows the proce-
dure used to convert the beam and diffuse irradiance into
effective irradiance using the transmittance of the front cover m
terial. The electrical conversion efficiencies of the BIPV pane
Table 1, were computed from measurements of the electrical
ergy produced by the panels and the incident solar insolation o
the modeled period~August 22 through October 6, 2000!.

Gdiffuse5Gtotal2Gbeam,NIP• cos~u! (9)

Geffective5Gbeam,NIP• cos~u!•t~u!1Gdiffuse•~60°! (10)

For the model proposed by NIST, the transmittance of the co
material, glass, for diffuse light is assumed to be the beam tra
mittance at an incident angle of 60 degrees, 82.6%. The trans
tance function is shown in Eqs.~11!–~14! @6#.

t~u!5
1

2 S 12r perpendicular

11r perpendicular
1

12r parallel

11r parallel
D (11)

r perpendicular5
sin2~u22u!

sin2~u21u!
(12)

r parallel5
tan2~u22u!

tan2~u21u!
(13)

u25sin21S sin~u!

n D (14)

wheren51.5995, which corresponds to the refractive index th
results in a normal transmittance equal to the glass manufactu
reported value of 89.8%@7#.

According to Parretta@10#, the reflectance for a single crysta
line solar cell with an inverted pyramidal texture and an an
reflective coating varies from 2% to 10% over the applica
range of wavelengths at low incident angles. Therefore, assum
a reflectance of 5% and 0% transmission, the absorptance o
cell would be 0.95.

Outside Convective Heat Flux.The convective heat transfe
from the cover glass to the outdoor ambient environment is
sumed to be dominated by forced convection. The average
transfer coefficient is determined from the average Nusselt n
ber using

h̄o5
N̄uW•kair

W
(15)

The forced convection heat transfer is determined to be lami
For all panels tested, the critical velocity for laminar flow is 6
m/s ~13.9 mph!, and only five of 13250 wind speed measureme
over the modeling period were greater than 5 m/s~11.2 mph!. The
effective length in this calculation was taken to be the width of
panel. This assumes that the wind currents flow horizonta
across the panel. Two applicable Nusselt number relations, T
2, were compared to determine the formulation that best descr
the convective heat transfer for the panels.

Radiative Heat Flux. Radiation heat transfer occurs betwe
the outside cover glass and the surroundings and between
backside of the insulated or uninsulated BIPV panel and the
door environment. The effective temperature of the surroundi
in Eqs. ~5! and ~7! are determined from infrared radiation me
surements and the relationship,

Tsurr5S qPIR9

s D 1/4

. (16)

Inside Convective Heat Flux.It is assumed that the convec
tive heat transfer from the backside of the panel~or insulation! to
the indoor ambient conditions is dominated by natural convect
Transactions of the ASME
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Table 2 Forced convection relations for the average Nusselt number over the panel

ID Number Name Nusselt Relation Conditions

1 Constant Temperature@11# 0.664 ReL
1/2
•Pr1/3 Laminar flow, uniform surface temperature, Pr.0.6

2 Sparrow et al.@6# 0.86 ReLc
1/2
•Pr1/3

20000,ReLc,90000, Lc5
4•Apanel

P

Table 3 Natural convection relations for the average Nusselt number over the panel

ID Number Name Nusselt Relation Conditions

1 Ostrach@15# 0.476•GrL
1/4 Laminar flow, Pr50.72, uniform surface temperatur

2 Ede@15# F 0.4•Pr

112•Pr1/212•PrG
1/4

•GrL
1/4Pr1/4 Laminar flow, uniform surface temperature

3 Integral Solution@15# 0.677•S Pr2

0.9521PrDGr1/4 Laminar flow, uniform surface temperature

4 LeFevre@11#
0.7071•Gr1/4

•Pr1/2

~0.60911.221•Pr1/211.238•Pr!1/4
Laminar flow, uniform surface temperature
b

for
eat
as-
as

as
a 1
en

oxi-
the

nsu-
ture

cific

is a
for
tem-
.

Similar to forced convection, the average indoor heat transfer
efficient, Eq.~17! was determined by the average Nusselt num
for the indoor conditions.

h̄in5
N̄uH•kair

H
(17)

Table 4 Assumptions made in model proposed by NIST for
the four different model variations

Model Assumptions

1 None

2 Tsurr5Tambient, Tsurr,indoor5Tindoor

3 Tsurr5Tambient, Tsurr,indoor5Tindoor, Vwall5Vroof

4 Tsurr5Tambient, Tsurr,indoor5Tindoor, Vwall5Vroof ,
G5 f (Ghorizontal)
Journal of Solar Energy Engineering
co-
er

Four applicable Nusselt number relations were compared
natural convection, Table 3. Unlike the outside convective h
flux, the air currents on the inside surface of the panel were
sumed to flow vertically. Thus, the height of the panel was used
the effective length in this calculation. The natural convection w
also assumed to be laminar. For laminar natural convection on
m high vertical panel, the critical temperature difference betwe
the backside of the panel and the indoor environment is appr
mately 13°C. For the dataset considered, less than 15% of
uninsulated panel measurements exceeded 13°C. All of the i
lated panel measurements were well below the 13°C tempera
difference.

Change in Stored Energy.The change in stored energy from
one time step to the next is calculated according to Eq.~8!. The
temperature change of each material is affected by its spe
heat, thermal conductivity, mass~shown as density and thickness!,
and the length of time between steps. The stored energy term
significant advancement over the NOCT model. Accounting
thermal mass prevents unrealistic swings in calculated panel
peratures during periods of quickly changing irradiance levels
Fig. 2 Measured temperature difference between an „a… uninsulated and „b… insulated panel compared to the NOCT predicted
temperature difference
AUGUST 2001, Vol. 123 Õ 203



Fig. 3 Measured and NOCT model predicted panel temperatures „measured vertical and estimated vertical irradiance … for an „a…
uninsulated panel on a clear day, an „b… uninsulated panel on a cloudy day, an „c… insulated panel on a clear day, and an „d…
insulated panel on a cloudy day
t
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olar
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ion
Variations of Heat Transfer Model. The model described
above may require measurements that are not readily availab
architects while designing a building. Therefore, variations of
original model, denoted as Model 1, were considered. Simplify
assumptions result in heat transfer models that most architects
readily use. The minimum amount of climatic information r
quired to use the most simplified model is outlined below:

• Outdoor ambient temperature data
• Wind velocity data
• Horizontal total irradiance and normal incident beam irra

ance data
• Indoor ambient temperature data

Table 4 shows the assumptions for each model variation.
first variation on the original model, Model 2, assumes that
effective temperatures of the surroundings are equivalent to
respective indoor and outdoor temperatures. Model 3 is a varia
on Model 2, and it assumes that the wind speed across the pa
equal to the wind speed in the free stream. In our case, a roo
anemometer measures the free stream wind speed. Finally, M
4 uses radiation measurements in the horizontal plane and t
forms them to the plane of the panels.

The transformation of measured horizontal radiation to that
a vertical fac¸ade assumes an anisotropic sky@6#. A true aniso-
204 Õ Vol. 123, AUGUST 2001
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tropic sky model includes a term for horizon brightening. For t
NIST BIPV test bed, an adjacent building blocks the horizon fro
view of the BIPV panels. Therefore, the horizon brightening te
is assumed to have a negligible effect on the total tilted irradian
The NIP, which has an aperture of 5.7°, measures the circums
diffuse radiation term of the anisotropic sky model along with t
beam radiation. Equations~18!, ~19!, ~20!, and~21! convert total
horizontal, normal incident beam, and horizontal diffuse radiat
to total radiation on a surface tilted at an angle,b.

GDiffuse,Hor5GTotal,Horizontal2GBeam,NIP•cos~Zenith! (18)

Table 5 R2 values for NOCT panel temperature prediction us-
ing both the measured and estimated irradiance on a vertical
surface

Insulation Level

R2 Value

Measured
Vertical Irradiance

Predicted
Vertical Irradiance

None 0.77 0.70
R-20 0.49 0.45
Both 0.58 0.54
Transactions of the ASME
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Table 6 Predicted energy „kWh … and the percent difference from the predicted energy using the measured panel temperature for
each panel on both a clear and cloudy day

Source of Panel
Temperatures

Uninsulated Panel
Clear Day

Uninsulated Panel
Cloudy Day

Insulated Panel
Clear Day

Insulated Panel
Cloudy Day

kWh % Diff kWh % Diff kWh % Diff kWh % Diff

Measured 0.296 — 0.191 — 0.277 — 0.182 —
NOCT-Measured Vertical Irradiance 0.307 3.6 0.196 2.5 0.307 10.6 0.196 7.
NOCT-Predicted Vertical Irradiance 0.304 2.6 0.173 29.6 0.304 9.6 0.173 25.0
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GBeam5GBeam,NIP•cos~u! (19)

GDiffuse5GDiffuse,Hor•S 11cos~b!

2 D1GTotal,Hor•rgS 12cos~b!

2 D
(20)

Geffective5GBeam•t~u!1GDiffuse•t~60°! (21)

The ground reflectance,rg , in Eq. ~20! was determined to have
an approximate value of 0.15. A large percentage of the surfa
in front of the BIPV test bed are asphalt, and asphalt has a re
tance of approximately 15%@16# over a range of wavelength
from 400 nm to 1200 nm, which corresponds to the spectral
sponse of the cells@10#.

Model Solution
The prediction of panel temperatures using the NOCT met

is straightforward. However, the one-dimensional transient h
transfer model results in a set of non-linear, non-homogene
differential equations, and it requires an iterative solution. An i
plicit finite difference scheme was used to solve the model. E
layer~cover material, cells, backsheet, and insulation! was divided
into four sections. Nodes were placed at the center of each
tion. Additionally, a section of zero thickness was placed on
door and outdoor surface of the panel assembly to facilitate
comparison of predicted and measured temperatures. The e
tions were solved in matrix form, but due to the nonlinear nat
of the model, iteration of the surface temperatures was requir

Results and Discussion
The results presented for both the NOCT and one-dimensi

heat transfer model utilize the correlation coefficient, R2, to quan-
tify the success of the temperature prediction. The R2 values are
calculated for times when the total irradiance was greater t
zero ~and power is generated!. The one-dimensional transien
model was run at five-minute intervals over the period betw
August 22, 2000 and October 6, 2000, which includes a mix
clear, partly cloudy, and overcast days.

NOCT Model. According to the NOCT technique, the tem
perature difference between the PV cells and the outdoor amb
conditions is strictly a linear function of the irradiance. Therefo
a plot of the temperature difference between the PV cell and
outdoor ambient temperature as a function of irradiance, as
in Figs. 2~a! and~b!, is linear. This figure includes nine months
temperature data for the panels recorded in the BIPV test
which includes a wide range of ambient temperatures and inci
angles. The large amount of scatter is caused by many fac
First, the thermal storage capacity of the panels can lead to
temperature differences coupled with low irradiance values
partly cloudy days. Second, variations in wind speed, which dr
the forced convective cooling on the outside panel surface, re
in significant changes in panel temperatures. This effect is m
pronounced at higher values of solar irradiance due to the elev
temperatures of the panel.

The uninsulated single crystalline panel temperature, predi
by the NOCT technique, Fig. 2~a!, shows that the measured tem
perature differences can deviate 10 K or more from the NO
Journal of Solar Energy Engineering
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prediction. The insulated panel temperature is not predicted w
by the NOCT technique at high irradiance values, Fig. 2~b!. At an
irradiance of 600 W/m2, the NOCT technique underpredicted th
panel temperature by approximately 20 K.

Figures 3~a!–~d! compare NOCT predictions of uninsulate
and insulated single crystalline panel temperatures for a repre
tative clear~September 17, 2000! and partly cloudy day~Septem-
ber 18, 2000!. These plots reiterate the significant underpredict
of panel temperatures when using the NOCT model for insula
panels and to a lesser degree for the uninsulated panels.
NOCT model more accurately estimates the uninsulated sin
crystalline panel temperatures. The deviation from the actual t
perature at 12:00 hours on the typical clear day is approxima
10 K, Fig. 3~a!, in contrast to a 20 K difference for the insulate
panel, Fig. 3~c!. The larger deviation of the insulated panels
expected considering that the NOCT temperatures, in accord
with ASTM E 1036M, are measured on uninsulated panels. A
because the NOCT model only depends on the irradiance and
ambient temperature, the predicted panel temperature for the

Fig. 4 Peak power vs. cell temperature and total irradiance for
virtual single crystalline cell as calculated by Sandia National
Laboratory Model

Table 7 Predicted energy production over the modeled period
using temperatures predicted with the NOCT model for both
the measured and estimated irradiance on a vertical surface

Source of Temperatures for Power Model

Insulation
Measured

~kWh!

NOCT Model

Measured Vertical
Irradiance~kWh!

Predicted Vertical
Irradiance~kWh!

None 8.40 8.63 7.77
R-20 7.93 8.63 7.77
AUGUST 2001, Vol. 123 Õ 205



Table 8 R2 values for all combinations of convection relations

Forced
Conv. #

Natural Convection Relation Number

1 2 3 4

1 0.9451 0.9427 0.9456 0.9449
2 0.9721 0.9666 0.9720 0.9720
206 Õ Vol. 123, AUGUST 2001
Table 9 R2 comparison of model variations between each
panel

Insulation Level

Temperature Model

1 2 3 4 NOCT

None 0.98 0.98 0.97 0.92 0.77
R-20 0.97 0.93 0.98 0.94 0.49
Both 0.97 0.95 0.98 0.94 0.58
Fig. 5 Measured and predicted uninsulated panel temperatures for Models 1–4 for a „a… clear day and a
„b… cloudy day
Transactions of the ASME
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Fig. 6 Measured and predicted insulated panel temperatures for Models 1–4 for a „a… clear day and a „b…
cloudy day
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sulated and uninsulated panels are equal. Table 5 shows R2 values
for the two panels using both the measured vertical irradiance
the predicted vertical irradiance, Eqs.~18!–~21!.

Table 6 demonstrates the large deviation in the predicted e
trical power of an uninsulated and insulated single crystall
panel for both a clear and cloudy day. As stated earlier, the p
power was predicted using the various measured and estim
panel temperatures in a model proposed by Sandia National L
ratory @5#. The NOCT model using the transformed horizon
irradiance results in a power prediction that is slightly different
Solar Energy Engineering
and
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eak
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cloudy days than the NOCT model using the measured vert
irradiance. This difference results from the small difference
tween the two irradiance values. A small difference in the irra
ance makes a large difference in the power. Figure 4 illustrates
change in predicted peak power as a function of panel temp
ture. The peak power can differ greatly within a 20 K window
higher values of irradiance. Table 7 shows the energy produc
predicted using the actual panel temperatures and using the p
temperatures predicted by the NOCT model for the entire m
eled period.
AUGUST 2001, Vol. 123 Õ 207
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One-Dimensional Heat Transfer Model. The original one-
dimensional transient heat transfer model, Model 1, was expe
to more accurately and precisely predict panel temperature
compared to the NOCT model. Four variations of the model w
run over the same data set to investigate the benefits of increa
model complexity. First, convection relations for the inside a
outside surfaces were chosen.

Forced and Natural Convection Relations.All eight combi-
nations of the applicable forced and natural relations, Tables 2
3, were run on the same data set. A composite value of R2 for both
panels was computed for each convection relation combinat
which gave a quantitative measure of the accuracy of each c
bination. Table 8 lists the R2 values for each combination of con
vection relations. The convection relation numbers for both for
and natural convection reference Tables 2 and 3, respectively.
bolded entry in Table 8,~forced convection relation 2, natura
convection relation 1!, was chosen as the best set because it
sulted in the highest R2 value. The Sparrow correlation, force
convection relation 2, and the Ostrach relation, natural convec
relation 1, were used as the forced and natural convection Nu
numbers, respectively, for all four variations on the 1-D h
transfer model.

Model Variations. Different model variations were considere
with the understanding that few end-users would have the dep
information and measurements available through NIST’s BI
test bed. As shown previously in Table 4, Model 1 includes
available data from the test facility, and Model 4, for examp
includes data that is expected to be available to all users. Tab
compares R2 values between models for both panels.

Figures 5 and 6 show the panel temperatures predicted by
different model variations for the uninsulated and insulated p
els, respectively. Model 1 predicts the operating temperature
both panels considerably better than the NOCT model. Figu
shows that the uninsulated panel temperatures are within
throughout both the clear and cloudy days. This is an impro
ment over the 10 K underprediction of the NOCT model for
uninsulated panel. This improvement can be seen in the R2 value
for Model 1 in Table 9. The predicted power, Tables 10 and
using the panel temperatures from Model 1 closely agree with

Table 10 Comparison of predicted total energy production
over the modeled period using measured temperatures and
temperatures predicted by model 1-4

Source of Temperatures for Power Model

Insulation
Measured

~kWh!

Model ~kWh!

1 2 3 4

None 8.40 8.40 8.37 8.46 7.63
R-20 7.93 7.78 7.69 7.96 7.24
208 Õ Vol. 123, AUGUST 2001
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power predicted using the measured panel temperatures, w
corresponds to the closely matching temperatures predicted b
model.

The insulated panel temperatures are also more closely
dicted using Model 1, Fig. 6, compared to the NOCT model. T
proposed model overpredicts the panel temperatures during
midday. This overprediction may be the result of the on
dimensional heat transfer assumption in the insulated case.
thermal resistance of the insulation is so great that a signific
amount of heat may be lost laterally to the aluminum framew
supporting the panel. The overprediction of the panel tempe
tures results in an underprediction of the peak power using Mo
1, as seen in Table 11. Also, Table 10 shows that the overpre
tion of temperatures by Model 1 results in a slight drop in t
predicted energy production over the entire modeled period.

The first variation in the model~Model 2!, which assumes tha
the temperature of the surroundings is equal to the respective
bient temperatures, results in a higher temperature prediction
tive to Model 1. In general, the effective temperature of the o
door surroundings is less than the outdoor ambient tempera
Therefore, the outdoor radiative heat transfer decreases with
assumption, and less heat transfer to the environment would d
the predicted panel temperatures higher.

Conversely, the second variation of the model~Model 3!, which
simplifies the model further by assuming that the wind speed m
sured on the roof equals the wind speed on the wall, works
improve the temperature predictions for both the insulated
uninsulated panel. The wind speed on the roof is significan
higher than the wind speed on the BIPV wall. Thus, the conv
tive heat transfer at the outside surface is higher, which brings
temperatures down in both cases. The decrease in panel tem
tures results in a higher predicted power, which improves
insulated predicted total energy production but makes the t
energy prediction worse for the uninsulated case.

The majority of users will employ Model 4. This model use
measured horizontal radiation to approximate the solar radia
on a sloped surface, a vertical surface in the case of the N
BIPV test bed. The irradiance transformation slightly underes
mates the irradiance on a vertical surface for cloudy days.

The lower irradiance estimations in Model 4 lead to a coo
panel temperature prediction for both panels on cloudy days.
panel temperature predictions on clear days closely match tho
the previous model. Similarly, the power prediction for clou
days suffers due to the lower irradiance estimate, but on c
days, the peak power closely matches that of Model 3.

Comparison of NOCT Model and Model 4. Using the
transformed horizontal irradiance measurements, the NO
model and the fourth version of the one-dimensional heat tran
model start on an even plane. Figure 7 shows that Model 4 p
vides a better estimate of the panel temperatures for both insu
and uninsulated panels. Except for the partly cloudy day with
lower irradiance estimate, both the NOCT model and Mode
closely predict the power output for the uninsulated panel,
.7
Table 11 Predicted energy „kWh … and the percent difference from the predicted energy using the measured panel temperature for
each panel on both a clear and cloudy day

Source of Panel
Temperatures

Uninsulated Panel
Clear Day

Uninsulated Panel
Cloudy Day

Insulated Panel
Clear Day

Insulated Panel
Cloudy Day

kWh % Diff kWh % Diff kWh % Diff kWh % Diff

Measured 0.296 0.191 0.277 0.182
Model 1 0.294 20.7 20.190 20.6 0.270 22.6 0.178 22.4
Model 2 0.292 21.4 0.190 20.8 0.266 24.1 0.176 23.6
Model 3 0.297 0.2 0.191 0.0 0.278 0.1 0.180 21.1
Model 4 0.294 20.7 0.169 211.8 0.275 20.7 0.160 212.1

NOCT-Measured Vertical Irradiance 0.307 3.6 0.196 2.5 0.307 10.6 0.196 7
NOCT-Predicted Vertical Irradiance 0.304 2.6 0.173 29.6 0.304 9.6 0.173 25.0
Transactions of the ASME



Fig. 7 Comparison panel temperatures predicted by NOCT model using the estimated vertical irradiance and Model 4 for an „a…
uninsulated panel on a clear day, and „b… insulated panel on a clear day
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shown in Table 11. However, the NOCT model greatly overp
dicts the power for the insulated case. This clearly shows
limitations of the NOCT model. The NOCT model does not ha
the ability to adjust to the different mounting scenarios; it predi
the exact same power for both the insulated and uninsul
panels.

Conclusions
The NIST BIPV test facility provides high-quality experiment

data for the validation of predictive performance tools. The NO
model is widely used to estimate panel temperatures, but the
recorded at NIST indicates that the NOCT model consiste
underpredicts the panel temperatures, and the actual panel
peratures can be as much as 20 K higher than the prediction
the NOCT model for an insulated panel. A more complex, o
dimensional heat transfer model was derived to improve upon
NOCT model. Forced and natural convection relations were c
sen from 8 combinations, and four variations of the model w
investigated. Model 1 included measurements not readily av
able to most building designers, but it was the most realis
Model 4 only included variables that are accessible by the ma
ity of designers. All of the models reasonably predicted the pa
temperatures for both insulated and uninsulated panels. W
compared to the NOCT model, Model 4 more accurately mode
the panel temperatures, especially for insulated panels.

Appendix A
The uncertainties of the measured quantities used to eva

the one-dimensional and NOCT models in this paper are show
Table A1.

Table A1. Expanded uncertainties of measured quantities

Quantity Expanded Uncertainty (k52)

Tcell 0.24°C
Tambient 0.24°C

Tsurr 1.50°C
Tsurr,indoor 1.50°C

Gtotal 12.0 W/m2

Gbeam 12.0 W/m2

V 0.27 m/s
Peak Power 0.48 W
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These expanded uncertainties were calculated using the la
propagation of uncertainty and a coverage factor of 2 (k52). The
uncertainty of the thermocouples used to measureTcell andTambient
was determined statistically from a calibration performed w
NIST calibrated thermometers. The uncertainties of all other
struments were assumed from manufacturer’s specifications.
uncertainties reported by a manufacturer that did not includ
coverage factor were assumed to incorporate a coverage fact
1 (k51). The instrument uncertainties are listed in Table A2.

Nomenclature

Uppercase

G 5 solar irradiance~W/m2!
Geffective 5 effective irradiance on a BIPV panel~W/m2!

Gr 5 Grashoff number
H 5 height of panel~m!
L 5 thickness~m!

NOCT 5 nominal operating cell temperature~K!
N̄u 5 average Nusselt number

P 5 perimeter of panel~m!
Pr 5 Prandtl number
Re 5 Reynolds number
R2 5 correlation coefficient
T 5 temperature~K!
V 5 velocity ~m/s!
W 5 width of panel~m!

Zenith 5 elevation of sun in sky~degrees!

Table A2. Instrument uncertainties

Instrument Uncertainty~Type!

Thermocouple 0.09°C~A!
Thermometers 0.03°C~B!

PSP 0.5%~B!
NIP 0.5%~B!
PIR 1.0%~B!

Anemometer 0.135 m/s~B!
DVM 0.005% of reading10.004% of full scale~B!
AUGUST 2001, Vol. 123 Õ 209
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Lowercase

day 5 integer day of the year~1–365!
h̄ 5 average convective heat transfer coefficient

~W/m2 K!
k 5 thermal conductivity~W/m K!
n 5 index of refraction

q9 5 heat flux~W/m2!
t 5 time ~s!

Greek

a 5 solar absorptance of the PV cell
b 5 slope of panel~degrees!

Dt 5 length of time step~s!
« 5 emmisivity

ho 5 average efficiency of PV cell
u 5 incident angle of sun on panel~degrees!
r 5 density~kg/m3!

t~u! 5 solar transmittance as a function of the incident
angle

Subscripts

conv 5 heat flux due to convection
Hor 5 irradiance on a horizontal surface

i 5 material indicator~glass, PV cells, backsheet, or
insulation!

in 5 inside
NOCT 5 nominal operating cell temperature

NIP 5 measured by a normal incidence pyrheliometer
out 5 outside
PIR 5 measured by a precision infrared radiometer
PSP 5 measured by a precision spectral pyranometer
rad 5 heat flux due to radiation
210 Õ Vol. 123, AUGUST 2001
s 5 surface
st 5 heat flux due to energy storage

surr 5 surroundings
total 5 net irradiance
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